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Introduction, background,
and operations

In this chapter we document the procedures and methods em-
ployed in the shipboard laboratories on the drillship R/V JOIDES
Resolution during International Ocean Discovery Program (IODP)
Expedition 355. This information applies to the shipboard work de-
scribed in the Expedition Reports section of the Expedition 355
Proceedings of the International Ocean Discovery Program volume.
This introductory section provides an overview of operations, cura-
torial conventions, depth scale terminology, and general core han-
dling and analyses.

Site locations
GPS coordinates from precruise site surveys were used to posi-

tion the vessel at all Expedition 355 sites. A SyQuest Bathy 2010
CHIRP subbottom profiler was used to monitor seafloor depth on
the approach to each site to confirm the depth profiles derived from
precruise surveys. Once the vessel was positioned at a site, the
thrusters were lowered and a positioning beacon was dropped to
the seafloor. The dynamic positioning control of the vessel used
navigational input from the GPS and triangulation to the seafloor
beacon, weighted by the estimated positional accuracy. The final
hole position was the mean position calculated from the GPS data
collected over a significant time interval.

Coring and drilling operations
All four standard coring systems, the advanced piston corer

(APC), the half-length advanced piston corer (HLAPC), the ex-
tended core barrel (XCB), and the rotary core barrel (RCB), were
used during Expedition 355. The APC was used in the upper por-
tion of each hole to obtain high-quality cores. The APC cuts soft-

sediment cores with minimal coring disturbance relative to other
IODP coring systems. After the APC core barrel is lowered through
the drill pipe and lands near the bit, the drill pipe is pressured up
until the two shear pins that keep the inner barrel attached to the
outer barrel fail. The inner barrel then advances into the formation
and cuts the core (Figure F1). The driller can detect a successful cut,
or “full stroke,” from the pressure gauge on the rig floor.

APC refusal is conventionally defined in two ways: (1) the piston
fails to achieve a complete stroke (as determined from the pump
pressure reading) because the formation is too hard or (2) excessive
force (>60,000 lb; ~267 kN) is required to pull the core barrel out of
the formation. When a full stroke cannot be achieved, additional at-
tempts are typically made and after each attempt the bit is advanced
by the length of recovered core. The number of additional attempts
is generally dictated by the length of recovery of the partial stroke
core and the time available to advance the hole by piston coring.
Note that this results in a nominal recovery of ~100% based on the
assumption that the barrel penetrates the formation by the equiva-
lent of the length of core recovered. When a full or partial stroke is
achieved but excessive force cannot retrieve the barrel, the core bar-
rel is sometimes “drilled over,” meaning after the inner core barrel is
successfully shot into the formation, the drill bit is advanced to total
depth to free the APC barrel.

The standard (full length) APC system contains a 9.5 m long
core barrel, whereas the HLAPC system uses a 4.7 m core barrel. In
most cases, the HLAPC was deployed after the full APC reached re-
fusal. During the use of the HLAPC, we applied the same criteria for
refusal as with the APC system. Use of this new technology allowed
for significantly deeper continuous piston coring than would have
otherwise been possible with the standard APC.

Nonmagnetic core barrels were used during all APC coring to a
pull force of ~40,000 lb. In addition, full-length APC cores recov-
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ered during Expedition 355 were oriented using the Icefield MI-5 
orientation tool (see Paleomagnetism and rock magnetism). We 
also used the advanced piston corer temperature tool (APCT-3) to 
obtain in situ formation temperatures in the first hole at each site to 
determine the geothermal gradient and estimate heat flow (see 
Downhole measurements).

The XCB system was used to advance the hole when APC or 
HLAPC refusal occurred before the target depth was reached or 
when the formation became either too stiff for APC coring or hard 
substrate was encountered. The XCB is a rotary system with a small 
cutting shoe that extends below the large rotary APC/XCB bit. The 
smaller bit can cut a semi-indurated core with less torque and fluid 
circulation than the main bit, optimizing recovery. The XCB cutting 

shoe (bit) extends ~30.5 cm ahead of the main bit in soft sediments 
but retracts into the main bit when hard formations are encoun-
tered (Figure F2).

The bottom-hole assembly (BHA) is the lowermost part of the 
drill string. The configuration of the BHA is reported in the opera-
tions section in each site chapter. A typical APC/XCB BHA consists 
of a drill bit (outer diameter = 117⁄16 inches), a bit sub, a seal bore 
drill collar, a landing saver sub, a modified top sub, a modified head 
sub, a nonmagnetic drill collar (for APC/XCB), a number of 8 inch 
(~20.32 cm) drill collars, a tapered drill collar, six joints (two stands) 
of 5½ inch (~13.97 cm) drill pipe, and one crossover sub. A lockable 
float valve was used when downhole logging was planned so that 
downhole logs could be collected through the bit.

The RCB system was deployed when basement coring was ex-
pected or when the formation had become too hard for XCB coring 
to continue. The RCB is the most conventional rotary drilling sys-
tem and was used during Expedition 355 to drill and core into hard 
sedimentary and igneous rocks (Figure F3). The RCB requires a 
dedicated RCB BHA and a dedicated RCB drilling bit. The BHA 
used for RCB coring included a 9⅞ inch RCB drill bit, a mechanical 
bit release (when logging was planned), a modified head sub, an 
outer core barrel, a modified top sub, a modified head sub, and 7–10 
control-length drill collars followed by a tapered drill collar to two 
stands of 5½ inch drill pipe. Most cored intervals were ~9.7 m long, 
which is the length of a standard rotary core and approximately the 
length of a joint of drill pipe. In some cases, the drill string was 

Figure F1. Schematic of the APC system used during Expedition 355. ID = 
inner diameter.
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drilled or “washed” ahead without recovering sediments to advance
the drill bit to a target depth to resume core recovery. Such intervals
were typically drilled using a center bit installed within the RCB bit.
When coring basement, half-length cores were sometimes collected
to improve recovery and when rates of penetration decreased sig-
nificantly.

IODP depth scales
Primary depth scale types are based on the measurement of

drill string length deployed beneath the rig floor (drilling depth
below rig floor [DRF] and drilling depth below seafloor [DSF]), the
length of core recovered (core depth below seafloor [CSF] and
core composite depth below seafloor [CCSF]), and the length of
the logging wireline deployed (wireline log depth below rig floor

[WRF], wireline log depth below seafloor [WSF], and wireline log
matched depth below seafloor [WMSF]). All units are in meters.
The relationship between scales is defined either by protocol, such
as the rules for computation of CSF from DSF, or by combinations
of protocols with user-defined correlations (e.g., CCSF). The dis-
tinction in nomenclature should keep the user aware that a nomi-
nal depth value at two different depth scales usually does not refer
to exactly the same stratigraphic interval (see Curatorial proce-
dures and sample depth calculations). For more information on
depth scales, see “IODP Depth Scales Terminology v2” at
http://www.iodp.org/policies-and-guidelines/142-iodp-depth-
scales-terminology-april-2011/file. To more easily communi-
cate shipboard results, CSF-A depths are reported in this volume
as meters below seafloor (mbsf ) unless otherwise noted.

Depths of cored intervals are measured from the drill floor
based on the length of drill pipe deployed beneath the rig floor
(DRF scale). The depth of the cored interval is referenced to the sea-
floor (DSF scale) by subtracting the seafloor depth at the time of the
first hole from the DRF depth of the interval. In most cases, the sea-
floor depth is the length of pipe deployed minus the length of the
mudline core recovered. However, some of the seafloor depths were
determined by offset or by tagging the seafloor with the camera sys-
tem in place.

Standard depths of cores on the CSF-A scale are determined
based on the assumptions that (1) the top depth of a recovered core
corresponds to the top depth of its cored interval (DSF scale) and
(2) the recovered material is a contiguous section even if core seg-
ments are separated by voids when recovered. Voids in the core are
closed by pushing core segments together, if possible, during core
handling. This convention is also applied if a core has incomplete
recovery, in which case the true position of the core within the
cored interval is unknown and should be considered a sample depth
uncertainty, up to the length of the core barrel used, when analyzing
data associated with the core material. Standard depths of subsam-
ples and associated measurements (CSF-A scale) are calculated by
adding the offset of the subsample or measurement from the top of
its section, as well as the lengths of all higher sections in the core, to
the top depth of the cored interval.

A soft to semisoft sediment core from less than a few hundred
meters below seafloor expands upon recovery (typically a few per-
cent to as much as 15%), so the length of the recovered core can ex-
ceed that of the cored interval. Therefore, a stratigraphic interval
may not have the same nominal depth at the DSF and CSF scales in
the same hole. When core recovery (the ratio of recovered core to
cored interval) is >100%, the CSF depth of a sample taken from the
bottom of a core will be deeper than that of a sample from the top of
the subsequent core (i.e., the data associated with the two core in-
tervals overlap on the CSF-A scale).

Core composite depth scales (CCSF) are constructed for sites,
whenever feasible, to mitigate the CSF-A core overlap problem, as
well as the coring gap problem, and to create as continuous a strati-
graphic record as possible. Using shipboard core logger–based
physical property data and verified with core photos, core depths in
adjacent holes at a site are vertically shifted to correlate between
cores recovered in adjacent holes. This process produces the CCSF
depth scale. The correlation process results in “affine tables,” indi-
cating the vertical shift of cores on the CCSF scale relative to the
CSF-A scale. Once the CCSF scale is constructed, a splice can be
defined that best represents the stratigraphy of a site by utilizing
and splicing the best portions of individual sections and cores from
each hole. Because of core expansion, the CCSF depths of strati-

Figure F3. Schematic of the RCB system used during Expedition 355. OD =
outer diameter.
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graphic intervals are typically 10%–15% deeper than their CSF-A 
depths. CCSF depth scale construction also reveals that coring gaps 
on the order of 1.0–1.5 m typically occur between two subsequent 
cores, despite apparent >100% recovery. For more details on con-
struction of the CCSF depth scale, see Stratigraphic correlation.

Core handling and analysis
The initial coring strategy for Expedition 355 consisted of APC 

coring in two holes (A and B) to refusal. However, three holes were 
cored at Site U1456 with the APC. The extra APC hole at Site 
U1456 allowed for high-resolution sampling for specific objectives 
(e.g., microbiology and interstitial water measurements). APC re-
fusal was followed by HLAPC coring at both sites, with XCB coring 
once we reached HLAPC refusal at Site U1456. RCB coring was em-
ployed to attempt to reach and core into basement at Sites U1456 
and U1457.

Cores recovered during Expedition 355 were extracted from the 
core barrel in 67 mm diameter plastic liners. These liners were car-
ried from the rig floor to the core processing area on the catwalk 
outside the Core Laboratory, where they were split into ~1.5 m sec-
tions. Liner caps (blue = top, colorless = bottom, and yellow = 
whole-round sample taken) were glued with acetone onto liner sec-
tions on the catwalk by the Marine Technicians. The length of each 
section was entered into the database as “curated length” using the 
Sample Master application. This number was used to calculate core 
recovery.

For sedimentary sections, as soon as cores arrived on deck, 
headspace samples were taken using a syringe for immediate hydro-
carbon analysis as part of the shipboard safety and pollution pre-
vention program. Core catcher samples were taken for 
biostratigraphic analysis. Whole-round samples were taken from 
some core sections for shipboard and postcruise interstitial water 
analyses. In addition, whole-round and syringe samples were imme-
diately taken from the ends of cut sections for shore-based microbi-
ological analysis.

Igneous rock core pieces were slid out of the liners and placed in 
order in new, clean sections of core liner that had previously been 
split in half. Pieces having a vertical length greater than the internal 
(horizontal) diameter of the core liner are considered oriented 
pieces because they could have rotated only around their vertical 
axes. Those pieces were immediately marked on the bottom with a 
red wax pencil to preserve their vertical (upward) orientations. 
Pieces that were too small to be oriented with certainty were left un-
marked. Adjacent but broken core pieces that could be fit together 
along fractures were curated as single pieces. The core describers 
on shift confirmed the piece matches and corrected any errors. The 
core describers also marked a split line on the pieces, which defined 
how the pieces should be cut into two equal halves. The aim was to 
maximize the expression of dipping structures on the cut face of the 
core while maintaining representative features in both archive and 
working halves.

Whole-round core sections were immediately run through the 
Special Task Multisensor Logger (STMSL) when necessary for stra-
tigraphic correlation after being cut on the catwalk. The STMSL 
measures gamma ray attenuation (GRA) bulk density and magnetic 
susceptibility that were used to aid in real-time stratigraphic cor-
relation. After measurement, these cores were placed on the core 
racks in the laboratory. Cores not run through the STMSL were im-
mediately placed in core racks after being cut on the catwalk. When 
the cores reached equilibrium with laboratory temperature (typi-
cally after ~4 h), whole-round core sections were run through the 

Whole-Round Multisensor Logger (WRMSL; measuring P-wave 
velocity, density, and magnetic susceptibility) and the Natural 
Gamma Radiation Logger (NGRL). Thermal conductivity measure-
ments were typically taken at a rate of one per core (see Physical 
properties). The core sections were then split lengthwise from bot-
tom to top into working and archive halves. Investigators should 
note that older material may have been transported upward on the 
split face of each section during splitting. For hard rock sections, 
each piece of core was split with a diamond-impregnated saw into 
an archive (A) and working half (W), with the positions of the plas-
tic spacers between individual pieces maintained in both halves of 
the plastic liner. Pieces were numbered sequentially from the top of 
each section. Separate subpieces within a single piece were assigned 
the same number but were lettered consecutively (e.g., 1a, 1b, 1c). 
Pieces were labeled only on the outer cylindrical surfaces of the core 
or on the core liner.

The working half of each sedimentary core was sampled for 
shipboard (biostratigraphy, physical properties, carbonate, paleo-
magnetism, and X-ray diffraction [XRD]) analyses. The archive half 
of all cores was scanned on the Section Half Imaging Logger (SHIL) 
with a line-scan camera at 20 pixels/mm and measured for color re-
flectance and magnetic susceptibility on the Section Half Multisen-
sor Logger (SHMSL). At the same time, the archive halves were 
described visually and by means of smear slides and thin sections. 
All observations were recorded in the Laboratory Information 
Management System (LIMS) using the descriptive data capture ap-
plication DESClogik. After visual description, the archive halves 
were run through the cryogenic magnetometer. Finally, digital color 
close-up images were taken of particular features of the archive or 
working halves, as requested by individual scientists. For igneous 
rocks, discrete samples were taken from working halves for shore-
based thin section and geochemical analyses because of the lack of 
time for such analyses during the expedition. Records of all samples 
taken are kept by the IODP curator. Sampling for personal postex-
pedition research was deferred until a postcruise sampling meeting; 
however, shipboard residues were made available for scientists to 
request for postcruise analyses to assist with personal sampling 
during the sampling meeting.

In preparation for storage, soft-sediment section-half cores were 
wrapped in plastic wrap, whereas lithified sedimentary and igneous 
rock section half cores were shrink-wrapped. After wrapping, both 
halves of the core were put into labeled plastic tubes that were 
sealed and transferred to cold storage space aboard the ship. At the 
end of the expedition, the cores were transported from the ship to 
cold storage at the Gulf Coast Repository (GCR) at Texas A&M 
University in College Station, Texas, USA. Shore-based sampling of 
the cores took place while the cores were stored at the GCR. Follow-
ing sampling, the cores were shipped to permanent cold storage at 
the Kochi Core Center (KCC) at Kochi University in Kochi, Japan. 
The KCC houses cores collected from the western Pacific Ocean, 
Indian Ocean, and Bering Sea.

Drilling disturbance
Cores may be significantly disturbed as a result of the drilling 

process and contain extraneous material as a result of the coring 
and core handling process. In formations with loose sand layers, 
sand from intervals higher in the hole may be washed down by drill-
ing circulation, accumulate at the bottom of the hole, and be sam-
pled with the next core. The uppermost 10–50 cm of each core must 
therefore be examined critically during description for potential 
“fall-in.” Common coring-induced deformation includes the con-
IODP Proceedings 4 Volume 355
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cave-downward appearance of originally horizontal bedding. Piston 
action may result in fluidization (flow-in) at the bottom of APC 
cores. Retrieval from depth to the surface may result in elastic re-
bound. Gas that is in solution at depth may become free and drive 
core segments within the liner apart. Both elastic rebound and gas 
pressure can result in a total length for each core that is longer than 
the interval that was cored and thus a calculated recovery of >100%. 
If gas expansion or other coring disturbance results in a void in any 
particular core section, the void can be either closed by moving ma-
terial if very large, stabilized by a foam insert if moderately large, or 
left as is. When gas content is high, pressure must be relieved for 
safety reasons before the cores are cut into segments. This is accom-
plished by drilling holes into the liner, which forces some sediment 
as well as gas out of the liner. These disturbances are described in 
the Lithostratigraphy section in each site chapter and are graphi-
cally indicated on the core summary graphic reports (visual core de-
scriptions [VCDs]). In extreme instances core material can be 
ejected from the core barrel, sometimes violently, onto the rig floor 
by high pressure in the core or other coring problems. This core ma-
terial was replaced in the plastic core liner by hand and should not 
be considered to be in stratigraphic order. Core sections so affected 
are marked by a yellow label marked “disturbed,” and the nature of 
the disturbance is noted in the coring log.

Curatorial procedures and sample depth 
calculations

Numbering of sites, holes, cores, and samples follows standard 
IODP procedure (Figure F4). Drilling sites are numbered consecu-
tively from the first site drilled by the D/V Glomar Challenger in 
1968. Integrated Ocean Drilling Program Expedition 301 began us-
ing the prefix “U” to designate sites occupied by the United States 
Implementing Organization (USIO) platform, the JOIDES Resolu-
tion. For all IODP drill sites, a letter suffix distinguishes each hole 
drilled at the same site. The first hole drilled is assigned the site 
number modified by the suffix “A,” the second hole the site number 
and the suffix “B,” and so on.

Cores taken from a hole are numbered sequentially from the top 
of the hole downward. When an interval is drilled down, this inter-

val is also numbered sequentially and the drill down designated by a 
“1” instead of a letter that designates the coring method used (e.g., 
Core 355-U1456D-11). Cores taken with the APC system are desig-
nated with “H,” “F” designates HLAPC cores, “X” designates XCB 
cores, and “R” designates RCB cores. Core numbers and their asso-
ciated cored intervals are unique in a given hole. Generally, maxi-
mum recovery for a single core is 9.5 m of sediment (APC) or 9.7 m 
of rock or sediment (XCB/RCB) contained in a plastic liner (6.6 cm 
internal diameter) plus an additional ~0.2 m in the core catcher, 
which is a device at the bottom of the core barrel that prevents the 
core from sliding out when the barrel is retrieved from the hole. In 
certain situations, recovery may exceed the 9.5 or 9.7 m maximum. 
In soft sediment this excess core recovery is normally caused by 
core expansion resulting from depressurization. In hard rock cores 
this typically occurs when a pedestal of rock fails to break off and is 
grabbed by the core barrel of the subsequent core. High heave, tidal 
changes, and overdrilling can also result in an advance that differs 
from the expected 9.5/9.7 m.

Recovered cores are divided into 1.5 m sections that are num-
bered serially from the top downward. When full recovery is ob-
tained, the sections are numbered 1–7, with the last section usually 
being <1.5 m. Rarely, an unusually long core may require more than 
seven sections. When the recovered core is shorter than the cored 
interval, by convention the top of the core is deemed to be located at 
the top of the cored interval for the purpose of calculating (consis-
tent) depths. When coring hard rocks, all pieces recovered are 
placed immediately adjacent to each other in the core tray. Samples 
and descriptions of cores are designated by distance, measured in 
centimeters, from the top of the section to the top and bottom of 
each sample or interval. By convention, hard rock material recov-
ered from the core catcher is placed below the last section. In sedi-
mentary cores, the core catcher section is treated as a separate 
section (CC). When the only recovered material is in the core 
catcher, it is placed at the top of the cored interval.

A full curatorial sample identifier consists of the following infor-
mation: expedition, site, hole, core number, core type, section num-
ber, and interval in centimeters measured from the top of the core 
section. For example, a sample identification of “355-U1456C-2H-5, 
80–85 cm,” represents a sample taken from the interval between 80 
and 85 cm below the top of Section 5 of Core 2 (collected using the 
APC system) of Hole C of Site U1456 during Expedition 355 (Figure 
F4).

Authorship of site chapters
The separate sections of the site chapters and Expedition 355 

methods chapter were written by the following shipboard scientists 
(authors are listed in alphabetical order; no seniority is implied):

Background and objectives: P.D. Clift, D.K. Kulhanek, 
D.K. Pandey

Operations: D.K. Kulhanek, M. Storms
Lithostratigraphy: S. Andò, P.D. Clift, B.K. Khim, A. Kumar, 

H. Lu, M.W. Lyle, R. Mishra, K. Suzuki, Z. Xu
Biostratigraphy: M. Iwai, D.K. Kulhanek, C.M. Routledge, 

G.K. Sharma, A.D. Singh, S. Steinke
Stratigraphic correlation: M.W. Lyle, G. Scardia
Igneous petrology and alteration: D.K. Pandey, T. Radhakrishna
Geochemistry: J.A.P. Bendle, S. Bratenkov, G.P. Gurumurthy, 

H.M. Liddy, M. Tiwari, Z. Yu
Microbiology: A.G. Kumar
Paleomagnetism: G. Scardia, L. Tauxe

Figure F4. IODP conventions for naming sites, holes, cores, and samples.
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Physical properties: E.M. Griffith, A. Hahn, R. Saraswat, 
R. Saxena

Downhole measurements: E.M. Griffith, R. Saxena

Lithostratigraphy
Expedition 355 sediment descriptions are primarily based on vi-

sual (macroscopic) core description, microscopic examination of 
smear slides and thin sections, and split-core imaging, color 
spectrophotometry, XRD, and magnetic susceptibility analysis. The 
methods adopted for this expedition are similar to those used 
during Integrated Ocean Drilling Program Expeditions 320/321 and 
342 (Expedition 320/321 Scientists, 2010; Norris et al., 2014). The 
DESClogik application (version 8.0.0.0) was used to record and up-
load descriptive data into the LIMS database (see the DESClogik 
user guide at http://iodp.tamu.edu/labs/documentation). The 
customized Expedition 355 spreadsheet templates in DESClogik 
were used to record the macroscopic and microscopic data.

The standard method of splitting cores into working and archive 
halves (either using piano wire or a saw) can affect the appearance 
of the split core surface and obscure fine details of lithology and 
sedimentary structure. When necessary, the archive halves of cores 
were gently scraped across, rather than along, the core section using 
a stainless steel or glass scraper to prepare the surface for sedimen-
tological examination and digital imaging. Scraping parallel to bed-
ding with a freshly cleaned tool prevents up or downcore 
contamination. Cleaned sections were then described in conjunc-
tion with measurements using the SHIL and SHMSL.

Visual core descriptions
The visual core description (VCD) standard graphic reports 

were produced from the archive half descriptive core data uploaded 
into the LIMS database. VCDs include a simplified graphical repre-
sentation of the core on a section-by-section basis along with visual 
description (Figures F5, F6). Depending on the type of material re-
covered, two VCDs were prepared: one to describe sediment or sed-
imentary rock and the other to describe igneous rock. Site, hole, 
and depth in meters below seafloor, calculated according to the core 
depth below seafloor (CSF-A) depth scale, are given at the top of 
each VCD. Both the CSF-A depth in meters and the length of the 
core in centimeters are displayed along the left margin, together 
with the lithologic unit defined by the core description team and the 
age based on biostratigraphy and magnetostratigraphy. VCDs dis-
play the physical description of the core as recorded in DESClogik, 
including lithologic accessories (sedimentary structures, diagenesis, 
and macrofossils), presence of graded beds, bioturbation intensity, 
and drilling disturbance. Symbols used in the VCDs are given in Fig-
ure F6. Additionally, VCDs display magnetic susceptibility, natural 
gamma radiation, and color reflectance from core scans and the lo-
cations of samples taken for shipboard measurements. The sum-
mary text and individual columns shown on the VCDs are 
described below in greater detail, followed by an outline of the litho-
stratigraphic classification system used during Expedition 355.

Section summary
A brief overview of the core section is presented at the top of the 

VCD report in the section summary. The summary describes the 
major and minor lithologies present in the section, the visual sedi-
ment color, as well as notable features that are not readily recorded 
in the defined columns by symbols (e.g., sedimentary structures, 
fossils, etc.).

Section-half image
The archive halves were scanned with the SHIL as soon as pos-

sible after splitting and scraping to avoid color changes caused by 
sediment oxidation and drying. The SHIL uses three pairs of ad-
vanced illumination high-current, focused LED line lights to illumi-
nate large cracks and blocks in the core surface and sidewalls. Each 
LED pair has a color temperature of 6,500 K and emits 90,000 lx at 3 
inches. The line-scan camera images 10 lines/mm to create a high-
resolution TIFF file. The camera height is adjusted so that each 
pixel images a 0.1 mm2 section of the core. High- and low-resolu-
tion JPEG files are subsequently created from the high-resolution 
TIFF files. All image files include a grayscale and ruler. Section-half 
depths were recorded so that these images can be used for core de-
scription and analysis. These images are displayed on the VCD in 
the Core image column.

Graphic lithology
Lithologies of the core intervals are represented on the VCDs by 

graphic patterns in the Graphic lithology column, using the symbols 
illustrated in Figure F6. The Graphic lithology column on each 
VCD plots to scale all beds that are at least 10 cm thick. A maxi-
mum of two different lithologies (for interbedded sediment) are 
shown within the same cored interval for interbeds <10 cm thick. 
The major modifier of a primary lithology is shown using a modi-
fied version of the primary lithology pattern. Lithologic abundances 
are rounded to the nearest 10%; lithologies that constitute <10% of 
the core are generally not shown but are listed in the DESClogik 
template. Relative abundances of lithologies reported in this way are 
useful for general characterization of the sediment but do not con-
stitute precise quantitative observations.

Graded bed presence
The presence of graded beds is noted on the VCDs in the 

Graded bed presence column, separately from other sedimentary 
structures. Most graded bed intervals show sharp scoured bases, 
cross- and planar laminations, and flame structures, which we in-
terpret as turbidite deposits.

Lithologic accessories
Sedimentary structures

The locations and types of stratification and sedimentary struc-
tures visible on the split core surfaces are shown in the Sedimentary 
structures column on the VCD and also entered into DESClogik 
with their respective location and depth. Symbols in this column in-
dicate the locations and scales of interstratification (bedding), as 
well as the locations of individual bedding features and any other 
sedimentary features, such as cross-bedding, convolute bedding, 
and types of burrows. The symbolic representations of identified 
sedimentary structures are shown in Figure F6.

For Expedition 355, we used the following terminology (based 
on Stow, 2005) to describe the scale of stratification:

• Thin lamination = <3 mm thick.
• Medium lamination = 0.3–0.6 cm thick.
• Thick lamination = 0.6–1 cm thick.
• Very thin bed = 1–3 cm thick.
• Thin bed = 3–10 cm thick.
• Medium bed = 10–30 cm thick.
• Thick bed = 30–100 cm thick.
• Very thick bed = >100 cm thick.

Changes in sedimentary structures, such as lamination or bed 
boundaries (gradual, sharp, irregular, or erosive), presence of bio-
IODP Proceedings 6 Volume 355
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genic structures (e.g., burrows), and other structures related to the 
depositional environment (normal/reverse grading, parallel bed-
ding, cross-bedding, etc.), were entered into DESClogik. Cross-bed-
ding describes a bed that contains thin horizontal or inclined 
laminations <1 cm in thickness with inclined internal foresets. Ver-
tical/tilted/inclined bedding describes a bed that exhibits the angle 
from the horizontal plane as inclined bedding (<10°) to vertical bed-
ding (>70°). Structureless beds are not specifically entered, but beds 

that are homogeneous in lithology and color and exhibit no bed-
ding, cross-bedding, grading, bioturbation, or bed disturbance are 
described as massive or structureless in the core description. For 
Expedition 355, we used various terminologies for sedimentary 
structures. When identifiable, folds, slump folds, microfaults, and 
ichnofossils such as Zoophycos, Chondrites, Skolithos, and Plano-
lites burrows (Ekdale et al., 1984) were reported in the Sedimentary 
structures column as well as in core summary.

Figure F5. Example of a graphic VCD form showing major data sets collected during Expedition 355.
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Diagenesis
Select postdepositional features (e.g., pyrite nodules) are re-

corded in the diagenesis column.

Macrofossils
The archive half of each core section was carefully examined for 

macrofossil shell fragments and other biogenic components con-

sisting of the skeletal debris of marine calcareous and siliceous fos-
sils. The presence of these fossils is recorded in the Macrofossils 
column on the VCD, and the symbols used to designate these fea-
tures are shown in Figure F6.

Bioturbation intensity
We distinguished five levels of bioturbation intensity, which are 

illustrated with the following numeric scale in the Bioturbation in-
tensity column:

1 = no bioturbation (<10%).
2 = slight bioturbation (<10%–30%).
3 = moderate bioturbation (30%–60%).
4 = heavy bioturbation (60%–90%).
5 = complete bioturbation (>90%).

Drilling disturbance
Drilling-related sediment disturbance is recorded in the Distur-

bance type column using the symbols shown in Figure F6. The type 
of drilling disturbance is described for soft and firm sediment using 
the following terms:

• Fall-in: out of place material at the top of a core that has fallen 
downhole onto the cored surface.

• Bowed: bedding contacts are slightly to moderately deformed 
but still subhorizontal and continuous.

• Up-arching: material retains its coherency, with material closest 
to the core liner bent downward. Most apparent when horizon-
tal features are distorted.

• Void: empty space within the cored material (e.g., caused by gas 
expansion during core retrieval). Voids may also be related to 
partial strokes during the coring process, although these voids 
are curated on the catwalk and do not appear in any core de-
scription.

• Flow-in, coring/drilling slurry, along-core gravel/sand contami-
nation: soft-sediment stretching and/or compressional shearing 
structures are severe and are attributed to coring/drilling. The 
particular type of deformation may also be noted (e.g., flow-in, 
gas expansion, etc.).

• Soupy or mousse-like: intervals are water saturated and have 
lost all aspects of original bedding.

• Biscuit: sediment of intermediate stiffness shows vertical varia-
tions in the degree of disturbance. Softer intervals are washed 
and/or soupy, whereas firmer intervals are relatively undis-
turbed.

• Cracked or fractured: firm sediment is broken during drilling 
but not displaced or rotated significantly.

• Fragmented, brecciated, or pulverized: firm sediment that is 
pervasively broken by drilling and may be displaced or rotated.

The categories of fracturing in indurated sediment include the 
following:

• Slight (core pieces are in place but broken),
• Moderate (core pieces are in place or partly displaced, but origi-

nal orientation is preserved or recognizable),
• Severe (core pieces are probably in correct stratigraphic se-

quence, but original orientation is lost),
• Destroyed (core pieces are in incorrect stratigraphic sequence, 

and original orientation is lost),
• Drilling breccia (core is crushed and broken into many small 

and angular pieces, with original orientation and stratigraphic 
position lost).

Figure F6. Symbols and nomenclature used for VCDs, Expedition 355.

Lithology symbols

Calcareous ooze/Chalk

Foraminifer-rich nannofossil ooze

Clayey nannofossil ooze/Chalk

Sandy nannofossil ooze/Chalk

Silty nannofossil ooze/Chalk

Nannofossil ooze/Chalk

Clay/Claystone

Nannofossil-rich clay/Claystone

Sandy clay/Claystone

Silty clay/Claystone

Sand/Sandstone

Clayey sand/Sandstone

Nannofossil-rich sand/Sandstone

Foraminifer-rich sand

Silty sand/Sandstone

Silt/Siltstone

Clayey silt/Siltstone

Nannofossil-rich silt/Siltstone

Sandy silt/Siltstone

Calcarenite

Calcilutite

Limestone

Breccia

Conglomerate

Gravel

Graded bed presence

Normally graded

Reversely graded

Disturbance intensity

Destroyed

Moderate

Severe

Slight

Sedimentary structure

Burrows

Color banding

Convolute bedding

Cross-bedded

Lens or pod

Mottling

Normal grading

Parallel lamination

Patch or bleb

Reverse grading

Slump fold

Tilted bedding

Chondrites

Planolites

Zoophycos

Disturbance type

Basal flow-in

Biscuit

Brecciated

Fall-in

Flow-in

Fractured

Fragmented

Mousse-like

Horizontal cracks

Pulverized

Punctured

Sediment flowage

Soupy

Up-arching

Void

Diagenesis

Pyrite

Macrofossils

Shipboard samples

Shell

Shell fragment

Foraminifer

Gastropod

Wood

CARB Inorganic carbon

Moisture/Density

Smear slides

Diatom

Nannofossil

Thin section

Foraminifers

Paleontology

DIAT FORAM

HS Headspace gas IW Interstitial water ICP ICP-AES

MAD NANNO PAL

PMAG Paleomagnetism RADS Radiolarians SED

TS XRD X-ray diffraction
IODP Proceedings 8 Volume 355



D.K. Pandey et al. Expedition 355 methods
Disturbance intensity is described in the Disturbance intensity 
column of the VCD using the following subjective scheme illus-
trated by the symbols shown in Figure F6:

• Slight
• Moderate
• Severe
• Destroyed

Lithologic unit and age
Lithologic units are numbered in order from the top using Ro-

man numerals (Figure F5) and shown in the Lithologic unit column 
of the VCD. Sediment age was provided by the shipboard biostratig-
raphers (see Biostratigraphy) and paleomagnetists (see Paleomag-
netism and rock magnetism) and is listed in the Age column of the 
VCD.

Shipboard samples
The exact positions of samples used for microscopic descrip-

tions (i.e., smear slides), biostratigraphic determinations, and ship-
board analysis of chemical and physical properties of the sediment 
are recorded in the Shipboard samples column (Figure F5).

Spectrophotometry
Reflectance of visible light from the archive halves of sediment 

cores was measured using an Ocean Optics USB4000 spectrophoto-
meter mounted on the automated SHMSL. Measurements were 
taken at 2.0 cm spacing to provide a high-resolution stratigraphic 
record of color variations for visible wavelengths (see Physical 
properties). Additional detailed information about measurement 
and interpretation of spectral data can be found in Balsam et al. 
(1997, 1998) and Balsam and Damuth (2000).

Reflectance of visible light from the archive halves of sediment 
cores was also measured using a portable Minolta CM-2002 
spectrophotometer, according to the Minolta CM-2002 user’s man-
ual (Minolta Camera Co., 1991). Measurements were taken at 2.0 
cm spacing to provide another high-resolution stratigraphic record 
of color variations for visible wavelengths. Each measurement was 
recorded in 10 nm wide spectral bands from 400 to 700 nm. Data 
are converted to L*, a*, b* and X, Y, Z color reflectance parameters 
for efficient archival and display. Both zero and white calibrations 
were conducted before measurement on each core.

Natural gamma radiation
Natural gamma radiation occurs primarily as a result of the de-

cay of naturally occurring 238U, 232Th, and 40K isotopes in geologic 
samples. This radiation is measured using the NGRL (see Physical 
properties). Data generated from this instrument are used to aug-
ment geologic interpretations.

Magnetic susceptibility
Magnetic susceptibility is measured first on the WRMSL (see 

Physical properties) but is measured again at higher resolution on 
the split-core archive half on the SHMSL with a Bartington Instru-
ments MS2E point sensor (high-resolution surface-scanning sen-
sor). Because the SHMSL demands flush contact between the 
magnetic susceptibility point sensor and the split core, measure-
ments were made on the archive halves of split cores that were cov-
ered with clear plastic wrap. Measurements were taken at 2.0 cm 
spacing. Measurement resolution was 1.0 SI, and each measure-
ment integrated a volume of 10.5 mm × 3.8 mm × 4 mm, where 10.5 
mm is the length perpendicular to the core axis, 3.8 mm is the width 

along the core axis, and 4 mm is the depth into the core. Only one 
measurement was taken at each measurement position.

Sediment classification
Macroscopic observation

The lithologic description for sediment was based on the classi-
fication schemes used during Ocean Drilling Program (ODP) Leg 
178 (Shipboard Scientific Party, 1999). Lithologic names consist of a 
principal name based on composition, degree of lithification, 
and/or texture as determined from visual examination and smear 
slide or thin section observations. The Wentworth (1922) scale was 
used to define sediment size classes (Figure F7). If no gravel was 
present, the principal sediment/rock name was determined based 
on the relative abundances of sand, silt, and clay (modified after 
Shepard, 1954). Sediment classification systems used during Expe-
dition 355 are illustrated in Figure F8. The principal name of sedi-
ment with >50% siliciclastic grains was based on an estimate of the 
grain sizes present. For a mixture of components, the principal 
name is preceded by major modifiers (in order of increasing abun-
dance) that refer to components making up ≥25% of the sediment. 
Minor components that represent between 10% and 25% of the sed-
iment follow the principal name in order of increasing abundance.

The principal name of sediment that appears to contain <10% 
carbonate is based on the textural characteristic of the dominant 
detrital component (i.e., sand, silt, or clay). The second most abun-
dant component defines the prefix (e.g., clayey, silty, and sandy); any 
additional component is described using a suffix after the main de-
scriptors (e.g., with clay, with silt, with sand, with foraminifers, with 
nannofossils). However, distinguishing between some of these cate-
gories can be difficult (e.g., silty clay versus clayey silt) without accu-
rate measurements of grain size abundances.

The primary name for sediment with >50% biogenic grains is 
“ooze,” modified by the most abundant specific biogenic grain type 
that forms 50% or more of the sediment. For example, if foramini-
fers exceed 50%, then the sediment is called “foraminiferal ooze.” 
However, if the sediment is composed of 40% diatoms and 15% 
radiolarians, then the sediment is termed “siliceous ooze.” This 
scheme is also applied to carbonate biogenic grains.

Figure F7. Udden-Wentworth grain-size classification of terrigenous sedi-
ment (Wentworth, 1922).
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Major and minor modifiers for biogenic components are also 
applied to the principal sediment names:

• Major modifiers are those components with abundances be-
tween 25% and 50% and are indicated by the suffix “rich” (e.g., 
“nannofossil-rich”).

• Minor modifiers are those components with abundances of 
10%–25% and are indicated by the suffix “with” (e.g., “with nan-
nofossils”).

Description of lithification is dependent on the dominant com-
position, as described below:

• Sediment derived predominantly from siliciclastic material: if 
the sediment can be deformed easily with a finger, then no lithi-
fication term is added and the sediment is named for the domi-
nant grain size. For more consolidated material, the lithification 
suffix “-stone” is appended to the dominant size classification 
(e.g., “clay” versus “claystone”).

• Sediment derived predominantly from calcareous pelagic organ-
isms (e.g., calcareous nannofossils and foraminifers): the lithifi-
cation terms “ooze,” “chalk,” and “limestone” reflect whether the 
sediment can be deformed with a finger (ooze), can be scratched 
easily by a fingernail (chalk), or cannot be scratched with a fin-
gernail (limestone).

• “Pelagic” turbidites with calcareous components have a different 
classification and nomenclature. We distinguish a coarse sand-
sized calcareous sediment called calcarenite and a finer silt- to 
clay-sized calcareous sediment termed calcilutite, following the 
original definition of Grabau (1903), later modified by Folk 

(1974) and Carozzi (1989). In cases of very coarse grained depos-
its, we use the terms “conglomerate” and “breccia,” following the 
definitions of Bates and Jackson (1987).

Microscopic observation
The microscopic descriptions were produced in smear slide and 

thin section templates customized for Expedition 355. Smear slide 
samples of the main lithologies were collected from the archive half 
of each core when the sediment was not lithified. Additional sam-
ples were collected from areas of interest (e.g., laminations, clasts, 
and nodules). We generated tables summarizing the relative abun-
dance of minerals, texture, and sedimentary components from the 
smear slides.

For each smear slide, a small amount of sediment was removed 
from the core section using a wooden toothpick and placed directly 
on a 25 mm × 75 mm glass slide. A drop of deionized water was 
added, and the sediment was evenly spread across the glass slide us-
ing a toothpick. The glass slide was then dried on a hot plate at a low 
setting (50°C). A drop of adhesive (Norland Optical Adhesive Num-
ber 61) was added to mount a 22 mm × 30 mm coverslip to the glass 
slide. The slide with mounted coverslip was then placed in an ultra-
violet light box for 5 min to cure the adhesive.

Once the mounts were fixed, each slide was scanned at 10×, 20×, 
40×, 50×, or 63× with a transmitted-light petrographic microscope 
using an eyepiece micrometer to assess grain size distributions of 
clay (<4 μm), silt (4–63 μm), and sand (>63 μm) fractions. Several 
fields of view were examined at 10×, 20×, 40×, or 50× for detrital 
(e.g., quartz, feldspar, clay minerals, mica, and heavy minerals), bio-
genic (e.g., nannofossils, other calcareous bioclasts, diatoms, fora-
minifers, and radiolarians), and authigenic (e.g., carbonate, iron 
sulfide, iron [hydro]oxide, and glauconite) identification. Standard 
petrographic techniques were employed to identify the commonly 
occurring minerals and biogenic groups, as well as important acces-
sory minerals and microfossils. Relative abundances of identified 
components such as mineral grains, microfossils, and biogenic frag-
ments were described on a semiquantitative basis by percentage es-
timation. Most of the minerals and biogenic groups present were 
carefully detected and photographed.

Components observed in the smear slides were quantified using 
the following categories:

Tr = trace (<1%).
R = rare (1%–5%).
C = common (>5%–25%).
A = abundant (>25%–50%).
D = dominant (>50%).

The heavy mineral assemblage was thoroughly studied to iden-
tify possible sources of detritus following the methods of Mange and 
Wright (2007). We included categories for each heavy mineral en-
countered in our smear slides and their relative abundance (Andò et 
al., 2012) in DESClogik. Identification with polarizing microscopy 
was applied using classical optical observation as stated in the refer-
ence manuals of Mange and Maurer (1992) and Deer et al. (1991).

Relative abundance among minor amounts of heavy minerals 
was quantified following a simplified ranking:

Tr = trace (<1%).
C = common 1%–10%.
A = abundant (>10%).

It should be noted that, on occasion, the lithologic name as-
signed based on smear slide observation does not match the name 
in the macroscopic lithology description. This is because the smear 

Figure F8. A. Ternary plots of sediment classification and lithology naming 
scheme (modified from Shepard, 1954). B. Classification scheme for sedi-
ment that is a mixture of pelagic biogenic and terrigenous clastic compo-
nents.
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slide data refer to a smaller area sampled, which may not be repre-
sentative of the entire described interval from which it was taken. In 
addition to this, very fine and coarse grains are difficult to observe in 
smear slides, and their relative proportions in the sediment can be 
affected during slide preparation.

Short descriptions and representative photomicrographs of thin 
sections were added in the customized template in DESClogik. The 
maximum size of biogenic and clastic constituents, minerals, surfi-
cial textures, and nomenclature (Andò et al., 2012) were also de-
scribed.

X-ray diffraction analyses
Samples were prepared for XRD analysis in order to qualita-

tively identify bulk minerals and clay minerals. The XRD results 
combined with smear slide estimates and visual descriptions were 
used to assist in lithologic classification. In general, one 5 cm3 sam-
ple was taken from every second core over the interval cored by the 
APC. Additional limited samples were taken and analyzed based on 
visual core observations (e.g., color variability and visual changes in 
lithology and texture) and smear slides. Samples analyzed for bulk 
mineralogy were freeze-dried and ground to a homogeneous con-
sistency in a metal ball mill. Prepared samples were top-mounted 
onto a sample holder and analyzed using a Bruker D-4 Endeavor dif-
fractometer mounted with a Vantec-1 detector using nickel-filtered 
CuKα radiation. The standard locked coupled scan was as follows:

Voltage = 40 kV.
Current = 40 mA.
Goniometer scan = 4°–70°2θ.
Step size = 0.0087°2θ.
Scan speed = 0.2 s/step.
Divergence slit = 0.3 mm.

Shipboard results yielded only qualitative results of the presence 
of the most common mineral components.

Diffractograms of bulk samples were evaluated with the aid of 
the EVA software package, which allowed for mineral identification 
and basic peak characterization (e.g., maximum peak intensity). 
Files were created that contained d-spacing values, diffraction an-
gles, and peak intensities. These files were scanned by the EVA soft-
ware to find d-spacing values characteristic of a limited range of 
minerals.

Samples analyzed for clay mineralogy were first treated with 
10% acetic acid to remove carbonate before separation. Excess acid 
was removed by repeated centrifuging followed by homogenization. 
The <2 μm fraction was separated by centrifuge and used to make 
oriented aggregates on glass slides. When required, lithified sam-
ples were dispersed with Calgon solution. All samples were air-
dried and glycolated (12 h under vacuum in ethylene glycol at 60°–
70°C) and analyzed at 3°–30°2θ scan under the same operation con-
ditions of bulk sediment analysis, as described above. Shipboard re-
sults yielded only qualitative results for the presence of the most 
common clay mineral components.

Biostratigraphy
Calcareous nannofossils, planktonic foraminifers, radiolarians, 

and diatoms in core catcher samples were studied at all sites for pre-
liminary biostratigraphic age assessment. Samples from split core 
sections were also examined when a more refined age determina-

tion was necessary and when time permitted. Biostratigraphic 
events, mainly the first occurrence (or base) and last occurrence (or 
top) of the diagnostic species, are tied to the geomagnetic polarity 
timescale of Gradstein et al. (2012).

Calcareous nannofossils
Calcareous nannofossil zonation was based on the schemes of 

Martini (1971) (codes NN and NP) and Okada and Bukry (1980) 
(codes CN and CP). Calibrated ages for bioevents are from Grad-
stein et al. (2012) as given in Table T1 and illustrated in Figure F9.

Several species of the genus Gephyrocapsa, which are com-
monly used as Pleistocene biostratigraphic markers, show a great 
range of variation in size and other morphological features, causing 
problems in identification (e.g., Samtleben, 1980; Su, 1996; Boll-
mann, 1997). Size-defined morphological groups of this genus are 
used as biostratigraphic markers (e.g., Young, 1998; Maiorano and 
Marino, 2004; Lourens et al., 2004; Raffi et al., 2006). Thus, ship-
board identification concentrated on identifying different size frac-
tions within the overall Gephyrocapsa assemblage, including those 
<3, 3–4, 4–5.5, and >5.5 μm. In addition, specimens >3 μm were 
broadly divided into the following species based on the size of the 
central area: Gephyrocapsa oceanica (large central area with bridge 
angle <90° to the major axis) and Gephyrocapsa caribbeanica (small 
central area nearly filled by a bridge). Other forms, such as Gephyro-
capsa muellerae, were included with G. oceanica.

Several Reticulofenestra species with different coccolith and 
central opening sizes are used as Cenozoic biostratigraphic mark-
ers; however, these parameters show considerable variations within 
and between “species,” making species differentiation difficult (e.g., 
Backman, 1980; Su, 1996; Young, 1998). In this study, we followed 
the definition of Reticulofenestra pseudoumbilicus by Young (1998) 
as having a maximum coccolith length >7 μm (similar to the size of 
its holotype), especially for specimens from its uppermost range in 
the early Pliocene. Smaller forms were categorized separately as R. 
pseudoumbilicus 5–7 μm. We distinguished Reticulofenestra asanoi
from the similar sized Pseudoemiliania lacunosa by the absence of 
slits on the shield (Su, 1996).

Methods
We prepared samples from core catchers at ~9.5 m intervals 

from all holes at each site, with additional samples taken from split 
core sections to refine the biostratigraphy or to sample finer grained 
lithologies when the core catcher was predominantly sand. When 
holes at a site sampled the same stratigraphy, we prepared samples 
from core catchers of both holes but examined those from the sec-
ond hole primarily to fill in gaps or refine the biostratigraphy. Cal-
careous nannofossil samples were usually prepared using standard 
smear slide techniques. For sandy sediment, we made strewn slides 
by thoroughly mixing a small amount of sediment in ~50–100 mL 
of deionized water buffered to a pH of ~8.5 with ammonium hy-
droxide. After mixing, the sample was allowed to sit for 10–15 s for 
larger particles to settle out. We used a pipette to transfer the re-
maining suspended sediment to a coverslip on a warming plate. Af-
ter drying, the coverslip was affixed to a glass microscope slide 
using Norland Optical Adhesive Number 61, and the slide was 
cured under ultraviolet light. Slides were examined on a Zeiss Axio-
phot microscope equipped with oil immersion objectives under 
cross-polarized and plane-transmitted or phase contrast light at 
400× to 1600× magnification. Photomicrographs were taken using a 
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Table T1. Calcareous nannofossil events and GTS2012 ages (Gradstein et al., 2012) used during Expedition 355. B = base/first occurrence datum, T = top/last 
occurrence datum, Bc = base common, Tc = top common, X = crossover. Bold = zonal boundary definition. (Continued on next page.) Download table in .csv 
format.

Age (Ma)

Standard tropical–subtropical biozone (biochron)

Biohorizon (datum) Age (Ma)Okada and Bukry (1980) Martini (1971)

0.126

Ionian (M. Pleist.)
CN15/CN14b NN21/NN20 B Emiliania huxleyi 0.29

CN14b/CN14a NN20/NN19 T Pseudoemiliania lacunosa 0.44

CN14a

NN19

T Gephyrocapsa sp. 3 0.61
0.781

Calabrian (early Pleistocene)

Tc Reticulofenestra asanoi 0.91
T small Gephyrocapsa spp. dominance 1.02
B Gephyrocapsa sp. 3 1.02

CN14a/CN13b B medium (>4 μm) Gephyrocapsa spp. reentrance (reemG event) 1.04

CN13b

Bc Reticulofenestra asanoi 1.14
T large (>5.5 μm) Gephyrocapsa spp. 1.24
B small Gephyrocapsa spp. dominance 1.24
T Helicosphaera sellii 1.26
T Calcidiscus macintyrei 1.60
B large (>5.5 μm) Gephyrocapsa spp. 1.62

CN13b/CN13a B medium (>4 μm) Gephyrocapsa spp. (= bmG event) 1.73
1.806 CN13a

Gelasian (early Pleistocene)

CN13a/CN12d NN19/NN18 T Discoaster brouweri 1.93

CN12d NN18
T Discoaster triradiatus 1.95
B acme Discoaster triradiatus 2.22

CN12d/CN12c NN18/NN17 T Discoaster pentaradiatus 2.39
CN12c/CN12b NN17/NN16 T Discoaster surculus 2.49

2.588 CN12b

NN16Piacenzian (late Pliocene)
CN12b/CN12a T Discoaster tamalis (subtop) 2.80

CN12a
T Sphenolithus spp. (subtop) 3.54

3.600

Zanclean (early Pliocene)

CN12a/CN11b NN16/NN15 T Reticulofenestra pseudoumbilicus 3.70
CN11b NN15/NN14 T Amaurolithus tricorniculatus 3.92

CN11b/CN11a NN14/NN13 Bc Discoaster asymmetricus 4.13
CN11a/CN10c

NN13
T Amaurolithus primus 4.50
B Reticulofenestra pseudoumbilica, Discoaster ovata (subbottom) 4.91
T Ceratolithus acutus 5.04

CN10c/CN10b NN13/NN12 B Ceratolithus rugosus 5.12

CN10b
NN12

T Triquetrorhabdulus rugosus 5.28
5.333

Messinian (late Miocene)

CN10b/CN10a B Ceratolithus acutus 5.35
CN10a/CN9d NN12/NN11 T Discoaster quinqueramus 5.59
CN9d/CN9c

NN11

T Nicklithus amplificus 5.94
CN9c/CN9b B Nicklithus amplificus 6.91

7.246 CN9b

Tortonian (middle Miocene)

CN9b/CN9a B Amaurolithus primus, Amaurolithus spp. 7.42

CN9a
T Discoaster loeblichii 7.53
B common Discoaster surculus 7.79
B Discoaster quinqueramus 8.12

CN9a/CN8 NN11/NN10 B Discoaster berggrenii 8.29

CN8 NN10

T Minylitha convallis 8.68
B Discoaster loeblichii 8.77
B paracme Reticulofenestra pseudoumbilicus 8.79
T Discoaster bollii 9.21
B common Discoaster pentaradiatus 9.37

CN8/CN7 NN10/NN9 T Discoaster hamatus 9.53

CN7 NN9

T Catinaster calyculus 9.67
T Catinaster coalitus 9.69
B Minylitha convallis 9.75
B Discoaster bellus 10.40
B Discoaster neohamatus 10.52

CN7/CN6 NN9/NN8 B Discoaster hamatus 10.55

CN6 NN8

Bc Helicosphaera stalis 10.71
Tc Helicosphaera walbersdorfensis 10.74
B Discoaster brouweri 10.76
B Catinaster calyculus 10.79

CN6/CN5b NN8/NN7 B Catinaster coalitus 10.89

CN5b NN7
T Coccolithus miopelagicus 10.97
T Calcidiscus premacintyrei 11.21
Tc Discoaster kugleri 11.58
IODP Proceedings 12 Volume 355



D.K. Pandey et al. Expedition 355 methods
SPOT Flex 64 Mp digital camera. A Hitachi TM3000 tabletop scan-
ning electron microscope was sometimes used to confirm the pres-
ence of small forms, such as Emiliania huxleyi.

Total calcareous nannofossil abundance within the sediment 
was visually estimated at 1000× magnification and reported using 
the following abundance categories:

V = very abundant (>90% of sediment particles).
A = abundant (>50%−90% of sediment particles).

C = common (>10%−50% of sediment particles).
F = few (1%−10% of sediment particles).
R = rare (<1% of sediment particles).
B = barren (no nannofossils present in 100 fields of view [FOV]).

The relative abundance of individual calcareous nannofossil 
species or taxa groups was estimated at 1000× magnification as

VA = very abundant (>100 specimens per FOV).
A = abundant (>10–100 specimens per FOV).

11.608

Serravallian (middle Miocene)

T Cyclicargolithus floridanus 11.85
CN5b/CN5a NN7/NN6 Bc Discoaster kugleri 11.90

CN5a NN6

T Coronocyclus nitescens 12.12
T regular Calcidiscus premacintyrei 12.38
Bc Calcidiscus macintyrei 12.46
B Reticulofenestra pseudoumbilicus 12.83
B Triquetrorhabdulus rugosus 13.27
Tc Cyclicargolithus floridanus 13.28
B Calcidiscus macintyrei 13.36

CN5a/CN4 NN6/NN5 T Sphenolithus heteromorphus 13.53
13.82 CN4 NN5

Langhian (middle Miocene)
CN4/CN3 NN5/NN4 T Helicosphaera ampliaperta 14.91

CN3 NN4

T abundant Discoaster deflandrei group 15.80
B Discoaster signus 15.85

15.97

Burdigalian (early Miocene)

B Sphenolithus heteromorphus 17.71
CN3/CN2 NN4/NN3 T Sphenolithus belemnos 17.95

CN2/CN1c NN3/NN2 T Triquetrorhabdulus carinatus 18.28

CN1c NN2

B Sphenolithus belemnos 19.03
B Helicosphaera ampliaperta 20.43

(20.44)

Aquitanian (early Miocene)

Bc Helicosphaera carteri 22.03
T Orthorhabdus serratus 22.42
B Sphenolithus disbelemnos 22.76

CN1c/CN1a-b NN2/NN1 B Discoaster druggi (sensu stricto) 22.82

CN1a-b NN1
T Sphenolithus capricornutus 22.97

23.03

Chattian (late Oligocene)

CN1a-b NN1 T Sphenolithus delphix 23.11
CN1a-b/CP19b NN1/NP25 T Reticulofenestra bisecta (>10 μm) 23.13

CP19b NP25

B Sphenolithus delphix 23.21
T Zygrhablithus bijugatus 23.76
T Sphenolithus ciperoensis 24.43
Tc Cyclicargolithus abisectus 24.67
T Chiasmolithus altus 25.44
Bc Triquetrorhabdulus carinatus 26.57

CP19b/CP19a NP25/NP24 T Sphenolithus distentus 26.84

CP19a NP24
T Sphenolithus predistentus 26.93

(28.09)

Rupelian (early Oligocene)

T Sphenolithus pseudoradians 28.73
CP19a/CP18 NP24/NP23 B Sphenolithus ciperoensis 29.62
CP18/CP17 NP23 B Sphenolithus distentus 30.00

CP17/CP16c NP23/NP22 T Reticulofenestra umbilicus (low–middle latitude) 32.02
CP16c/CP16b NP22/NP21 T Coccolithus formosus 32.92
CP16b/CP16a

NP21
T Clausicoccus subdistichus (top of acme) 33.43

33.89 CP16a

Priabonian (late Eocene)

CP16a/CP15 NP21/NP20-19 T Discoaster saipanensis 34.44

CP15

NP20-19
T Discoaster barbadiensis 34.76
T Reticulofenestra reticulata 35.40

NP20-19/NP18 B Isthmolithus recurvus 36.97
NP18/NP17 Bc Chiasmolithus oamaruensis 37.32

(37.75)

NP17
Bartonian (late Eocene)

CP15/CP14b T Chiasmolithus grandis 37.98

CP14b
B Chiasmolithus oamaruensis (rare) 38.09
B Reticulofenestra bisecta (>10 μm) 38.25

CP14b/CP14a NP17/NP16 T Chiasmolithus solitus 40.40

Age (Ma)

Standard tropical–subtropical biozone (biochron)

Biohorizon (datum) Age (Ma)Okada and Bukry (1980) Martini (1971)

Table T1 (continued).
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C = common (1–10 specimens per FOV).
F = few (1 specimen per 2–10 FOV).
R = rare (<1 specimen per 10 FOV).
* = reworked (presence of species interpreted as reworked).
? = questionable (questionable specimen of that taxon).

Preservation of nannofossils was categorized as

E = excellent (no evidence of dissolution and/or overgrowth, no 
alteration of primary morphological features, all specimens 
were identifiable to the species level).

G = good (little dissolution and/or overgrowth was observed, 
primary morphological features are slightly altered, and 
specimens were identifiable to the species level).

M = moderate (dissolution and/or overgrowth was evident, pri-
mary morphological features somewhat altered, but most 
specimens were identifiable to the species level).

P = poor (severe dissolution, fragmentation and/or overgrowth 
was observed, primary morphological features have largely 
been destroyed, and most specimens cannot be identified at 
the species and/or generic level).

Figure F9. A–C. Geomagnetic polarity timescale (Gradstein et al., 2012), biostratigraphic zonation, and microfossil events used during Expedition 355. Plank-
tonic foraminifer zonation from Berggren et al. (1995) and Wade et al. (2011); calcareous nannofossil zonation from Martini (1971; NN) and Okada and Bukry 
(1980; CN); diatom zonation for A and B from Barron (1985a, 1985b), Baldauf and Iwai (1995), and Barron (1992; NTD); diatom zonation for C from Fenner (1984, 
1985); and radiolarian zonation from Sanfilippo and Nigrini (1996). B = base, T = top, Bc = base common, Tc = top common, Ba = base acme, Ta = top acme, Br 
= base regular, Tr = top regular, X = crossover in abundance. This figure is available in an oversized format. (Continued on next two pages.) 
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B G. truncatulinoides (1.93)

B G. tumida [Pacific] (5.57)

B G. plesiotumida (8.58)

B N. acostaensis (9.83)

B G. nepenthes (11.63)

T G. tosaensis (0.61)

T G. fistulosus (1.88)

T G. pseudomiocenica (2.39)

T D. altispira (3.47)

T G. margaritae (3.85)

T G. nepenthes (4.37)

T S. kochi (4.53)
B G. exilis (4.45)

T G. dehiscens (5.92)

T G. lenguaensis (6.14)

T P. mayeri (10.46)

T P. mayeri [temperate] (11.40) 

T F. fohsi, T F. plexus (11.79)

T G. obliquus (1.30)

T G. apertura (1.64)

B G. challengeri (11.22)

T C. chipolensis (10.89)

B G. limbata (10.64)

B G. decoraperta (11.49)

B G. apertura (11.18)

B G. cibaoensis (9.44) 

B G. extremus (8.93)

B S. dehiscens s.l. (5.53)

B G. calida (0.22)

B G. hirsuta (0.45)

B G. hessi (0.75)

T N. acostaensis (1.58)

B G. crassaformis s.l. (4.31)

B T. humilis (5.81)

B N. humerosa (8.56)

B S. subdehiscens (13.02)
B G. lenguanensis (12.84)

T G. flexuosa (0.07)

T G. extremus (1.98)

T G. decoraperta (2.75)
T G. multicamerata (2.98)

T P. primalis (3.66)
T G. plesiotumida (3.77)

T P. spectabilis (4.21)

T G. cibaoensis (4.60)

Br G. obliquus (11.25)

 T G. subquadratus (11.54)

M9b

M10

M11

M12

M13

M14

PL1

PL2

PL3
PL4

PL5

PL6

Pt1

a

b

a

b B E. huxleyi (0.29)

B Geph. spp. >4 µm (1.73)

Bc D. asymmetricus (4.13)

B C. rugosus (5.12)

B C. acutus (5.35)

B N. amplificus (6.91)

B A. primus, Amaurolithus spp. (7.42)

T D. quinqueramus (5.59)

B D. hamatus (10.55)

B C. coalitus (10.89)

Bc D. kugleri (11.90) 

T D. brouweri (1.93)

T D. surculus (2.49)

T D. tamalis (2.80)

T A. primus (4.50)

T N. amplificus (5.94)

Ba D. triradiatus (2.22)

Bc D. surculus (7.79)

B D. loeblichii (8.77)
Bc R. pseudoumbilicus (8.79)

Bc D. pentaradiatus (9.37)

B M. convallis (9.75) 
X D. hamatus ->
      D. neohamatus (9.76)

B D. bellus (10.40)
B D. neohamatus (10.52)

Bc H. stalis (10.71)

B D. brouweri (10.76)
B C. calyculus (10.79)

Bc C. macintyrei (12.46)

B R. pseudoumbilicus (12.83) 

Bc R. asanoi (1.14)

T C. macintyrei (1.60)

T D. triradiatus (1.95)

T Sphenolithus spp. (3.54)

T C. acutus (5.04)

T T. rugosus (5.28)

T D. loeblichii (7.53)

T M. convallis (8.68)

T D. bollii (9.21)

T C. calyculus (9.67)
T C. coalitus (9.69)B G. juanai (9.69)

Tc H. walbersdorfensis (10.74)

T C. miopelagicus (10.97)
T C. premacintyrei (11.21)

Tc D. kugleri (11.58)

T C. floridanus (11.85)

T C. nitescens (12.12)

Tc C. premacintyrei (12.38)

T G. ruber pink (0.12) 

B Geph. sp. 3 (1.02)

T Geph. sp. 3 (0.61)

Ta Geph. spp. small (1.02)

Ba Geph. spp. small (1.24)

B B. invaginata (0.18)

B C. tuberosa (0.59)

T D. petterssoni, D. laticonus (8.84)

B L. neotera, T L. renzae (12.19)

T A. tricorniculatus (3.92)

T P. lacunosa (0.44) T S. universus (0.44)

T Geph. spp. >5.5 µm (1.24)

B Geph. spp. >5.5 µm (1.62)

B Geph. spp. >4 µm reentrance (1.04)
T A. angulare (1.21)

T P. campanula (0.80)

T D. pentaradiatus (2.39)

T P. prismatium,T. vetulum (2.04)

T A. jenghisi (2.74)

T R. pseudoumbilicus (3.70)

T S. peregrina (2.87)

T P. doliolum (3.89)

T D. penultima, B D. avita (4.24)

B S. peregrina, T S. delmontensis (7.78)

B D. quinqueramus (8.12)

B S. berminghami (8.35)

T C. cristata (10.68)

T C. japonica (9.86)

B D. hughesi, D. antepenultima (8.84)

B D. petterssoni (12.60)

B D. berggrenii (8.29)

T D. hamatus (9.53)

T H. sellii (1.26)

B L. nigriniae (1.26)

B A angulare (1.81)

B L. neoheteroporus (2.65)

B T. trachelium trachelium (2.69)

B A. ypsilon (4.01)
B S. tetras tetras, T S. pentas (4.13) 

B P. campanula (5.67) 
T A. tritubus (5.55) 
B S. pentas (5.49) 

B P. prismatium (4.91) 

B S. omnitubus procera (7.41) 

T S. omnitubus procera (5.31) 

B S. omnitubus omnitubus (7.41) 

T S. omnitubus omnitubus (5.31) 

T D. hughesi, D. antepenultima (8.39)

B A. tritubus, T D. ontongensis (7.94)

B L. bacca, T L. neotera (8.87)

T L. neoheteroporos (1.28)

T P. finalis (2.04)

T A. pliocenica (3.40)

T L. audax (3.60)

T A. ehrenbergi (2.94)

T A. nosicaae (0.70)
T P. hertwegii (0.74)

B A. euryclathrum (0.91)

T A. michelinae (1.49)

B P. zancleus (1.85)

B C. davisiana (2.58)

T S. berminghami, S. klingi (4.22)

a

b

a

b

RN5

RN6

RN7

RN8

RN9

RN10

RN11

RN12 

RN13

RN14

RN15
RN16
RN17

NN6

NN7

NN8

NN9

NN10

NN11

NN12

NN13

NN14
NN15

NN16

NN17

NN18

NN19

NN20
NN21

CN5

CN6

CN7

CN8

CN9

CN10

CN11

CN12

CN13

CN14

CN15

a

b

a

b

c

d

a

b

c

a

b

a

b

c

d

a

b

a

b

1

2

1

2

1

2

3

1

2

1

2

1

2

1

2

1

2

1

2

1

2

1

2

3

3

1

2

1

2

3
4

B G. pertenuis (3.52)

T G. pertenuis, G. woodi (2.30)

B G. flexuosa (0.60), G. ruber pink (0.33)

B G. tosaensis (3.35)

T P. fistula (3.49)
T S. seminulina (3.59)

B G. margaritae (6.08)

T A. tritubus (6.34)

T C. caepa (6.14)
B G. conglobatus (6.20)

B G. miotumida-conomiozea (7.89)

T B. miralestensis (8.23)

B D. penultima, S. delmontensis (8.39)

T G. challengeri (9.99)

T C. bermudezi (12.00)

B P. primalis (6.60)

T S. johnsoni (6.79)

T C. cladara (7.29)

B G. fistulosus (3.33)
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Planktonic foraminifers
The planktonic foraminiferal biochronology and biostrati-

graphic zonal scheme of Berggren and Pearson (2005) as modified 
by Wade et al. (2011) was used for the Paleogene (codes P, E, and O), 
and the scheme of Berggren et al. (1995) as modified by Wade et al. 
(2011) was used for the Neogene (codes M, PL, and PT). The plank-
tonic foraminifer zonal scheme used during Expedition 355 is illus-
trated in Figure F9. Age estimates for planktonic foraminiferal 
datums follow Gradstein et al. (2012), which are given in Table T2
and shown in Figure F9. The taxonomy of planktonic foraminifers 
for the Neogene follows the concepts of Kennett and Srinivasan 
(1983), Srinivasan (1989), Singh and Srinivasan (1995), and Chais-
son and Pearson (1997) and for the Paleogene those of Bolli and 

Saunders (1985), Toumarkine and Luterbacher (1985), Spezzaferri 
(1994), and Olsson et al. (1999). Although the base of the Plio-
cene/Pleistocene boundary was changed to 2.58 Ma by The Interna-
tional Commission on Stratigraphy (Gibbard et al., 2010), we follow 
the biostratigraphic zonal nomenclature of Wade et al. (2011) be-
cause a modified zonation for the early Pleistocene and late Pliocene 
is not yet available.

Methods
Core catcher samples were soaked in tap water or in a weak Cal-

gon/hydrogen peroxide (H2O2) solution when necessary and 
washed over a 63 μm mesh sieve. Lithified material was crushed to 
pea size, heated in a Calgon/H2O2 solution, and then sieved as 
above. All samples were dried on filter paper in a low-temperature 

Figure F9 (continued). (Continued on next page).
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oven (~50°C). The dried samples were sieved over a 150 μm sieve, 
retaining the 63–150 μm size fraction for additional observation 
when necessary. In order to avoid contamination between succes-
sive samples, sieves used for wet sieving were cleaned in an ultra-
sonic bath for several minutes, and those used for dry sieving were 
cleaned with compressed air. Samples with abundant planktonic 
foraminifers (>150 μm size fraction) were split using a microsplitter 
into representative aliquots containing ~400 specimens of plank-
tonic foraminifers. The entire sample was examined when contain-
ing fewer planktonic foraminifer specimens. The >150 μm size 
fraction was examined under a Zeiss Discovery V8 microscope 
equipped with a SPOT Idea 3.1 Mp digital camera for species iden-
tification. All age-diagnostic species of planktonic foraminifers were 
picked and mounted onto faunal slides.

The following planktonic foraminifer abundance categories rel-
ative to total sediment particles were estimated from visual exam-
ination of the dried sample in the >150 μm size fraction as

A = abundant (>50% of the total sediment particles).
C = common (>25%–50% of the total sediment particles).
F = few (>5%–25% of the total sediment particles).
R = rare (≤5% of the total sediment particles).
B = barren.

The abundance of individual planktonic foraminifer species 
from the >150 μm size fraction was estimated semiquantitatively 
based on an assessment of specimens present in a sample:

D = dominant (>30% of the total planktonic foraminifer assem-
blage).

Figure F9 (continued).
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Table T2. Planktonic foraminiferal events and GTS2012 ages (Gradstein et al., 2012) used during Expedition 355. B = base/first occurrence datum, T = top/last 
occurrence datum , Bc = base common, Tc = top common, Br = base regular, Tr = top regular. Bold = zonal boundary definition. (Continued on next two pages.) 
Download table in .csv format.

Age (Ma)

Standard tropical–subtropical biozone (biochron)

Biohorizon (datum) Age (Ma) Error (My)

Indo-Pacific;
Blow (1969, 1979) and
Berggren et al. (1995)

Indo-Pacific; 
Berggren et al., 

(1995) and
Wade et al. (2011)

Tarantian (Late Pleistocene)

N22

PT1b

T Globorotalia flexuosa 0.07
T Globigerinoides ruber pink 0.12

0.126

Ionian (Middle Pleistocene)

B Globigerinella calida 0.22
B Globigerinoides ruber pink 0.33
B Globorotalia flexuosa 0.40
B Globorotalia hirsuta 0.45

PT1b/PT1a T Globorotalia tosaensis 0.61

PT1a

B Globorotalia hessi 0.75
0.781

Calabrian (early Pleistocene)
T Globigerinoides obliquus 1.3 ±0.1
T Neogloboquadrina acostaensis 1.58 ±0.03
T Globoturborotalita apertura 1.64 ±0.03

1.806

Gelasian (early Pleistocene)

PT1a/PL6 T Globigerinoides fistulosus 1.88 ±0.03
T Globigerinoides extremus 1.98 ±0.03
B Pulleniatina finalis 2.04 ±0.03
T Globorotalia pertenuis 2.30
T Globoturborotalita woodi 2.30 ±0.02

PL6/PL5 T Globorotalia pseudomiocenica 2.39
2.588 N22/N21

Piacenzian (late Pliocene)

N21
T Globoturborotalita decoraperta 2.75 ±0.03
T Globorotalia multicamerata 2.98 ±0.03
B Globigerinoides fistulosus 3.33

N21/N19-N20 B Globorotalia tosaensis 3.35
PL5/PL4  T Dentoglobigerina altispira 3.47

PL4 B Globorotalia pertenuis 3.52 ±0.03
PL4/PL3 T Sphaeroidinellopsis seminulina 3.59

3.600
PL3

Zanclean (early Pliocene)

T Pulleniatina primalis 3.66
T Globorotalia plesiotumida 3.77 ±0.02

PL3/PL2 T Globorotalia margaritae 3.85 ±0.03
T Pulleniatina spectabilis 4.21
B Globorotalia crassaformis sensu lato 4.31 ±0.04

PL2/PL1 T Globoturborotalita nepenthes 4.37 ±0.01

PL1

B Goblorotalia exilis 4.45 ±0.04
T Sphaeroidinellopsis kochi 4.53 ±0.17
T Globorotalia cibaoensis 4.60
T Globigerinoides seiglei 4.72

5.333

Messinian (late Miocene)

N19-20/N18 B Sphaeroidinella dehiscens sensu lato 5.53 ±0.04
N18/N17b PL1/M14 B Globorotalia tumida 5.57

B Turborotalita humilis 5.81 ±0.17
T Globoquadrina dehiscens 5.92
B Globorotalia margaritae 6.08 ±0.03

M14/M13b  T Globorotalia lenguaensis 6.14

M13b

B Globigerinoides conglobatus 6.20 ±0.41
N17b/N17a B Pulleniatina primalis 6.60

Tortonian (late Miocene)

B Globorotalia miotumida (conomiozea) 7.89
B Neogloboquadrina humerosa 8.56

N17a/N16 M13b/M13a B Globorotalia plesiotumida 8.58 ±0.03

N16 M13a
B Globigerinoides extremus 8.93 ±0.03
B Globorotalia cibaoensis 9.44 ±0.05
B Globorotalia juanai 9.69 ±0.26

N16/N15 M13a/M12 B Neogloboquadrina acostaensis 9.83 ±0.06
T Globorotalia challengeri 9.99

N15/N14 M12/M11  T Paragloborotalia mayeri/siakensis 10.46 ±0.02
B Globorotalia limbata 10.64 ±0.26
T Cassigerinella chipolensis 10.89
B Globoturborotalita apertura 11.18 ±0.13
B Globorotalia challengeri 11.22
Br Globigerinoides obliquus 11.25
B Globoturborotalita decoraperta 11.49 ±0.04
T Globigerinoides subquadratus 11.54

11.608
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Serravallian (middle Miocene)

N14/N13 M11/M10 B Globoturborotalita nepenthes 11.63 ±0.02
N13/N12 M10/M9b T Fohsella fohsi, Fohsella plexus 11.79 ±0.15

T Clavatorella bermudezi 12.00
B Globorotalia lenguanensis 12.84 ±0.05
B Sphaeroidinellopsis subdehiscens 13.02

M9b/M9a B Fohsella robusta 13.13 ±0.02
M9a T Cassigerinella martinezpicoi 13.27

N12/N11 M9a/M8 B Fohsella fohsi 13.41 ±0.04
N11 M8 B Neogloboquadrina nympha 13.49

N11/N10 M8/M7 B Fohsella praefohsi 13.77

N10 M7

T Fohsella peripheroronda 13.80
13.82

Langhian (middle Miocene)

Tr Clavatorella bermudezi 13.82
T Globorotalia archeomenardii 13.87

N10/N9 M7/M6 B Fohsella peripheroacuta 14.24

N9 M6

B Globorotalia praemenardii 14.38
T Praeorbulina sicana 14.53
T Globigeriantella insueta 14.66
T Praeorbulina glomerosa sensu stricto 14.78
T Praeorbulina circularis 14.89

N9/N8 M6/M5b B Orbulina suturalis 15.10

N8
M5b

B Clavatorella bermudezi 15.73
B Praeorbulina circularis 15.96

15.97

Burdigalian (early Miocene)

B Globigerinoides diminutus 16.06 
B Globorotalia archeomenardii 16.26

M5b/M5a B Praeorbulina glomerosa sensu stricto 16.27
M5a B Praeorbulina curva 16.28

N8/N7 M5a/M4b B Praeorbulina sicana 16.38

N7

M4b T Globorotalia incognita 16.39
M4b/M4a B Fohsella birnageae 16.69

M4a
B Globorotalia miozea 16.70
B Globorotalia zealandica 17.26
T Globorotalia semivera 17.26

N7/N6 M4a/M3 T Catapsydrax dissimilis 17.54

N6-N5

M3
B Globigeriantella insueta sensu stricto 17.59
B Globorotalia praescitula 18.26
T Globiquadrina binaiensis 19.09

M3/M2 B Globigerinatella sp. 19.30

M2

B Globiquadrina binaiensis 19.30
B Globigerinoides altiaperturus 20.03

(20.44)

Aquitanian (early Miocene)

T Tenuitella munda 20.78
B Globorotalia incognita 20.93
T Globoturborotalita angulisuturalis 20.94

N5/N4b M2/M1b T Paragloborotalia kugleri 21.12

N4b M1b
T Paragloborotalia pseudokugleri 21.31
B Globoquadrina dehiscens forma spinosa 21.44
T Dentoglobigerina globularis 21.98

N4b/N4a M1b/M1a B Globoquadrina dehiscens 22.44

N4a M1a
T Globigerina ciperoensis 22.90
B Globigerinoides trilobus sensu lato 22.96

N4a/P22 M1a/O7 B Paragloborotalia kugleri 22.96
23.03

P22 (N3)
O7

Chattian (late Oligocene)

T Globigerina euapertura 23.03
T Tenuitella gemma 23.50
Bc Globigerinoides primordius 23.50

O7/O6 B Paragloborotalia pseudokugleri 25.21
O6 B Globigerinoides primordius 26.12

P22/P21 O6/O5 T Paragloborotalia opima sensu stricto 26.93

Age (Ma)

Standard tropical–subtropical biozone (biochron)

Biohorizon (datum) Age (Ma) Error (My)

Indo-Pacific;
Blow (1969, 1979) and
Berggren et al. (1995)

Indo-Pacific; 
Berggren et al., 

(1995) and
Wade et al. (2011)

Table T2 (continued). (Continued on next page).
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A = abundant (10%–30% of the total planktonic foraminifer as-
semblage).

F = few (5%–10% of the total planktonic foraminifer assem-
blage).

R = rare (1%–5% of the total planktonic foraminifer assemblage).
P = present (<1% of the total planktonic foraminifer assem-

blage).

The preservation status of planktonic foraminifers was esti-
mated as

G = good (>90% of specimens unbroken with only minor evi-
dence of diagenetic alteration).

M = moderate (30%–90% of specimens are unbroken).
P = poor (strongly recrystallized or dominated by fragments and 

broken or corroded specimens).

Additionally, benthic foraminifer abundance relative to the total 
sediment particles (>150 μm) was estimated from visual examina-
tion of the samples that were used for planktonic foraminifer identi-
fication as

A = abundant (>50% of the total sediment particles).
C = common (>25%–50% of the total sediment particles).
F = few (>5%–25% of the total sediment particles).
R = rare (≤5% of the total sediment particles).
B = barren.

Radiolarians
Radiolarian biostratigraphy was primarily based on the tropical 

radiolarian zonation proposed by Sanfilippo and Nigrini (1998), 
which is based on the first and last appearance of taxa and evolu-
tionary transition species. The datum levels are correlated with the 
timescale of Gradstein et al. (2012) as illustrated in Figure F9 and 
shown in Table T3. The taxonomic concepts for radiolarian species 
are primarily based on Riedel (1967), Moore (1995), Sanfilippo and 
Nigrini (1998), and Nigrini and Sanfilippo (2001).

Methods
A sediment sample of about 5 cm3 was placed in a beaker with a 

20% solution of H2O2 in which 5 mg of Calgon had been dissolved. 
After effervescence subsided, calcareous components were dis-
solved by adding a 10% solution of hydrochloric acid (HCl). The 
solution was boiled for ~30 min and then washed through a 63 μm 
sieve. The washed residue was collected in a vial and strewn slides 
were prepared by pipetting the residue onto a microscope coverslip 
and then drying on a warming plate. Norland Optical Adhesive 
Number 61 was used as a mounting medium, which was applied to 
the coverslip (3–4 drops) while the coverslip was still warm. The 
coverslip was then inverted and gently placed on the slide, after 
which it was put under an ultraviolet lamp for 5–10 min to cure. 
The slides were inspected with a Zeiss AxioScope microscope 
equipped with a SPOT Flex 64 Mp digital camera. In addition, se-
lected specimens were imaged with a Hitachi TM3000 tabletop 
scanning electron microscope.

For each sample, the total abundance of radiolarians was quali-
tatively estimated as

A = abundant (>100 specimens/slide traverse).
C = common (51−100 specimens/slide traverse).
F = few (11−50 specimens/slide traverse).
R = rare (1−10 specimens/slide traverse).
B = barren (absent).

The abundance of individual species was recorded relative to the 
fraction of the total assemblage at 500× as

A = abundant (>30% of the total sample).
C= common (>10%−30% of the total sample).
F = few (>5%−10% of the total sample).
R = rare (≤5% of the total sample).

The preservation of radiolarians was recorded as

G = good (majority of specimens complete, with minor dissolu-
tion, recrystallization, and/or breakage).

(28.09) P21 (N2) O5/O4

Rupelian (early Oligocene)

Tc Chiloguembelina cubensis 28.09
P21/P20 O4/O3 B Globigerina angulisuturalis 29.18

P20 O3
B Tenuitellinata juvenilis 29.50
T Subbotina angiporoides 29.84

P20/P19 O3/O2 T Turborotalia ampliapertura 30.28
P19 O2 B Paragloborotalia opima 30.72

P19/P18 O2/O1 T Pseudohastigerina naguewichiensis 32.10

P18

O1 B Cassigerinella chipolensis 33.89
33.89

O1/E16

Priabonian (late Eocene)

T Hantkenina spp. 33.89

E16
Tc Pseudohastigerina micra 33.89

P18/P17 T Turborotalia cerroazulensis 34.03
P17/P16 T Cribrohantkenina inflata 34.22

P16
E16/E15 T Globigerinatheka index 34.61

E15
T Turborotalia pomeroli 35.66
B Turborotalia cunialensis 35.71

P16/P15 B Cribrohantkenina inflata 35.87

P15
E15/E14 T Globigerinatheka semiinvoluta 36.18

(37.75)
E14

Bartonian T Acarinina spp. 37.75

Age (Ma)

Standard tropical–subtropical biozone (biochron)

Biohorizon (datum) Age (Ma) Error (My)

Indo-Pacific;
Blow (1969, 1979) and
Berggren et al. (1995)

Indo-Pacific; 
Berggren et al., 

(1995) and
Wade et al. (2011)

Table T2 (continued).
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Table T3. Radiolarian events and ages (Gradstein et al., 2012 [GTS2012]) used during Expedition 355. B = base/first occurrence datum, T = top/last occurrence 
datum. (Continued on next two pages.) Download table in .csv format.

Age (Ma)

Low-latitude standard tropical–
subtropical biozone (biochron); 

Sanfilippo and Nigrini (1998) Biohorizon (datum) Age (Ma)

Tarantian (Late Pleistocene) RN17 B Buccinosphaera invaginata 0.18

Ionian 
(Middle Pleistocene)

RN16 T Stylatractus universus 0.44 

RN15

B Collosphaera tuberosa 0.59
T Anthocyrtidium nosicaae 0.7
B Pterocorys hertwegii 0.74

0.781

Calabrian (early Pleistocene)

T Pterocorys campanula 0.8
B Anthocyrtidium euryclathrum 0.91

RN14

T Anthocyrtidium angulare 1.21
B Lamprocyrtis nigriniae 1.26
T Lamprocyrtis neoheteroporos 1.28
T Anthocyrtidium michelinae 1.49

1.806

Gelasian 
(early Pleistocene)

B Anthocyrtidium angulare 1.81
B Pterocorys zancleus 1.85

RN13

T Pterocanium prismatium 2.04
T Theocorythium vetulum 2.04

2.588

Piacenzian 
(late Pliocene)

B Cycladophora davisiana 2.58
B Lamprocyrtis neoheteroporus 2.65
B Theocorythium trachelium trachelium 2.69

RN12b T Anthocyrtidium jenghisi 2.74

RN12a

T Stichocorys peregrina 2.87
T Anthocyrtidium ehrenbergi 2.94
T Didymocyrtis avita 3.18
B Didymocyrtis tetrathalamus tetrathalamus 3.18
T Anthocyrtidium pliocenica 3.40

RN11b
T Phormostichoartus fistula 3.49

3.600

Zanclean 
(early Pliocene)

T Lychnodictyum audax 3.60

RN11a

T Phormostichoartus doliolum 3.89
B Amphirhopalum ypsilon 4.01
T Spongaster pentas 4.13
B Spongaster tetras tetras 4.13
T Spongaster berminghami, T Spongaster klingi 4.22

RN10

T Didymocyrtis penultima 4.24
B Didymocyrtis avita 4.24
B Pterocanium prismatium 4.91

5.333

Messinian   
(late Miocene)

T Solenosphaera omnitubus procera, T S. omnitubus omnitubus 5.31
B Spongaster pentas 5.49
T Acrobotrys tritubus 5.55
B Pterocorys campanula 5.67
T Siphostichartus corona 5.67
T Calocycletta caepa 6.14
T Acrobotrys tritubus 6.34
T Stichocorys johnsoni 6.79
T Calocycletta cladara 7.29

Tortonian 
(late Miocene)

B Solenosphaera omnitubus procera, B S. omnitubus omnitubus 7.41
RN9/RN10 Stichocorys delmontensis → Stichocorys peregrina 7.78

RN9

T Dictyocoryne ontongensis 7.94
B Acrobotrys tritubus 7.94
T Botryostrobus miralestensis 8.23
B Spongaster berminghami 8.35

RN8

T Diartus hughesi 8.39
B Didymocyrtis penultima 8.39
T Didymocyrtis antepenultima 8.39
B Stichocorys delmontensis 8.39

RN6/RN7 Diartus petterssoni → Diartus hughesi 8.84

RN7

T Didymocyrtis laticonus 8.84
B Didymocyrtis antepenultima 8.84
T Lithopera neotera 8.87
B Lithopera bacca 8.87
T Cyrtocapsella japonica 9.86
T Carpocanopsis cristata 10.68
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11.608
RN7

Serravallian 
(middle Miocene)

T Lithopera renzae 12.19
B Lithopera neotera 12.19

RN6

B Diartus petterssoni 12.60
T Calocycletta virginis 13.67
B Calocycletta cladara 13.67

13.82

Langhian  
(middle Miocene)

T Didymocyrtis mammifera 14.07
B Didymocyrtis laticonus 14.07
T Carpocanopsis bramlettei 14.69
T Calocycletta costata 15.00
B Lithopera renzae 15.00

RN5/RN6 Dorcadospyris dentata → Dorcadospyris alata 15.03

RN5

T Dorcadospyris dentata 15.03
T Dorcadospyris forcipata 15.03
T Eucyrtidium diaphanes 15.46
T Liriospyris stauropora 15.88
B Liriospyris parkerae 15.88

15.97

Burdigalian 
(early Miocene)

T Carpocanopsis favosa 16.31
T Didymocyrtis prismatica 16.73
T Carpocanopsis cingulata 17.16
B Carpocanopsis cristata 17.16

RN4

B Calocycletta costata 17.59
T Lychnocanoma elongata 17.59
B Didymocyrtis mammifera 17.80
B Calocycletta caepa 18.01
B Dorcadospyris dentata 18.22
B Liriospyris stauropora 18.43

RN3

B Stichocorys wolffii 18.64
T Dorcadospyris ateuchus 18.64
B Siphostichartus corona 18.64
B Didymocyrtis tubaria 19.34

RN2

T Theocyrtis annosa 20.05
(20.44)

Aquitanian 
(early Miocene)

T Calocycletta serrata 20.40
T Calocycletta robusta 20.76
B Carpocanopsis favosa 21.11
B Cyrtocapsella cornuta 21.46

RN1

B Cyrtocapsella tetrapera 21.82
B Calocycletta serrata 21.82
T Artophormis gracilis 22.41
B Eucyrtidium diaphanes 23.00

23.03

Chattian 
(late Oligocene)

T Dorcadospyris papilio 23.59

RP22

B Lychnocanoma elongata 24.18
B Carpocanopsis cingulata 24.18
T Lychnocanoma trifolium 25.07
B Dorcadospyris forcipata 25.07
B Calocycletta robusta 25.97
B Dorcadospyris papilio 26.86
T Lithocyclia angusta 27.75

(28.09)

Rupelian 
(early Oligocene)

RP21/RP22 Tristylospyris triceros → Dorcadospyris ateuchus 28.64

RP21

T Tristylospyris triceros 28.64
T Theocyrtis tuberosa 29.10
B Theocyrtis annosa 29.10
T Lithocyclia crux 29.56
B Lychnocanoma trifolium 30.02
T Dorcadospyris pseudopapilio 30.48
B Didymocyrtis prismatica 30.48
T Centrobotrys petrushevskayae 30.94
B Centrobotrys thermophila 30.94
B Lychnodictyum audax 31.40
T Centrobotrys gravida 31.86
B Centrobotrys petrushevskayae 31.86
B Dorcadospyris pseudopapilio 31.86
B Artophormis gracilis 32.32

Age (Ma)

Low-latitude standard tropical–
subtropical biozone (biochron); 

Sanfilippo and Nigrini (1998) Biohorizon (datum) Age (Ma)

Table T3 (continued). (Continued on next page.)
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M = moderate (minor but common dissolution, with a small 
amount of breakage).

P = poor (strong dissolution, recrystallization, or breakage, 
many specimens unidentifiable).

Diatoms
During Expedition 355 we used the diatom zonal scheme of Bar-

ron (1985a, 1985b) with modifications by Baldauf and Iwai (1995) 
(Figure F9). All preexisting diatom bioevents (e.g., Barron, 1985a, 
1992; Shackleton et al., 1995) tied to older geomagnetic polarity 
timescales (e.g., Cande and Kent, 1992, 1995; Shackleton et al., 
1995) were recalibrated to the Gradstein et al. (2012) geochrono-
logic timescale, which is based on astronomical tuning for the Neo-
gene and Quaternary (astronomically tuned Neogene timescale of 
Hilgen et al., 2012). Primary biostratigraphic events (zonal indica-
tors) and secondary biostratigraphic events for the Neogene and 
Quaternary are listed in Table T4.

Methods
We prepared smear slides by picking a small amount of unpro-

cessed sediment with a disposable wooden toothpick, spreading the 
sediment on a 22 mm × 40 mm (thickness Number 1) coverslip and 
diluting with 1 or 2 drops of distilled water. When required (be-
cause of low concentration of specimens), samples were disaggre-
gated in distilled water or processed with 10% H2O2 and/or 3% HCl, 
and strewn slides were prepared. Acid-processed samples were cen-

trifuged (at 1500 rotations/min for 2–3 min) (Eppendorf Centrifuge 
5810) before slide preparation following the procedures of Baldauf 
(1984). For coarse-grained sediment, we used a decantation tech-
nique. For this technique, 0.2 cm3 of sediment was placed in a 50 
cm3 centrifuge tube and hot water was added. After allowing coarse 
sediment to settle, the decanted residue was placed on a coverslip. 
Norland Optical Adhesive Number 61 (refractive index = 1.56) was 
used as the mounting media for both smear slides and processed 
slides. A few drops were placed on a 25 mm × 75 mm × 1 mm glass 
slide, and the coverslip was then affixed to the slide. The adhesive 
was cured by placing it under an ultraviolet lamp for 10 min.

Microscope slides were examined with a Zeiss Axioplan micro-
scope equipped with differential interference contrast/Normarski 
interference contrast at 400× magnification to identify biostrati-
graphic marker species. Where necessary, taxonomic identification 
was aided at 630× and 1000× magnification.

Diatom abundance was determined by the number of specimens 
observed per field of view (FOV) at 400× magnification. The abun-
dance estimates were categorized as

A = abundant (>10 valves per FOV).
C = common (1–10 valves per FOV).
F = few (≥1 valve every 10 FOV and <1 valve per FOV).
R = rare (≥3 valves per traverse and <1 valve per 10 FOV).
X = trace (<3 valves per traverse, including fragments).
B = barren (no valves or fragments observed).

Rupelian 
(early Oligocene)

RP21

T Artophormis barbadensis 32.32
B Lithocyclia crux 32.32
B Centrobotrys gravida 32.78
T Dictyoprora pirum 33.24
B Phormostichoartus fistula 33.24

RP20/RP21 Lithocyclia aristotelis group → Lithocyclia angusta 33.71

RP20

T Lithocyclia aristotelis group 33.71
T Dictyoprora mongolferi 33.71
T Cryptocarpium ornatum 33.71
T Lychnocanoma amphitrite 33.71

33.89

Priabonian 
(late Eocene)

T Dictyoprora armadillo 34.13
T Lophocyrtis (Lophocyrtis) jacchia 34.55
T Calocyclas turris 34.97
T Cryptocarpium azyx 34.97
T Thyrsocyrtis bromia (max) 34.97
T Thyrsocyrtis rhizodon 34.97

RP19

T Thyrsocyrtis tetracantha 35.40
T Thyrsocyrtis lochites (max) 35.40
T Calocyclas bandyca 35.40
T Calocyclas hispida 35.40
T Lychnocanoma bellum 35.40
T Podocyrtis papalis 35.40
T Thyrsocyrtis triacantha (max) 35.73
B Theocyrtis tuberosa 36.06
T Eusyringium fistuligerum 36.39
T Podocyrtis goetheana 36.72

RP18

B Calocyclas bandyca 37.05
T Podocyrtis chalara 37.22
B Lychnocanoma amphitrite 37.40
B Calocyclas turris 37.58
T Calocyclas hispida 37.58

(37.75)
Bartonian RP17 B Cryptocarpium azyx 37.75

Age (Ma)

Low-latitude standard tropical–
subtropical biozone (biochron); 

Sanfilippo and Nigrini (1998) Biohorizon (datum) Age (Ma)

Table T3 (continued).
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Table T4. Diatom events and ages correlated to the GTS2012 (Gradstein et al., 2012) timescale used during Expedition 355. CK95 = Cande and Kent (1995), 
GPC = geomagnetic polarity chron. B = base/first occurrence datum, T = top/last occurrence datum, Tc = top common datum. Bold = zonal boundary defini-
tion. A/B, B/C = subzonal boundaries. (Continued on next page.) Download table in .csv format.

Zonal boundary Event GTS2012 CK95 GPC GPC source Reference

P. doliolus/N. reinholdii T Nitzschia reinholdii 0.62 0.62 C1n Burckle, 1977 Shackleton et al., 1995
T Nitzschia fossilis 0.70 0.70 Burckle, 1978 Shackleton et al., 1995
T Rhizosolenia matuyamai 1.05 1.05 C1r.1n Burckle et al., 1978 (Barron, 1992) Shackleton et al., 1995
B Rhizosolenia matuyamai 1.16 1.18 C1r.2r Burckle et al., 1978 (Barron, 1992) Shackleton et al., 1995

A/B of N. reinholdii T Rhizosolenia praebergonii v. robusta 1.74 1.73 C1r Burckle and Trainer, 1979 Shackleton et al., 1995
N. reinholdii/N. marina B Pseudoeunotia doliolus 1.99 2.00 C2r.1r Baldauf and Iwai, 1995 Shackleton et al., 1995
A/B of N. marina T Thalassiosira convexa s.l. 2.41 2.41 C2n Burckle, 1978 Shackleton et al., 1995
N. marina/N. jouseae T Nitzschia jouseae 2.77 2.77 C2An.1n Burckle, 1978 Shackleton et al., 1995
(N. jouseae/R. bergonii) B Rhizosolenia praebergonii s.l. 3.17 3.17 C2An.2n Burckle, 1978 Shackleton et al., 1995

B Thalassiosira convexa v. convexa 3.82 3.81 C2An Burckle and Trainer, 1979; Baldauf and Iwai, 1995 Shackleton et al., 1995
B Asteromphalus elegans 4.00 3.99 Shackleton et al., 1995
T Nitzschia cylindrica 4.89 4.88 C3n.3n Burckle, 1978 Shackleton et al., 1995

N. jouseae/T. convexa B Nitzschia jouseae 5.13 5.12 C3n.4n Baldauf and Iwai, 1995 Shackleton et al., 1995
B Thalassiosira oestrupii 5.73 5.64 Shackleton et al., 1995

B/C of T. convexa T Thalassiosira miocenica 5.97 5.84 Shackleton et al., 1995
T Nitzschia miocenica s.s. 6.20 6.08 C3An.1n Burckle, 1972 Shackleton et al., 1995
T Nitzschia miocenica v. elongata 6.20 6.08 C3An.1n Burckle, 1978 Shackleton et al., 1995

A/B of T. convexa T Thalassiosira praeconvexa 6.31 6.18 C3An.2n Burckle, 1978 Shackleton et al., 1995
T Rossiella praepaleacea 6.71 6.54 C3An.2n Burckle, 1978 Shackleton et al., 1995
B Thalassiosira miocenica 6.72 6.55 C3An.2n Burckle, 1978 Shackleton et al., 1995

T. convexa/N. miocenica B Thalassiosira convexa v. aspinosa 6.74 6.57 C3An.2n Burckle, 1978 Shackleton et al., 1995
A/B of N. miocenica B Thalassiosira praeconvexa 6.89 6.71 C3An.2n Burckle, 1978 Shackleton et al., 1995

T Nitzschia porteri 7.28 7.16 C3Br.1n Burckle, 1978 Shackleton et al., 1995
N. miocenica/N. porteri B Nitzschia miocenica s.l. 7.41 7.30 Shackleton et al., 1995

T Rossiella paleacea 7.51 7.40 Shackleton et al., 1995
B Nitzschia reinholdii 7.69 7.64 Shackleton et al., 1995
T Actinocyclus ellipticus v. javanicus 7.83 7.79 Shackleton et al., 1995

A/B of N. porteri T Thalassiosira burckliana 7.89 7.85 C4n.2n Burckle, 1978 Shackleton et al., 1995
B Nitzschia marina 7.99 7.95 Shackleton et al., 1995
B Nitzschia cylindrica 8.11 8.07 C4r Baldauf and Iwai, 1995 Shackleton et al., 1995

N. porteri/T. yabei T Thalassiosira yabei 8.26 8.23 C4r.1n Burckle, 1978 Shackleton et al., 1995
T Coscinodiscus loeblichii 8.94 8.86 Shackleton et al., 1995

A/B of T. yabei B Thalassiosira burckliana 8.99 8.91 C4An Burckle, 1978 Shackleton et al., 1995
(T. yabei/A. moronensis) T Denticulopsis simonsenii 9.54 9.45 Shackleton et al., 1995

B Coscinodiscus loeblichii 9.73 9.65 Shackleton et al., 1995
T. yabei/A. moronensis T Actinocyclus moronensis 9.81 9.76 Shackleton et al., 1995

B Actinocyclus ellipticus f. lanceolata 10.54 10.45 Shackleton et al., 1995
T Denticulopsis punctata 11.12 11.02 Barron, 1992
T Coscinodiscus gigas v. diorama 11.33 11.23 Shackleton et al., 1995
B Rossiella paleacea v. elongata 11.33 11.23 Shackleton et al., 1995

A. moronensis/ 
C. coscinodiscus

T Craspedodiscus coscinodiscus 11.55 11.44 Shackleton et al., 1995

T Synedra jouseana 11.63 11.51 Shackleton et al., 1995
B Hemidiscus cuneiformis 11.92 11.80 C5r.3r Burckle et al., 1982 (Barron, 1992) Barron, 1992

C. coscinodiscus/ 
C. gigas v. diorama

Tc Actinocyclus ingens s.s. 12.27 12.18 Shackleton et al., 1995

T Cestodiscus pulchellus 12.32 12.23 Shackleton et al., 1995
B Thalassiosira brunii 12.36 12.28 Shackleton et al., 1995
T Nitzschia porteri 12.40 12.32 Shackleton et al., 1995
T Crucidenticula nicobarica 12.54 12.47 Barron, 1992
T2 Annellus californicus 12.60 12.53 Shackleton et al., 1995

C. gigas v. diorama/ 
C. lewisianus

T Coscinodiscus lewisianus 12.98 12.93 Shackleton et al., 1995

B Thalassiosira brunii 13.01 12.97 Barron, 1985
B Coscinodiscus gigas v. diorama 13.10 13.06 Shackleton et al., 1995
T Thalassiosira tappanae 13.31 13.25 Shackleton et al., 1995
B Triceratium cinnamoneum 13.44 13.37 Shackleton et al., 1995
B Azpeitia nodulifera 13.46 13.38 C5ABn Burckle, 1978 Barron, 1992
B Denticulopsis simonsenii 13.61 13.51 Shackleton et al., 1995
B Thalassiosira grunowii 13.79 13.76 C5ACn Burckle, 1978 Barron, 1992

C. lewisianus/C. peplum T Cestodiscus peplum 14.06 14.06 C5ACn Burckle, 1978 Shackleton et al., 1995
B Actinocyclus ellipticus 14.06 14.06 Shackleton et al., 1995
B Coscinodiscus blysmos 14.34 14.35 Shackleton et al., 1995

A/B of C. peplum T1 Annellus californicus 14.98 14.99 Shackleton et al., 1995
B Actinocyclus ingens s.s. 15.48 15.49 Shackleton et al., 1995
T Coscinodiscus lewisianus v. similis 15.66 15.68 Shackleton et al., 1995

C. peplum/C. nicobarica B Cestodiscus peplum 16.35 16.37 C5Cn.1n Kim and Barron, 1986; Barron, 1992 Shackleton et al., 1995
T Thalassiosira fraga 16.44 16.46 C5Cn.1n Kim and Barron, 1986; Barron, 1992 Shackleton et al., 1995
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At least three traverses were observed at 200× magnification to
confirm the absence of diatoms.

Preservation of diatoms was determined qualitatively and re-
corded as

G = good (both thinly and heavily silicified forms present; robust 
forms are present and no alteration of the frustules was ob-
served).

M = moderate (thinly silicified forms are present but exhibit 
some alteration).

P = poor (thinly silicified forms are rare or absent; robust forms 
dominate the assemblage).

Stratigraphic correlation
The functions of stratigraphic correlation are (1) to provide in-

formation to drillers on the completeness of sedimentary packages
recovered during coring so that sediment from coring gaps can be
recovered in successive holes at each site and (2) to construct com-
plete stratigraphic sections at each site using information from mul-
tiple holes so that shipboard or shore-based measurements/data
can be discussed in a common depth scale reference system.

Complete stratigraphic sections cannot be constructed from a
single drilled hole because core-recovery gaps of 20–50 cm occur
between successive cores despite 100% or more nominal recovery
(e.g., Ruddiman, Kidd, Thomas, et al., 1987; Hagelberg et al., 1995;
Acton et al., 2001). The construction of a complete stratigraphic
section, referred to as a splice, requires combining stratigraphic in-
tervals from two or more holes at the same site where core gaps
have been offset from each other.

Depth scales
Depth within a section and depth in a particular drill hole are

both measured by multiple means. In order to maintain a record
about how the depth scale was established, different depth scales
have been established by IODP. Core depth below seafloor (CSF-A;
equivalent to meters below seafloor [mbsf] used by Ocean Drilling
Program [ODP]) and core composite depth below seafloor (CCSF;
equivalent to meters composite depth [mcd]) are used by IODP and
maintained in the Laboratory Information Management System
(LIMS) database. Additional informal depth scales also can be used

when comparing the spliced sediment section to logs and seismic
profiles, such as the compressed composite depth scale. To avoid
confusion with the formal scales, the compressed scale will be re-
ferred to as cmcd (compressed mcd) if used.

Core depth below seafloor (CSF-A)
By definition, the depth to the top of each core is based on the

drilling depth (in meters) below seafloor (DSF) scale. DSF is defined
as the length of drill string below the rig floor to the top of the cored
interval minus the length of drill string from the rig floor to the mud-
line, which is assumed to be the seafloor. Adding the DSF of the top
of each core to the curated distance measured to any given sample or
data point in that core provides the depth of that sample/data point.
The resulting depth scale is referred to as CSF-A scale (Figure F10).
The CSF-A scale is equivalent to the historical mbsf scale of the
Deep Sea Drilling Project (DSDP), ODP, and the Integrated Ocean
Drilling Program (see “IODP Depth Scales Terminology v2” at
http://www.iodp.org/policies-and-guidelines/142-iodp-depth-
scales-terminology-april-2011/file). Errors in the CSF-A depth
scale result from pipe and bottom-hole assembly stretch and com-
pression, tides, and uncompensated heave, as well as incomplete re-
covery and core expansion. Commonly, there are core gaps between
sequential cores because of ship heave.

Sediment cores often expand from relief of overburden, drilling
disturbance, and gas expansion as the cores are brought up from
great depths to shipboard atmospheric pressure and temperature.
For this reason, the base of one core may overlap with the top of the
succeeding core in the CSF-A depth scale.

Core composite depth below seafloor (CCSF)
Constructing a composite depth scale is done to create a com-

mon depth frame for all holes at a site. Stratigraphic features at each
drill site are assumed to be laterally continuous over the small dis-
tances that separate successive holes. A new depth scale is then
formed by shifting the depth of each individual core in the CSF-A
scale until marker stratigraphic features align (Figure F10). The re-
sulting CCSF scale is equivalent to the ODP and Integrated Ocean
Drilling Program mcd scale. In constructing the CCSF scale from
the CSF-A scale, the depths of the individual cores are shifted by a
core-specific constant offset from CSF-A (i.e., no stretching or
squeezing within an individual core is employed). The CCSF scale

T Raphidodiscus marylandicus 16.44 16.46 C5Cn.1n Kim and Barron, 1986; Barron, 1992 Shackleton et al., 1995
A/B of C. nicobarica T Thalassiosira burkryi 16.73 16.74 C5Cr Kim and Barron, 1986; Barron, 1992 Barron, 1985, 1992

B Craspedodiscus coscinodiscus 17.66 17.77 Shackleton et al., 1995
C. nicobarica/T. pileus B Crucidenticula nicobarica s.l. 17.66 17.77 Shackleton et al., 1995
T. pileus/C. elegans T Craspedodiscus elegans 18.18 18.41 Barron, 1985, 1992
C. elegans/ R. paleacea T Bogorovia veniamini 19.24 19.59 Barron, 1985, 1992
B/C of R. paleacea T Azpeitia oligocenica 19.84 20.27 Barron, 1985, 1992
A/B of R. paleacea T Thalassiosira primalabiata 20.70 21.31 Barron, 1985, 1992
R. paleacea/R. gelida B Rossiella paleacea 21.82 22.64 Barron, 1985, 1992

T Rocella gelida 21.82 22.64 Barron, 1992
B Coscinodiscus lewisianus 21.91 22.72 Barron, 1992

R. gelida/B. veniamini B Rocella gelida 23.51 24.26 Barron, 1985
B. veniamini /R. vigilans B Bogorovia veniamini 24.90 25.60 Barron, 1985
A/B of R. vigilans T Cestodiscus mukhinae 26.71 27.34 Barron, 1985
R. vigilans/C. excavatus T Coscinodiscus excavatus 31.47 31.91 Barron, 1985
Bottom of C. excavatus 

Zone
B Coscinodiscus excavatus 33.69 34.04 Barron, 1985

Zonal boundary Event GTS2012 CK95 GPC GPC source Reference

Table T4 (continued).
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provides good first-order correlation between cores from different 
holes, as well as estimates of the length of coring gaps and a basis 
upon which the sediment splices are constructed.

The mudline is not merely taken as the top of the first core in a 
given hole but is the top of the first core at the site with the best-
preserved sediment/water interface. This core anchors the entire 
composite depth scale for all holes at a site. The anchor mudline 
core is typically the only core in which the depths are the same for 
both the CSF-A and CCSF scales. Each core downhole is then tied 
to the composite section by adding or subtracting a depth offset (a 
constant) that best aligns an observed lithologic feature among ad-
jacent cores from different holes. Because of the differing effects of 
coring-induced stretching and squeezing among cores, as well as 
hole-to-hole sedimentological differences, this approach very rarely 
aligns all core features (Figure F10). The depth offset of every core is 
tabulated in an affine table (a list of the linear depth offsets added to 
each core to place it in the CCSF scale), and the table is uploaded 
into the LIMS database so that depths of samples from different 
holes can easily be recalculated in the CCSF scale.

In the case that drilling gaps between cores never align among 
all holes at a site and recovery is sufficiently high, it is possible to 
correlate (or tie) each successive core in one hole to a core from an 
adjacent hole to the bottom of a drilled section. However, if coring 
gaps align across all holes at a site or if cores at a certain depth are 
badly disturbed, it becomes impossible to tie the cores to those 

above. Cores below such a gap will be appended to the composite 
section. Although the cores below the gap are no longer tied to the 
mudline core they can often still be tied to one another.

When constructing the composite section, the total CCSF depth 
is typically 5%–15% longer than the CSF-A scale. This expansion is 
mostly caused by decompression of the cores as they are brought to 
the surface, gas expansion, stretching that occurs as part of the cor-
ing process, and/or from curation of material that has fallen down-
hole or gas expansion voids that are curated as part of the core (e.g., 
Hagelberg et al., 1995; Acton et al., 2001)

Core-log correlation: CSF-A depth scale to WMSF depth scale
Initial wireline logging data are referenced to the rig floor and 

based on the length of wireline paid out during logging. These 
depths are then shifted to a seafloor reference to produce a wireline 
log depth below seafloor (WSF) depth scale (see Downhole mea-
surements). After data processing, logs from successive runs are 
matched to remove depth offsets between successive runs, produc-
ing the WMSF depth scale. The WMSF depth scale can be linked to 
the CSF-A depth scale through common physical properties data 
measured by both wireline logging and the shipboard WRMSL. 
When a site has been logged, stratigraphic features from individual 
cores can be offset to match stratigraphic features in the wireline 
logs. These offsets are included in the affine table when available.

Sampling splice
The sampling splice is a composite core section from all the 

holes at a site that is the best available representation of a complete 
stratigraphic column at a site. It is often used for high-resolution 
sampling of the continuous sediment section or for reconstructing 
cyclic sediment deposition for time series analysis.

After the CCSF scale has been developed and the gaps between 
cores identified, a complete stratigraphic section is spliced from 
among holes by combining selected intervals that best avoid gaps, 
overlaps, and disturbed sections. The depth scale for the splice is in 
CCSF; the splice itself is the combination of sediments from differ-
ent holes that are stacked into a complete section (Figure F10). In-
tervals included in the splice are listed in the splice interval table 
that tabulates sections from each core to be included in the splice.

If coring gaps aligned across all holes drilled at a site do occur, 
the spliced sections below are “appended” to those above and re-
ferred to as “floating splice sections” (i.e., not tied to the mudline). 
The amount of missing material between floating splices can be 
measured using downhole logs. Where no logs are available, the 
CSF-A scale provides an estimate of the length of the missing sec-
tion that is reasonably accurate when coring in calm seas, such as 
experienced during Expedition 355.

Compressed splice
The splice, because it has been constructed using the CCSF 

scale, is typically longer than the drilled interval by 5%–15%. For 
some applications, it is necessary to compress the splice (e.g., for es-
timating sedimentation rates [meters of sediment accumulated per 
million years] across core boundaries or to join physical properties 
from the cores to log data). The difference in depth in CCSF versus 
CSF-A is typically linear, and the linear correlation can be used to 
generate a compression factor for each sampling splice to convert 
the CCSF depths to similar depths in the CSF-A depth scale. We re-
fer to the compressed CCSF scale as compressed mcd (cmcd) be-
cause the acronym CCCSF is unwieldy.

Figure F10. Depth scales used during Expedition 355. Blue, dark gray, and 
purple intervals = recovered core. Dashed and dotted lines = equivalent 
horizons. The CSF-A scale is established by adding the curated core length 
to the core top DSF depth of each core. Red intervals = core expansion cre-
ates apparent overlaps and stratigraphic reversals when data are plotted on 
the CSF-A scale. Red dashed arrows = CCSF scale constructed by correlating 
distinct horizons identified in multiple holes from a drill site. The splice is 
constructed by combining selected intervals (purple) such that coring gaps 
and disturbed section are excluded, resulting in a complete stratigraphic 
section (less any natural, sedimentological hiatuses). Blue dashed lines = 
stratigraphic horizons that do not align because of lateral facies variations or 
drilling-induced disturbance.
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Measurements and methods specific
to Expedition 355

Compositing and splicing were accomplished using Correlator 
software (version 2.01; http://corewall.org/downloads.html) to 
generate standard affine tables and splice interval tables. During the 
expedition we used specific applications (i.e., Correlation Down-
loader version 6 and SCORS Uploader) for downloading and up-
loading data to and from Correlator. These tables were uploaded 
into the LIMS database, from which all users are able to attach the 
appropriate depth scale to any data set.

Multiple affine tables were made during the expedition for each 
site. A fast “init” affine table was generated and uploaded to the 
LIMS database so that shipboard scientists could align their mea-
surements as soon as possible into a CCSF scale, and a second “re-
vised” table was generated after the splice was further edited and 
checked for quality control. The init affine table was removed from 
the database before completion of the expedition.

The composite sections and splices are initially based on the 
stratigraphic correlation of data sets acquired from the WRMSL 
and the NGRL, as well as from digitized color data (from the red-
green-blue [RGB] triplet), or extracted from core images acquired 
with the SHIL or color data from the Section Half Multisensor Log-
ger SHMSL spectrophotometer. Details on the instrument calibra-
tions, settings, and measurement intervals for Expedition 355 are 
given in Physical properties.

For the revised splice, we also visually compare the sediment 
section between holes using depth-referenced core section images 
collected on the SHIL. We used software routines developed for 
Igor 6.36 by Dr. Roy Wilkens for use on IODP cores to depth-refer-
ence SHIL line scan images in the CCSF depth scale and track data 
from each hole to make detailed comparisons. The images were off-
set by the constant offset added to each core to place them in the 
initial CCSF scale. Offsetting the core images allows for visually 
matching stratigraphic features in addition to using physical prop-
erties in order to best refine and revise the CCSF scale and sampling 
splice.

Igneous petrology
Igneous rock description procedures during Expedition 355 fol-

lowed those used during Integrated Ocean Drilling Program Expe-
ditions 309/312, 335, and 345 and IODP Expedition 349 (Expedition 
309/312 Scientists, 2006; Expedition 335 Scientists, 2012; Gillis et 
al., 2014; Li et al., 2015). Because coring into the igneous basement 
took place on the last day of coring operations during Expedition 
355, shipboard descriptions were completed under significant time 
constraints, limiting the amount of data that could be collected. 
During this expedition, only macroscopic core descriptions were 
carried out on board; these characteristics were entered into the 
LIMS database through the DESClogik portal. Shipboard studies 
aimed to characterize the nature of igneous basement by systemati-
cally describing the petrology of the cored rocks and their alteration 
through the following procedures:

1. Definition of igneous units by visual identification of actual lith-
ologic contacts or by inference using observed changes in 
phenocryst assemblages, mineral composition, or grain size 
variations;

2. Description of lithology, phenocryst abundances, igneous tex-
tures, and vesicle distribution; and

3. Description of alteration, as well as vein and vesicle infillings.

Shore-based thin section petrographic studies and geochemical 
(major and trace element) analyses were carried out after the end of 
the expedition and the results incorporated into the Proceedings
volume.

Core description workflow
Before splitting into working and archive halves, each hard rock 

piece was labeled individually with unique piece/subpiece numbers 
from the top to the bottom of each section. These hard rock pieces 
were split with a diamond-impregnated saw along carefully chosen 
lines so that important compositional and structural features were 
preserved in both the archive and working halves. The working 
halves were sampled for shore-based analysis of thin section petrog-
raphy and bulk geochemical analyses using XRF, which was per-
formed at the National Centre for Earth Science Studies (CESS) in 
Trivandrum, India.

Each section of core was first examined macroscopically and de-
scribed for petrologic and alteration characteristics. Characteriza-
tion was based on the description of individual pieces from a 
recovered section of a core. If adjacent pieces were homogeneous 
with respect to their magmatic features, they were combined into 
one igneous interval. Lithologically and texturally similar pieces 
from consecutive core sections were described as belonging to the 
same igneous subunit. The upper and lower ends of each piece were 
directly taken from the curated piece log available within DESC-
logik. All descriptions during Expedition 355 were made on the ar-
chive halves. For macroscopic observations and descriptions, the 
DESClogik program was used to record the primary igneous char-
acteristics (e.g., igneous unit, groundmass and phenocryst mineral-
ogy, and vesicle presence and type) and alteration (e.g., color, vesicle 
filling, secondary minerals, and vein/fracture fillings). Shore-based 
microscopic analysis of the thin sections was carried out after the 
end of the expedition and the data uploaded into the database on 
shore.

The first step in visual core description (VCD) is the classifica-
tion of the igneous lithologic units, which we divided into units and 
subunits. The igneous units are generally chosen to reflect down-
core macroscopic variations in the cored sections. We defined the 
igneous lithologic units according to changes in the primary min-
eral assemblage (based on abundances of visible phenocrysts and 
groundmass mineral phases), grain size, color, and structure or tex-
ture that could be seen with the naked eye on the core description 
table. Igneous units are numbered consecutively downhole with Ar-
abic numerals (igneous Units 1, 2, 3, etc.) irrespective of flow type.

Macroscopic description
Macroscopic descriptions included the standard categories ap-

plied to igneous petrology description listed below.

Lithology
For volcanic and hypabyssal rocks, we defined basalt as igneous 

rocks of basaltic composition with a grain size range of glassy to fine 
grained.

Lava flow types
Volcanic flows occur in different types:

• Pillow lavas are characterized by curved chilled margins, oblique 
to the vertical axis of the core. When such margins are absent, 
we can potentially identify these boundaries by the presence of 
variolitic textures, curved fractures, and microcrystalline or 
cryptocrystalline grain sizes. Characteristically, their exteriors 
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are entirely bounded by glassy rinds as a result of rapid cooling 
and their interiors typically display internally radiating vesicles 
and joint patterns. Pillows are small in size, typically ~0.2–1.0 m 
in diameter, and result from subaqueous eruptions.

• Lobate lava flows have massive, coarser grained, and sparsely ve-
sicular flow interiors and are ~1–2 m in diameter. Recognizing 
lobate flows and distinguishing those from pillows in drill cores 
is often difficult.

• Sheet flows are defined as <3 m of the same rock type with grain 
sizes increasing toward the center of the flows. This term im-
plies a lateral extent that cannot be determined from core alone, 
but its size distinguishes it from the pillow and lobe type erup-
tions.

• Massive lava flows are defined as continuous intervals >3 m of a 
similar lithology. Both sheet and massive flows are characterized 
by sparse vesicle layering, often have texturally uniform cores as 
thick as several meters, and can have vertical vesicle pipes con-
taining late-stage melt segregation material. Sheet-like and mas-
sive flows may result from particularly high effusion rates and/or 
increased local slopes.

Phenocrysts
Volcanic rocks were categorized according to the major pheno-

cryst phase(s) when the total abundance of phenocrysts was >1%. 
The term “phenocryst” was used for any crystal that was (1) signifi-
cantly larger (typically at least five times) than the average size of the 
groundmass crystals, (2) >1 mm, and (3) euhedral or subhedral. A 
prefix was applied as a modifier to the primary lithology names to 
indicate the abundance of phenocrysts in the hand samples:

• Aphyric (<1% phenocrysts).
• Sparsely phyric (1%–5% phenocrysts).
• Moderately phyric (5%–10% phenocrysts.
• Highly phyric (>10% phenocrysts).

Aphyric rocks were not assigned any mineralogical modifier.

Groundmass
Volcanic rocks contain groundmass, which is defined in terms 

of the finer grained matrix (or the mesostasis) surrounding various 
phenocryst phases if the latter are present. Such groundmass is gen-
erally characterized by its texture and grain size with the following 
standard notation:

G = glassy.
cx = cryptocrystalline (<0.1 mm).
μx = microcrystalline (0.1–0.2 mm).
fg = fine grained (>0.2–1 mm).
mg = medium grained (>1–2 mm).
cg = coarse grained (>2 mm).

For volcanic rocks, the following terms were used to describe 
textures when microlites are present in the groundmass:

• Intersertal (glassy between plagioclase laths),
• Trachytic (subparallel arrangement of plagioclase laths in the 

groundmass),
• Pilotaxitic (aligned plagioclase microlites embedded in a matrix 

of granular and usually smaller clinopyroxene grains),
• Hyalopilitic (aligned plagioclase microlites with glassy matrix), 

and
• Subophitic (partial inclusion of plagioclase in pyroxene).

Rock color
Rock color was determined on a wet, cut surface of the archive 

half using Munsell color charts (Munsell Color Company, Inc., 
1994) and converted to a more intuitive color name. Wetting of the 
rock was carried out using a spray bottle. Wetting was kept to a 
minimum because of adsorption of water by clay minerals that may 
be present throughout the core.

Vesicles
For volcanic rocks, an estimate of the percentage of vesicles and 

their average size was included in the descriptions. Vesicularity was 
described according to the abundance, size, and shape (sphericity 
and angularity) of the vesicles. The infilling minerals in the vesicles 
were also identified. Vesicle abundance was recorded as

• Nonvesicular (<1% vesicles),
• Sparsely vesicular (1%–5% vesicles),
• Moderately vesicular (5%–20% vesicles), and
• Highly vesicular (>20% vesicles).

Alteration
Alteration was observed through visual macroscopic and micro-

scopic description. These observations provided information on the 
alteration of primary igneous features such as phenocrysts, ground-
mass minerals, and volcanic glass.

Overall background alteration
The degree of the overall background alteration of groundmass 

and glass was defined and reported. An alteration summary de-
scription was entered in DESClogik and uploaded to the LIMS data-
base to provide information on the extent of alteration in terms of 
the following scale:

Fresh = <2%.
Slight = 2%–9%.
Moderate = 10%–49%.
High = 50%–95%.
Complete = >95%.

Veins and alteration halos
Description of the veins included location, shape, crosscutting 

nature, width, color, and the amount (percentage) and nature of fill-
ing minerals. Alteration halos commonly form around hydrother-
mal veins that allow fluid flow of varying chemical composition. 
They can be different from the overall background alteration and 
vesicle filling in color, secondary mineral composition, and abun-
dance.

Igneous visual core description sheets
We used DESClogik to document each section of the igneous 

cores by uploading our descriptions into the LIMS database. These 
uploaded data were then used to produce VCDs, which include a 
simplified graphical representation of the core (for each section) 
with accompanying descriptions of the features observed. An exam-
ple VCD for igneous rocks is shown in Figure F11. The symbols and 
nomenclature used for VCDs are shown in Figure F6. The VCDs 
display the following items:

• Depth in mbsf (based on CSF-A);
• Scale for core section length (in centimeters measured from the 

top of each section);
• Sample piece number;
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• Igneous unit number;
• Upward-pointing arrow indicating oriented pieces of core;
• Scanned digital image of the archive half;
• Graphical representation of lithology;
• Location of samples taken for shore-based thin section and geo-

chemical characterization (XRF) of the basement;

• Stacked line chart displaying phenocryst percentage for plagio-
clase (PLAG; blue line), olivine (OL; red line), and clinopyroxene 
(CPX; green line);

• Line chart depicting alteration intensity; and
• Summary description for each igneous lithologic unit (see below 

for details).

Figure F11. Example of an igneous basement VCD standard graphic report, Expedition 355.

355-U1457C-97R-2A, 0–41 cm
UNIT: 3
REPRESENTATIVE PIECE: 2
LITHOLOGY: aphyric basalt
VOLCANIC DESCRIPTION: massive lava flow
TEXTURE: aphyric
COLOR: grayish black on fresher portions
PHENOCRYSTS: none
GROUNDMASS: holohyaline
VESICLES: nonvesicular
UPPER CONTACT: not recovered
LOWER CONTACT: not recovered
ALTERATION: no visible alteration
VEINS: none

355-U1457C-97R-2A, 41–87 cm
UNIT: 4
REPRESENTATIVE PIECE: 6
LITHOLOGY: clinopyroxene-plagioclase phyric basalt
VOLCANIC DESCRIPTION: massive lava flow
TEXTURE: moderately phyric
COLOR: grayish black on fresher portions
PHENOCRYSTS: clinopyroxene 4%, plagioclase 6%
GROUNDMASS: aphanitic
VESICLES: nonvesicular
UPPER CONTACT: not recovered
LOWER CONTACT: not recovered
ALTERATION: no visible alteration
VEINS: none

355-U1457C-97R-2A, 87–111 cm
SUBUNIT: 5a
REPRESENTATIVE PIECE: 9a
LITHOLOGY: clinopyroxene-plagioclase phyric basalt
VOLCANIC DESCRIPTION: massive lava flow
TEXTURE: moderately phyric
COLOR: grayish on fresher portions
PHENOCRYSTS: clinopyroxene 3%, plagioclase 4%
GROUNDMASS: aphanitic
VESICLES: nonvesicular
UPPER CONTACT: chilled, glassy margin
LOWER CONTACT: not recovered
ALTERATION: slight
VEINS: white vein of ~1 mm width

355-U1457C-97R-2A, 111–135 cm
SUBUNIT: 5b
REPRESENTATIVE PIECE: 9a
LITHOLOGY: olivine-plagioclase phyric basalt
VOLCANIC DESCRIPTION: massive lava flow
TEXTURE: highly phyric
COLOR: grayish black on fresher portions
PHENOCRYSTS: olivine 1%, clinopyroxene 10%, plagioclase 3%
GROUNDMASS: aphanitic
VESICLES: nonvesicular
UPPER CONTACT: not recovered
LOWER CONTACT: not recovered
ALTERATION: slight
VEINS: white veins of ~3 mm width

Continued in Sections 97R-3A and 94R-4A
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The section summary text (displayed on the right side) provides 
a generalized overview of the core section’s lithology and features 
on a unit-by-unit basis. This includes

• Expedition, site, hole, core and core type, section number, and 
depth of the top of the core section in mbsf (measured according 
to the CSF-A depth scale) shown at the top of the VCD;

• Igneous unit and subunit (numbered consecutively downhole) 
and piece numbers belonging to the unit (and on which piece, or 
pieces, the description was based);

• Lithology;
• Description of the flow type based on igneous structures (e.g., 

pillow lava, massive flow);
• Texture;
• Color determined on wet rock surfaces;
• Phenocryst percentage and type based on minerals identifiable 

through macroscopic or microscopic description;
• Groundmass grain size and texture: glassy, aphanitic (crystalline 

but individual grains not discernible with a hand lens [cryp-
tocrystalline or microcrystalline]), fine grained (<1 mm), me-
dium grained (1–2 mm), or coarse grained (>2 mm);

• Vesicle percentage by volume, including filled, partially filled, 
and open vesicles;

• Upper and lower unit contact relations and boundaries based on 
physical changes observed in retrieved core material (e.g., pres-
ence of chilled margins, changes in vesicularity, and alteration), 
including information regarding their position within the sec-
tion. The term “not recovered” was entered where no direct 
contact was recovered; and

• Alteration of the rock material, veins, and vesicle infillings.

Microscopic description
Thin section analyses of sampled core intervals were completed 

after the end of the expedition at the National Centre for Earth Sci-
ence Studies, Trivandrum. These analyses were used to comple-
ment and refine the macroscopic core observations completed 
during the expedition. To maintain consistency, the same terminol-
ogy and nomenclature are used for macroscopic and microscopic 
descriptions. Phenocryst assemblages (and modal percentages, 
shapes, habits, and sizes), groundmass, and alteration phases were 
described. All observations were uploaded into the LIMS database 
with a dedicated DESClogik thin section template. Downloaded 
tabular reports of all igneous thin section descriptions can be found 
in Core descriptions.

Thin section descriptions include both primary (igneous) and 
secondary (alteration) features (e.g., textural features; grain size of 
phenocrysts; and groundmass minerals, mineralogy, alteration ex-
tent, vesicles, etc.). An example of a thin section description form is 
given in Figure F12.

Textural terms used are those defined by MacKenzie et al. 
(1982) and include

• Holohyaline (100% glass) and
• Intersertal (groundmass fills the interstices between unoriented 

feldspar laths).

For alteration description, thin sections were examined to

• Confirm macroscopic identification of secondary minerals;

• Determine their mode of occurrence in terms of vesicle and void 
fillings, vein composition, and primary mineral replacement;

• Identify mineralogies of vein and vesicle infillings; and
• Calculate the total alteration (percentage) using the modal pro-

portions of phenocrysts and groundmass minerals and their re-
spective percentages of alteration.

Estimated volume percentages are required to quantify pheno-
cryst and vesicle abundances. In DESClogik, the user records the 
percentage of the originally present phenocryst phases, groundmass 
mineral phases, and vesicles. When possible, the user also records 
how much of these constituents are still present (i.e., still fresh or 
not filled) and how much has been replaced (i.e., altered or filled) 
while taking into account that Original (%) = Present (%) + Replaced 
(%).

Igneous geochemistry
Nine representative samples of igneous basement rock were se-

lected for postcruise thin section and geochemistry studies because 
there was not enough time to complete these on board before the 
end of the expedition. These samples were analyzed for major ox-
ides (SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, P2O5, MnO) 
and trace element (Cr, Ni, V, Cu, Zn, Ga, Rb, Sr, Y, Zr, Ba, La, Ce) 
concentrations using the Bruker S4 Pioneer sequential wavelength 
dispersive X-ray fluorescence (WD-XRF) spectrometer at the Na-
tional Centre for Earth Science Studies, Trivandrum. 

Each sample was cleaned thoroughly to remove drilling-related 
impurities. The cleaned rock chips were dried and then ground to a 
fine powder in a pulverizer (Pulverisset-9) using chrome-nickel 
disks. Approximately 5 g of the sample powder was weighed and ig-
nited at 900°C for 4 h to determine loss on ignition (LOI). All sam-
ples were weighed on a microbalance (Sartorins model CP225D). 
Weighing errors were estimated to be ±0.05 mg.

After determination of LOI, ~1 g splits of the ignited whole-rock 
powders were weighed, and pressed pellets were prepared using 40 
mm aluminum cups filled with boric acid crystals as binder. Finely 
powdered sample (–250 mesh size) was sprinkled over boric acid 
and pressed in a 40 ton hydraulic press (Insmart Systems, Ltd.) to 
produce the circular 40 mm disks.

Pressed powder pellets were used for both major oxide and trace 
element analysis. An analytical program using >15 international 
standards of basaltic matrix was employed for calibration. SPEC-
TRAplus software supplied by the company was used for quantita-
tive determination of elements. Three international rock standards 
(W2, JB3, and DNC-1) were analyzed with the samples to monitor 
accuracy. The data obtained from two international rock standards 
over one month during the sample analysis was used to evaluate 
precision. The data on these standards is given in Table T5. The ma-
jor element accuracy was generally better than 10% (<2% for SiO2; 
<5% for TiO2, MnO, Fe2O3, CaO, P2O5 and K2O; <8% for Al2O3 and 
Na2O; and mostly <10% for MgO). The precision calculated using 
five determinations during the period is better than ±5% for all ox-
ides. For trace elements, the accuracy was generally better than 
±15% except for La and Ce, for which the error may be as high as 
35%. Among the elements analyzed, contamination from the 
chrome-nickel disks is negligible. 

The XRF data presented in Igneous petrology in the Site U1457 
chapter (Pandey et al., 2016b) are the average of measurements ac-
quired at two different times within approximately four months.
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Figure F12. Example of thin section form used during Expedition 355.

THIN SECTION LABEL ID 3355-U1457C-97R-2-W 33/36-TSB-TS_14 Thin section no.: 14

Unit/Subunit: 3 Observer: Radhakrishna

Thin section summary:

The rock is aphyric basalt. Clinopyroxene and olivine occur seldom as phenocrysts. Plagioclase
laths may comprise 35% of the groundmass and the rock is classified as intersertal in texture.
The phenocryst phase is mostly unaltered. Fe-Ti oxides are seen as accessory phase. A thin
micro-fracture of 0.5 mm is seen across the section. Although alteration is not clearly identified,
a red colouration is seen in a zone of 1 mm across the section. The rock is non-vesicular

Plane-polarized: Cross-polarized:

PRIMARY (IGNEOUS) MINERALOGY

LITHOLOGY: aphyric basalt

Texture 1: intersertal Domain relative abundance: 100

Avg. grain size: microcrystalline Grain size distribution: bimodel

Phenocrysts
(%)

original
(%)

present
(%)

replaced
size MIN

(mm)
size MAX

(mm)
size MODE

(mm)
Shape Habit Comments

Olivine Trace 0.4 0.4 0.4 anhedral subequant

Clinopyroxene rare 0.15 0.4 subhedral
Subquent to

elongate

Vesicle
abundance

%
empty

%
filled

MIN size
(mm)

MAX size
(mm)

AVG size
(mm)

Vesicle shape Vesicle distribution

<1 (Non
vesicular)

SECONDARY (ALTERATION) MINERALOGY

General phenocryst comments:

Phenocryst Olivine Orthopyroxene Clinopyroxene Plagioclase

Total original [%] Trace rare

GROUNDMASS total original (%):

Groundmass
phases

%
original

%
present

%
replaced

MIN
size

(mm)

MAX
size

(mm)

Average size
(mm)

Shape Habit Comments

Plagioclase 35
subhed

ral
laths

Mesostasis 65
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Geochemistry
The shipboard geochemistry research program for Expedition

355 included measurements for

• Headspace gas content;
• Sedimentary geochemistry including total inorganic carbon 

(TIC), CaCO3, total carbon, total nitrogen, total sulfur, and total 
organic carbon (TOC);

• Organic geochemical extractions; and
• Interstitial water composition.

These analyses were carried out to

• Satisfy routine shipboard safety and pollution prevention re-
quirements;

• Characterize interstitial water, sediment, and rock geochemistry 
for shipboard interpretation; and

• Provide a basis for shore-based sampling and research.

Headspace gas geochemistry
Sediment gas composition was typically determined once per

core. After core retrieval on deck, 5 cm3 of sediment was sampled
using a cork borer, put into a headspace vial, and crimp-sealed for
standard IODP hydrocarbon safety monitoring. When the sediment
became too lithified to extract using a cork borer, fragments of core
were chiseled out of the core and placed in the vial. Headspace sam-
ples for onboard analyses were heated in an oven at 70°C for 30 min.
A 5 cm3 gas sample was extracted through the septum using a gas-
tight 5 mL PTFE Luer lock glass syringe and injected into the gas
chromatograph.

An Agilent 6890 gas chromatograph (GC) equipped with a
flame ionization detector (FID) was used to measure concentrations
of methane (C1), ethane (C2), ethylene (C2=), propane (C3), and pro-
pylene (C3=). The GC oven was fitted with a 2.4 m × 2.0 mm stain-
less steel column packed with 80/100 mesh HayeSep “R”. The 5 cm3

gas sample was introduced via an injector assembly consisting of a
Valco-to-Luer lock syringe adaptor, a 0.25 cm3 sample loop, ¹⁄16 inch
Valco union with a 7 μm screen and 10-port Valco valve that was
switched pneumatically by a digital valve interface. The valve can be
switched automatically to backflush the column. The injector tem-
perature was set at 120°C. The oven temperature was programmed
to start at 80°C for 8.25 min and then increased to 150°C for 5 min,
ramping up at a rate of 40°C/min. Helium was used as the carrier
gas. The FID temperature was 250°C. Initial helium flow in the col-
umn was 30 mL/min. Flow was ramped to 60 mL/min after 8.25 min
to accelerate the elution of C3 and C3=. Total run time was 15 min.

Data were collected and evaluated with an Agilent ChemStation
data-handling program. The chromatographic response was cali-
brated to different gas standards with variable quantities of low mo-
lecular weight hydrocarbons. Gas components are reported as parts
per million by volume (ppmv) of the injected sample. Methane in
the uppermost headspace samples is also expressed as millimoles
per liter per volume (mM), assuming a porosity of 0.45 (volume
fraction), a sample volume of 5 cm3, and a vial volume of 21.5 cm3:

C1 (mM) = ppmv C1 × [(21.5 – 5)/(22,400 × 5 × 0.45)] = 
ppmv C1 × 0.0003.

Sediment geochemistry
Sample preparation for carbonate and elemental analysis

We routinely took ~3–5 g dry mass 5 cm3 samples of sediment
for bulk geochemistry from the working half of each core. The sam-
ples were selected in collaboration with the sedimentologists to rep-
resent the major lithologic units recovered or any layer of special
interest. Bulk geochemistry subsamples were also extracted from ei-
ther the interstitial water (IW) squeeze cake or from the moisture
and density (MAD) sample residues at an average of two samples
per core. Samples for geochemistry were freeze-dried for at least 24
h and crushed to a homogeneous powder using a pestle and agate
mortar. Geochemical analyses carried out included percent carbon-
ate and elemental analyses of carbon, nitrogen, and sulfur.

Carbonate and elemental analysis
Total carbon, total nitrogen, and total sulfur of the sediment

samples were determined with a ThermoElectron Corporation
FlashEA 1112 CHNS elemental analyzer equipped with a Thermo-
Electron packed column CHNS/NCS gas chromatograph and a
thermal conductivity detector (TCD). Approximately 15 mg of sed-
iment and ~2 mg (a level scoop) of vanadium pentoxide catalyst (to
facilitate sulfur analysis) were weighed into a tin cup and then com-
busted at 950°C in a stream of oxygen. The reaction gases were
passed through a reduction chamber to reduce nitrogen oxides to
nitrogen and were then separated by the gas chromatograph before
detection by TCD. The peak areas from the TCD were integrated to
determine the total carbon and total nitrogen of the samples.

All measurements were calibrated to a Soil CNS Reference Ma-
terial PDWR [PN 3472541] (carbon = 3.496 wt%, nitrogen = 0.365
wt%, and sulfur = 0.063 wt%) that was run every eight samples.

Table T5. Major and trace element XRF anlayses for international basalt rock
standards analyzed with Site U1457 basement samples. Download table in
.csv format. 

DNC-1 W2 JB3

Obs Rep Obs Rep Obs Rep

Major oxides (wt%)
SiO2 46.54 47.15 52.23 52.68 51.49 50.96
TiO2 0.49 0.48 1.09 1.06 1.36 1.44
Al2O3 17.1 18.34 14.84 15.45 16.22 17.2
MnO 0.15 0.15 0.17 0.17 0.19 0.18
Fe2O3 10.34 9.97 10.73 10.83 11.38 11.82
CaO 11.24 11.49 10.36 10.86 9.47 9.79
MgO 11.59 10.13 6.99 6.37 5.06 5.19
Na2O 1.76 1.89 2.08 2.2 2.61 2.73
K2O 0.24 0.23 0.66 0.63 0.79 0.78
P2O5 0.09 0.07 0.15 0.14 0.28 0.29

Trace elements (ppm)
V 133 148 290 259 401 372
Cr 262 271 80 92 66 58.1
Ni 244 247 64 70 36 36.2
Cu 90 100 99 106 196 194
Zn 80 70 85 80 101 100
Ga 16 15 18 17 21 19.8
Rb 5 5 18 21 14 15.1
Sr 159 144 192 192 361 403
Y 21 18 21 23 23 26.9
Zr 38 39 82 100 106 97.8
Ba 101 118 153 174 230 245
La 3 0 11 10 14 8.81
Ce 14 14 17 23 27 21.5
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Based on the drift of C, N, and S in the reference material in typical 
batches, S content varies more than that of C and N. Therefore, 
analyses were only continued if standard data varied by <5% for C, 
<8.5% for N, and <12% for S. Duplicate measurements of C and N 
were made on ~20% of the samples, and the average difference be-
tween duplicates was 0.07 wt% for total carbon, 0.01 wt% for total 
nitrogen, and 0.05 wt% for TOC (see Table T17 in the Site U1456 
chapter [Pandey et al., 2016a]), further confirming the reliability of 
the onboard analyses.

TIC was determined using a Coulometrics CM 5015 CO2 coulo-
meter. Approximately 12 mg of sediment was weighed into a glass 
vial and acidified with 5 mL of 2 M HCl. The liberated CO2 was ti-
trated, and the corresponding change in light transmittance in the 
coulometric cell was monitored using a photodetection cell. The 
weight percent of calcium carbonate was calculated from the TIC 
content using

CaCO3 (wt%) = TIC (wt%) × 100/12.

An external standard of 100% CaCO3 (standard reference mate-
rial) was used to confirm accuracy. TOC content was calculated as 
the difference between total carbon (TC) and TIC from coulometry 
by the formula:

TOC = TC – TIC.

Total lipid extraction
Sediment samples from squeeze cakes and core catchers were 

sampled for total lipid extraction (TLE). A subsample of freeze-
dried sediment from either an IW squeeze cake residue or a core 
catcher sample was homogenized using an agate mortar and pestle. 
Aliquots of 1.5 g were extracted with 7 mL of a 1:1 dichlorometh-
ane:methanol solution by Fisher Mini Vortexer, ultrasonicated for 
20 min, and heated at 45°C for 1 h. Samples were centrifuged for 3 
min at 3300 rotations/min, and the supernatant was pipetted into 
50 or 250 mL round-bottomed flasks. This process was repeated 
two more times without heating for a total of three extractions. The 
combined extracts were then concentrated using a rotary evapora-
tor under vacuum and water bath of 42°C. The TLEs were trans-
ferred to preweighed vials, dried under N2, weighed, and archived 
for shore-based biomarker assays and analyses.

Interstitial water chemistry
Interstitial water collection

Interstitial water analyses were carried out on samples taken 
from Sites U1456 and U1457 in conjunction with sampling for mi-
crobiology studies. Interstitial water was extracted from 5 to 15 cm 
long whole-round sections that were cut and capped immediately 
after core retrieval on deck. Whole-round sections were taken at a 
frequency of one sample per core or every other core when using 
the HLAPC, usually from the bottom of the second to last section of 
the core. This strategy was used to avoid removing whole rounds 
from the middle of cores, thereby preserving material integral to the 
splicing process. In Hole U1456B, which was drilled as a dedicated 
hole for microbiological sampling, one sample per section was 
taken. Before squeezing, samples were removed from the core liner 
and the outer surface was carefully scraped with a spatula to mini-
mize potential contamination by the coring process. Whole rounds 
were placed into a titanium and steel squeezing device modified af-
ter the stainless steel squeezer of Manheim and Sayles (1974) and 
squeezed at ambient temperature with a hydraulic press at pres-

sures of up to ~30,000 psi. The interstitial water squeezed out of the 
sediment was extruded into a prewashed (in 10% HCl) 60 mL plastic 
syringe attached to the bottom of the squeezer assembly. The solu-
tion was subsequently filtered through a 0.45 μm polysulfone dis-
posable filter (Whatman) into separate vials for routine shipboard 
analyses (salinity, pH, alkalinity, chloride, sulfate, bromide, sodium, 
potassium, calcium, magnesium, phosphate, ammonium, and mi-
nor elements including lithium, boron, manganese, iron, strontium, 
barium, silicon, and phosphate) and for later shore-based analyses. 
The shipboard analyses was carried out following the protocols of 
Gieskes et al. (1991), Murray et al. (2000), and the IODP user manu-
als for shipboard instrumentation. The remaining interstitial water 
was archived. Following interstitial water removal, squeeze cakes 
were removed from the squeezing device, placed in sterile bags, and 
were further divided for different shipboard and shore-based analy-
ses (any residual was archived).

Salinity, alkalinity, and pH analyses
Salinity, alkalinity, and pH were measured immediately after 

squeezing, following the procedures in Gieskes et al. (1991). Salinity 
was measured using a Fisher temperature-compensated handheld 
refractometer. The pH was measured with a combined glass elec-
trode, and alkalinity was determined by Gran titration with an auto-
titrator (Metrohm 794 basic Titrino) using 0.1 M HCl at 25°C. 
International Association for the Physical Sciences of the Oceans 
(IAPSO) standard seawater was used for calibration and was ana-
lyzed at the beginning and end of a set of samples for each site and 
after every 10 samples. The accuracy of the salinity measurement is 
±0.5. Measurements of pH and alkalinity have a percent error 
within 2% based on repeated analysis of the IAPSO standard sea-
water.

Sulfate, chloride, bromide, calcium, magnesium, potassium, 
and sodium

Sulfate, chloride, bromide, calcium, magnesium, potassium, and 
sodium concentrations were analyzed by ion chromatography 
(Metrohm 850 Professional IC) using aliquots of 100 μL that were 
diluted 1:100 with deionized water (18 MΩ/cm). At the beginning 
and end of each run, different dilutions of IAPSO standard seawater 
were analyzed for quality control and to determine accuracy and 
precision. Analytical percent error was within 0.1% for chloride, 
1.3% for bromide, 0.6% for sulfate, 1.2% for calcium, 0.4% for mag-
nesium, 2.5% for potassium, and 0.1% for sodium.

Ammonium and phosphate
Ammonium and phosphate concentrations were measured us-

ing an Agilent Technologies Cary Series 100 UV-Vis spectrophoto-
meter with a sipper sample introduction system following the 
protocol provided by Gieskes et al. (1991). For ammonium concen-
tration measurements, a 0.1 mL sample aliquot was diluted with 1 
mL reagent water to which 0.5 mL phenol ethanol, 0.5 mL sodium 
nitroprusside, and 1 mL oxidizing solution (trisodium citrate and 
sodium hydroxide) were added in a 5 mL capped glass vial (Gieskes 
et al., 1991). The solution was kept at room temperature for ~6.5 h 
to develop color. Ammonium concentrations were determined at 
640 nm wavelength absorption spectrophotometry. Uncertainties in 
the ammonium analyses were within 3%.

For phosphate analysis, a 0.3 mL sample was diluted with 1 mL 
nannopure water (18 MΩ/cm) in a 4 mL glass vial. Subsequently 2 
mL of mixed reagent (ammonium molybdate, sulfuric acid, ascorbic 
acid, and potassium antimonyl tartrate) was added to the vial 
(Gieskes et al., 1991), which was capped and kept at room tempera-
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ture for at least several minutes to develop color. The phosphate 
concentration was determined at an absorbance of 885 nm ~30 min 
after adding the mixed reagent solution. Percent error of the phos-
phate analyses was better than 2%.

Major and minor elements
The method developed for shipboard inductively coupled 

plasma–atomic emission spectroscopy (ICP-AES) analysis of bulk 
rock samples was described in detail in ODP Technical Note 29 
(Murray et al., 2000). Subsequent minor updates have been incorpo-
rated, and a current, detailed methodology is described in the ICP 
User Guide (available from http://iodp.tamu.edu/labs/documen-
tation/). Dissolved major and minor elements were determined by 
Leeman ICP-AES. For major cation (Na+, K+, Ca2+, and Mg2+) analy-
ses, dilutions of IAPSO standard seawater were used as calibration 
standards. Standards and acidified samples were diluted 1:100 (v/v) 
with a 2% HNO3 (by volume) solution (matrix) with Y at 10 ppm as 
an internal standard. Calibration for minor elements (Mn2+, Fe2+, B, 
Si, Sr2+, Ba2+, and Li+) was achieved with dilutions of a multielement 
synthetic standard solution (composed of single-element stan-
dards). Acidified samples measured for minor elements on the ICP-
AES were diluted 1:20 (v/v) with the same matrix used for the major 
element analysis. Drift correction was made for both major and mi-
nor elements using the factor from a drift monitor solution (100% 
IAPSO for majors and 100% stock solution for minors) that was an-
alyzed every eight samples. The ICP-AES autosampler and analysis 
chamber were rinsed with a 3% (by volume) HNO3 solution be-
tween samples. The analytical percent error in the measurement is 
better than 0.7% for Ca2+, 1.4% for Mg2+, 2.5% for K+, 1.1% for Na+, 
0.9% for B, 1.7% for Ba2+, 1.5% for Fe2+, 1.0% for Li+, 1.8% for Mn2+, 
0.7% for Si, and 1% for Sr2+. At Site U1456, percent errors were 
lower for major elements using ion chromatography compared to 
ICP-AES. Therefore, at Site U1457 major elements (Ca2+, Mg2+, K+, 
and Na+) were measured only using ion chromatography.

Microbiology
During Expedition 355, samples were collected and preserved 

for shore-based analyses of the biomass, activity, and community 
structure of microbial communities. Relatively few shipboard analy-
ses were performed because most measurements must be made in 
specialized shore-based laboratories in sterile conditions. Accord-
ingly, our efforts were dedicated to collecting and preserving an ad-
equate number of samples for subsequent shore-based studies, and 
a considerable amount of time during the expedition was dedicated 
to quality control and limited analysis of contamination tracers (see 
Contamination testing).

Planned shore-based work includes

• Analysis of intact polar membrane lipids of microorganisms to 
estimate total microbial biomass;

• Metagenomics and single-cell genomics to provide detailed in-
formation about the composition and function of microbial 
communities in the samples and to provide clues related to the 
best ways to cultivate cells from the sediments; and

• Fluorescence in situ hybridization to identify key microbial 
community members microscopically and provide data related 
to cellular activity. Enrichment for specific groups of organisms 
will help to identify the unique physiological properties of these 
specific organisms.

Core handling and sampling
Microbiological sampling for postcruise work depends on asep-

tic handling techniques and the use of contamination tracers. Mi-
croorganisms collected from the seafloor are expected to be 
sensitive to the chemical and physical changes they encounter when 
brought to the surface. Changes in oxygen concentration and tem-
perature are two important factors to be considered when bringing 
cells from cold, possibly anoxic settings deep below the seafloor to 
the surface. Accordingly, the following procedures were followed in 
order to minimize harm to subsurface microbes without compro-
mising the other objectives of the expedition.

Contamination testing
When obtaining subseafloor sediment samples for microbiolog-

ical research, considerable potential exists for contamination by mi-
crobes from the surface realm. Accordingly, it has become common 
practice to add tracers to the drilling fluids and the core catcher sub 
so that the extent of contamination by the drilling fluids or core re-
covery methods can be evaluated (e.g., Smith et al., 2000). To check 
for potential intrusion of drilling fluids from the exterior to the inte-
rior of cores and to confirm the suitability of core material for mi-
crobiological research, cell-sized fluorescent microspheres were 
used during coring with the advanced piston corer (APC). Sampling 
of the drilling fluids and seawater (used to mix the drilling fluids) 
was also conducted for subsequent shore-based analyses. Compari-
son of microbial community profiles (based on extracted DNA or 
lipids) derived from likely sources of contamination with profiles 
from the interior of cores should yield notable differences; other-
wise, there would be reason to believe that the interior of the sam-
ples were compromised.

Fluorescent microsphere tracers
Fluorescent microspheres of near uniform size (0.5 ± 0.01 µm; 

Fluoresbrite carboxylate microspheres, Polysciences, Inc.) appear 
bright green when observed by epifluorescence microscopy (458 
nm excitation; 540 nm emission) and were used during Expedition 
355 as a particulate tracer during APC coring. Microspheres were 
only deployed when sampling was planned for microbiological cul-
tivation and molecular biological analyses. The microspheres were 
deployed in plastic bags containing 40 mL of microsphere suspen-
sion in 18.2 MΩ water (1010 spheres/mL; 2 × 1011 microspheres in a 
40 mL bag according to Smith et al., 2000). The plastic bag was heat-
sealed and placed into an additional plastic bag that was open at 
each end. By attaching the loose plastic ends with cord, the bag was 
wedged into a shim above the core catcher sub and stretched across 
the throat of the core barrel. The bags then rupture and release the 
microspheres as the core enters the barrel.

Preliminary estimates of concentrations of fluorescent micro-
spheres in core samples were quantified on board using a Zeiss Ax-
ioplan 2 epifluorescence microscope fitted with CoolLED pE-100 
LED light sources, a blue filter set, and a 50× objective. Three sam-
ples were collected from each core for analysis of microspheres: (1) 
interior of the core, (2) exterior of the core, and (3) an intermediate 
position between the exterior and interior. Microsphere abundance 
was determined by averaging the total number seen in at least 20 
randomly selected fields of view.

Fluid community tracers
Postcruise comparisons of the microbial community diversity in 

sediment samples with the respective drilling fluid collected at the 
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time of coring will be used to further evaluate the extent to which 
contaminating cells may have penetrated a sample. This approach is 
accomplished by obtaining and preserving samples from the differ-
ent possible sources of contamination (i.e., seawater and drilling 
fluid) and from the interior of the cores. Subsequently, high-
throughput sequencing of the 16S rRNA genes in the respective 
samples will be carried out. Comparison of the community signa-
tures can help to identify samples that significantly overlap in com-
munity structure with the drilling fluids (deeming them 
contaminated), as well as samples that have unique community 
structure when compared to the fluids (deeming them unlikely to be 
contaminated). For fluid community tracers, microorganisms were 
collected on 0.2 μm pore filters by filtering seawater or drilling fluid 
collected from the core liner or from the rig floor before the water 
was pumped into the drill string. The filters were frozen at –80°C 
and stored for postcruise analysis.

Microbiological sampling
Sampling for microbiological and contamination analyses must 

be processed quickly and the samples transported to the cold room 
in the microbiology laboratory to minimize changes in the micro-
bial population. Cores were handled with care on the catwalk. The 
core liner was cut by the standard IODP core cutter and with an 
ethanol-wiped spatula. Whole-round samples (5 or 10 cm in length) 
were provided to the microbiologist on duty as soon as possible on 
the catwalk. The core liner is not sterile, and the outer surface of the 
core is thus assumed to be contaminated during drilling. By sub-
sampling the interior of the whole-round samples, the contami-
nated sediment proximal to the core liner can be avoided.

All whole-round samples were cut on the catwalk and capped on 
one end by an ethanol-rinsed plastic cap and by sterile foil on the 
other end. The whole-round samples were labeled and, with the foil 
covered ends held upright, transferred to the microbiology labora-
tory where they were stored in the cold room in an oxygen-free 
glove bag to minimize alteration of the microbial communities.

The 5 or 10 cm long whole-round samples were subsampled into 
sterile tip-cut syringes and then transferred to N2-filled packs as 
soon as possible after recovery. Samples were then either stored in 
an ultralow-temperature freezer (–80°C) for molecular analyses or 
in a refrigerator at 4°C for cultivation-based analyses. Subsamples 
for lipid biomarker analysis were stored in a –20°C freezer.

Analysis for fungal population
In order to analyze for the presence of fungal populations in the 

sediment, 0.1–1.0 g of sediment or rock sample was added into 9.0 
mL of 4% paraformaldehyde/phosphate-buffered saline (PBS) solu-
tion (10% w/v) and kept overnight for fixing at 4°C. Subsequently, 
the samples were washed in PBS and added to a PBS/ethanol (50:50) 
solution. Finally, the fixed microbes in the sample were analyzed by 
epifluorescence microscopy.

Paleomagnetism and rock magnetism
Shipboard measurements included both measurements of natu-

ral remanence and rock magnetic parameters. We investigated the 
natural remanent magnetization (NRM) on archive-half sections 
and discrete samples by treating with alternating field (AF) demag-
netization. Discrete samples underwent an additional set of mea-
surements, which included anisotropy of magnetic susceptibility 
(AMS), anhysteretic remanent magnetization (ARM), and isother-
mal remanent magnetization (IRM). Selected specimens were also 

subjected to “3D-IRM” acquisition followed by thermal demagneti-
zation to further constrain the magnetic mineralogy.

Instruments
The remanent magnetization of archive-half sections was mea-

sured using a pass-through, three-axis cryogenic magnetometer 
(SRM; 2G-Enterprises, model 760R) equipped with direct-current 
superconducting quantum interference devices (SQUIDs) and the 
2G in-line AF demagnetizer with maximum peak field of 80 mT. 
Discrete samples were measured on both the SRM and a spinner 
magnetometer (Agico, model JR-6A). These were subjected to AF 
demagnetization treatments using both the 2G in-line AF demagne-
tizer and the DTECH (model D-2000) AF demagnetizer. ARM was 
imparted using the DTECH and IRM with an impulse magnetizer 
(ASC, model IM-10). AMS and bulk magnetic susceptibility were 
measured with a spinning magnetic susceptibility meter (AGICO, 
model KLY4-S). Selected specimens were dried, wrapped in alumi-
num foil, and subjected to a three-component IRM experiment 
(fields of 1.0, 0.3, and 0.12 T along three orthogonal axes; Lowrie, 
1990) followed by thermal demagnetization by an ASC TD48-SC.

Measurement protocols
NRM measurement of archive-half sections was carried out on 

the SRM at 5 cm intervals at a speed of 10 cm/s. The software as-
sumes a nominal area of 15.59 cm2 for conversion to volume-nor-
malized magnetization units (A/m). In order to remove undesired 
magnetic overprints (e.g., drilling-induced or viscous), we per-
formed step-wise AF demagnetization at 5 mT increments up to 20 
or 25 mT, measuring the remanence after each treatment step. As 
the response functions of the pick-up coils of the SQUID sensors 
have a full width of 7–8 cm at half height, data collected within 10 
cm of section boundaries (or voids) were filtered out prior to fur-
ther processing. We also edited out obviously disturbed intervals 
based on core descriptions and photos. The coordinate system of 
the archive-half measurements is shown in Figure F13.

We collected discrete samples from working-half sections with a 
target frequency of one sample per core section, except for those 
sections not suitable for paleomagnetic analysis because of perva-
sive geological (slumping) or drilling-induced disturbance. In these 
cases, discrete samples were collected from the working half at in-

Figure F13. Coordinate systems used for archive and working-half sections 
and SQUID during Expedition 355. Note that hardware conventions are dif-
ferent for the 2G demagnetizer.
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tervals necessary to define a reliable magnetostratigraphy. For soft 
sediment, we used Natsuhara-Giken (“Japanese”) cubes with a nom-
inal volume of 7 cm3. For harder intervals, we collected samples by 
sawing ~7–8 cm3 cubes, depending on lithology. The coordinate 
system for all specimens is the same, regardless of sampling and 
measuring technique, whereby the red flag is the “up” arrow and is 
directed upcore, and the x-direction is directed toward the double 
line on the core liner (Figures F13, F14).

Analyses of discrete samples were performed in order to provide 
a comprehensive check on reliability and calibration of paleomag-
netic and magnetic susceptibility data from SRM and core logger 
measurements, respectively, and to perform preliminary investiga-
tions on magnetic fabric and mineralogy. To achieve these goals, the 
measurement protocol for discrete samples was:

1. AMS and bulk susceptibility measurement using the Agico KLY 
4S susceptibility instrument. This step was performed as time 
permitted (either before or after Step 2).

2. NRM and step-wise triaxial static AF demagnetization up to at 
least 50 mT (5 mT increments in the 0–20 mT range, 10 mT in 
the 20–50 mT). Time permitting, samples were demagnetized 
up to 60 mT and in many cases to 100 mT. We employed the 
DTECH or the 2G demagnetizer according to the availability, 
but the 2G AF demagnetizer was never used above 60 mT be-
cause of the tendency to acquire an unintended ARM along the 
z-axis (see discussion below).

3. We imparted the ARM in the DTECH using a peak alternating 
field of 100 mT and direct-current bias field of 0.05 mT along 
the sample’s z-direction.

4. We carried out three-step IRM acquisition experiments by first 
subjecting the specimen to an impulse field at 100 mT and at 
1000 mT along the specimen’s –z-direction followed by back-
field acquisition (along +z) at 300 mT. Specimens selected for 

the 3D-IRM experiment were subjected to a more detailed IRM 
acquisition, with additional steps for a total of 14. After step-
wise IRM acquisition, these were given an IRM at 1000 mT 
along the z-direction followed by an IRM at 300 mT along the y-
direction and then an IRM at 120 mT along the x-direction. 
Specimens, already dried, were wrapped in aluminum foil. We 
thermally demagnetized them at 25°C intervals from 50° to 
150°C, followed by 50°C intervals to 500°C, and then 25°C inter-
vals up to 675°C.

On the whole, measurements on the archive-half section did not 
provide very good results because of the prevalence of sandy layers 
(not suitable for paleomagnetic analysis) or the occurrence of a 
strong normal overprint that could not be resolved at 20 mT. We 
ceased routine measurement of the archive halves and focused on 
analysis of discrete specimens. For reasons of efficiency, discrete 
samples from Cores 355-U1456A-8H through 74X were measured 
on the SRM instead of the JR-6A. The measurement protocol was in 
a single position (top-toward measurement position; see Sample 
coordinate systems) for the NRM up to 15 mT. Thereafter, we ad-
opted the three-position strategy from Expedition 318 (top-toward, 
top-to-right, and away-up) for demagnetization and measurement 
from 20 to 60 mT.

AMS characterizes the orientation of the paramagnetic (mainly 
phyllosilicates) and ferromagnetic minerals in sediment and can be 
interpreted in terms of depositional processes (e.g., Rees and 
Woodall, 1975; Ellwood, 1980; Taira, 1989; Schwehr and Tauxe, 
2003). Settling of particles produces an oblate magnetic fabric with 
the minimum susceptibility clustered around the pole of the deposi-
tional plane. Ideally, the maximum and intermediate susceptibility 
axes are uniformly dispersed, defining a planar, near-horizontal, 
gravity-induced settling fabric. The magnetic fabric of sediment de-
posited by flowing water is typified by current-oriented magnetic 
foliation that can be either horizontal or tilted (imbricated) and/or 
clustering of the maximum susceptibility parallel to the flow direc-
tion. Disturbance by slumping or other deformation generally yields 
triaxial fabrics. We use the Hext (1963) method to assess the degree 
and type of anisotropy at the specimen level and the bootstrap 
method to estimate confidence bounds on AMS eigenparameters 
for multiple specimens (Constable and Tauxe, 1990; Tauxe et al., 
2010). Unfortunately, we found a systematic pattern in all the Japa-
nese cube samples in which the AMS was triaxial, with maximum 
susceptibility either parallel to x or to y. It is likely that coring distur-
bance has modified the fabric to the extent that interpretation of the 
AMS data is ambiguous. Therefore, no routine measurements of 
AMS were made at Site U1457.

ARM acquisition in peak AFs of 100 mT in the presence of a di-
rect-current bias field of 0.05 mT is commonly used to estimate the 
presence of fine-grained (~0.03–0.1 μm) single-domain magnetite 
(King et al., 1982), whereas IRM acquisition at 100 mT is more sen-
sitive to the occurrence of coarse-grained (>0.1 μm) multidomain 
magnetite (Frederichs et al., 1999). Thus the ratio ARM@100 mT/
IRM@100 mT can be used to track the grain size variation of magnetite 
downcore. Contributions of high-coercivity minerals (hematite + 
goethite) are estimated by the difference of IRM@–300 mT, which 
should saturate soft-coercivity minerals such as magnetite and IRM 
acquired in higher fields (e.g., King and Channell, 1991). In our case, 
the maximum field available is constrained to 1000 mT by ship-
board facilities. The difference between the IRM@1000 mT and the 
backfield step at 300 mT is useful for detecting the presence of he-
matite, which generally does not saturate by 1000 mT.

Figure F14. A. Japanese sampling cube (7 cm3). B. Measurement positions in 
the JR-6A spinner magnetometer. C. The three positions for SRM measure-
ments designated by the direction of the “up” arrow face (gray) with respect 
to a user facing the magnetometer in the sample loading area and the direc-
tion of the up arrow with respect to the magnetometer +z-axis.
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Sample coordinate systems
The instrument coordinate systems for the SRM and split core 

sections are shown in Figure F13. Whereas the instrument itself is 
“left-handed”, the measurement software converts the data into a 
right-handed coordinate system, such that if +x is along the direc-
tion of the thumb, +y is along the index finger and +z is along the 
middle finger. The “up” arrow is in the –z direction by paleomag-
netic convention (in which z is positive down). In order to maintain 
a consistent reference frame between the two halves of the core, +x
is always toward the double lines predrawn onto the core liner. The 
core is split such that the double lines are on the working half, so +x
is into the core surface for the working half (including discrete sam-
ples taken from the working half ) and out of the core in the archive 
half. In the coordinate system defined in the magnetometer soft-
ware (labeled “SQUID coordinate system”), +z is into the machine 
and +x is up.

The discrete sample coordinate system is shown in Figure F14A. 
The upcore direction is marked by the red flag and is along the –z-
direction in geographic coordinates. +x is toward the double line at 
the bottom of the cube. Sawed samples (not shown) are treated in 
the same fashion as the cubes. Samples are placed in the JR-6A spin-
ner magnetometer in the orientation shown in Figure F14B, and the 
IODP_jr6_magic.py program (see Data processing) performs the 
conversion to specimen coordinates. The three positions used for 
SRM measurements refer to the direction of the “up” arrow with re-
spect to a user facing the magnetometer in the sample loading area 
and the direction of the “up” arrow with respect to the magneto-
meter +z-axis (Figure F14C); therefore, for example, top-toward 
means that samples are put into the measurement tray with the “up” 
arrow face on top and the arrow facing in the magnetometer +z di-
rection.

As the JR-6A software only saves eight characters of the speci-
men name in the .jr6 output files and performs no transformations 
from sample coordinates to geographic coordinates (in which +z is 
“down” and +x is toward the double line), we used the following 
convention: the first column of the output file is the last seven char-
acters of the IODP “text id” from SampleMaster (e.g., 
CUBE1234567) with an underscore (“_”) prepended. The second 
column is a “treatment” code, where “ADxxx” is AF demagnetiza-
tion at xxx mT, “TDxxx” is thermal demagnetization at xxx°C, 
IRMxxx is isothermal remanence imparted in a pulse field of xxx 
mT, and ARMxxx is imparted in a peak AF of xxx mT. The sixth col-
umn is an exponent for scaling the components. –z is in the third 
column (col3), +y is in the fourth column, and +x is in the fifth col-
umn. So, z would be –col3 × 10exp. These components are in units of 
A/m assuming a volume entered by the user, which must be identi-
cal to the volume assigned by SampleMaster and stored in the LIMS 
database. It is important to note that the actual volume entered is 
not saved anywhere by the JR-6A software. We used a nominal vol-
ume of 7 cm3 for all shipboard analyses with the JR-6A. Compo-
nents are converted to declination, inclination, and intensity by the 
data uploaded using the usual transformations (see chapter 2 in 
Tauxe et al., 2010).

APC cores can be oriented using the Icefield MI-5 core orienta-
tion system, whereby an azimuth can be estimated for the core 
liner’s double line. This azimuth has been used with varying success 
to transform the sample coordinate systems into geographic coordi-
nates by adding it to the declination referenced to the double line. 
Unfortunately during Expedition 355 the directions retrieved by the 
Icefield system were of uncertain reliability and were not helpful in 
the data interpretation.

Data processing
Data from archive-half sections and discrete samples are saved 

in .srm and .jr6 file formats. We uploaded the former to the LIMS 
database. We worked with the shipboard IT team in order to record 
core and discrete sample output data in compatible formats, but the 
.jr6 data format is not yet supported. Output datasheets exported 
from the LIMS database and the .jr6 files can be converted to the 
Magnetics Information Consortium (MagIC) standard format with 
a set of programs included in the PmagPy software package, avail-
able for download following the instructions in the online PmagPy 
cookbook (http://earthref.org/PmagPy/cookbook). Data down-
loaded from the LIMS database in the SRM archive and discrete 
sample formats can be converted to MagIC format using IODP_s-
rm_magic.py and IODP_dscr_magic.py for data from the split 
halves and discrete sample measurements, respectively. Data from 
the JR-6A can be converted to the MagIC format with IODP_-
jr6_magic.py. These programs have been bundled together into the 
graphical user interface program QuickMagIC. PmagPy also allows 
analysis of demagnetization diagrams, equal area projections, and 
various plots versus depth or age.

Data interpretation
From previous shipboard science reports, we know that a drill-

ing-induced magnetic remanence generally overprints the NRM 
with a magnetization subparallel to the core’s vertical axis (Roberts 
et al., 1996; Fuller et al., 1998). This overprint is usually removed by 
AF treatment at 10–15 mT and is distinguished from the original 
remanent magnetization because of its very steep inclination. Full 
demagnetization of discrete samples can allow us to detect other 
possible magnetic overprints, such as viscous remanent magnetiza-
tion or overprints borne by postdepositional formation of authi-
genic magnetic minerals, such as greigite (Fe3S4) (e.g., Sagnotti et al., 
2005).

Greigite, which is very common in marine sediment subjected 
to reducing conditions (Berner, 1984), can be recognized by its dis-
tinctive behavior during AF demagnetization. It frequently acquires 
a laboratory-induced magnetization at AF steps >40–60 mT, known 
as gyroremanent magnetization (GRM). GRM can be distinguished 
from ARM because it is acquired perpendicular to (instead of paral-
lel to) the last axis along which a static AF was applied (in our case 
the z-axis) (Tauxe et al., 2010). Because greigite grows in the post-
depositional environment, we used the GRM effect to track the oc-
currence of greigite-bearing intervals along the cores by calculating 
a GRM index from demagnetization data, defined as the ratio of the 
difference between the intensity value at the highest demagnetiza-
tion level (mostly 60 mT) and the minimum intensity reached 
during demagnetization and the difference between the initial value 
and the same minimum in intensity (Fu et al., 2008). For the initial 
value, we use the vector difference sum (Tauxe et al., 2010).

We plot demagnetization data of the discrete samples on Zij-
derveld diagrams (Zijderveld, 1967) and equal area projections us-
ing demag_gui.py in the PmagPy software distribution. This allows 
calculation of the characteristic component using standard least-
squares analysis (Kirschvink, 1980) or Fisher statistics (Fisher, 
1953), with the former providing a more robust estimate of the di-
rection than the latter.

Discrete samples measured on the 2G in-line AF demagnetizer 
and cryogenic magnetometer system showed a complex NRM 
structure, characterized by three components. The directions of the 
magnetic vector resulting during AF demagnetization were not 
constant, as expected if a single component has been isolated. Fre-
IODP Proceedings 36 Volume 355
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quently, they were distributed on equal area projections along two 
great circles, converging toward the direction of the presumed orig-
inal magnetization. The lower coercivity component (<10–15 mT) 
was very steep and downward directed, and we interpret it as a cor-
ing-induced remanence. In demagnetization data from the DTECH 
instrument, the higher coercivity component was directed toward 
the y-axis of the specimen and could be interpreted as a GRM. 
However, the higher coercivity component of specimens demagne-
tized in the 2G AF demagnetizer was more complex and not ascrib-
able to GRM. After careful scrutiny of all the SRM data, we found a 
constant direct-current bias along +z that was likely an ARM in-
duced in the specimens, increasing in intensity with the intensity of 
the applied AF field. The origin of the unwanted ARM is likely to be 
leakage of the ambient field into the 2G magnetic shields through 
the open bore.

Because samples measured in the SRM underwent a three-step 
measurement protocol above 20 mT, we could remove the ARM ef-
fect. Measurements in the three positions (top-toward, top-to-right, 
and away-up) were decomposed into their three (x, y, and z) speci-
men components. For each step, the component parallel to the in-
strument z-axis (Figure F13) was eliminated from the three 
measurements, and the remaining specimen x, y, and z components 
were recombined into two independent estimates for each measure-
ment step. These were averaged to calculate a new estimate for the 
remanence vector.

Figure F15 shows representative samples of both polarities, be-
fore and after recalculation. In this way, we were able to recover data 
for many specimens in Hole U1456A that otherwise had been re-
jected because of the large circular standard deviation derived from 
averaging the three different measurements.

Because core orientation using the Icefield MI-5 system was 
largely unsuccessful, the cores could not be independently oriented 
with respect to geographical north. Fortunately, the geocentric axial 
dipole inclination at the latitude of the expedition sites for Neogene 
deposits is large enough (~30°) to provide an unambiguous mag-
netic polarity, also taking into account possible biases caused by in-
clination shallowing by depositional inclination error or 
postdepositional compaction of the sediment (Tauxe et al., 2010). In 
the site chapters, we plot histograms of inclinations to establish that 
there are two unambiguous modes. Downward-directed inclina-
tions are “normally magnetized,” whereas upward-directed inclina-
tions are “reverse” for the Neogene. In the Eocene, the site 
paleolatitudes were equatorial (horizontal inclinations), and in the 
Paleocene the site paleolatitude was ~15°S (Cande et al., 2010), so 
downward-directed inclinations would be reverse. As the reliability 
of the data has been established in this way, cores can be reoriented 
such that the average normal direction for each core is set to zero. 
This may help to azimuthally orient sedimentary structures de-
tected in the core for flux direction estimates.

Once a polarity stratigraphy was established for a given site, we 
correlated the pattern to the geomagnetic polarity timescale (Figure 
F9) in close collaboration with the shipboard biostratigraphy team. 

We use the chron terminology and numerical ages from Gradstein 
et al. (2012), listed in Table T6.

Figure F15. Demagnetization data exhibiting unwanted acquisition of ARM 
in the 2G AF demagnetizer from representative samples (A–C: 355-U1456A-
60F-1, 19 cm; D–F: 355-U1456A-58F-2, 20 cm). A, D. Magnetization (M) 
remaining after each AF treatment step is plotted after normalization with 
the initial value (M0). B, E. Directions of magnetization. Solid circles = down-
ward directions, open circles = upward directions. C, F. Magnetization vec-
tors. At each step, the vectors are represented as three orthogonal 
components (x, y, and z), whereby the specimen is rotated to the NRM direc-
tion (xʹ). Squares = x, y pairs, circles = x, z pairs. The coordinate system is plot-
ted with –z and –y along the positive y-axis per convention. Data plotted in 
gray are unreprocessed, and the colored symbols are data after reprocess-
ing. Note that the data after reprocessing decay smoothly to the origin, 
whereas those prior to reprocessing bend away from the origin.
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Table T6. Geomagnetic polarity timescale used during Expedition 355. (Continued on next two pages.) Download table in .csv format.  

Geologic age
Base age 

(Ma) Chron Polarity chron
Top age 

(Ma)
Base age 

(Ma)
Duration 

(My) Remarks

Holocene 11.5 ka

Late (Tarantian)

C1

C1n (Brunhes) 0 0.781 0.781 Base Middle Pleistocene (Ionian) is base of Brunhes.
0.126 C1r.1r (Matuyama) 0.781 0.988 0.207

Middle (Ionian) 0.781 C1r.1n (Jaramillo) 0.988 1.072 0.084
C1r.2r 1.072 1.173 0.101

Pleistocene early (Calabrian)
C1r.2n (Cobb 

Mountain)
1.173 1.185 0.012 Cobb Mountain is within early Matuyama (C1r).

C1r.3r 1.185 1.778 0.593
1.806

C2

C2n (Olduvai) 1.778 1.945 0.167 Base of Calabrian is in lower part of Olduvai.
C2r.1r 1.945 2.128 0.183

early (Gelasian) C2r.1n (Reunion) 2.128 2.148 0.02
C2r.2r (Matuyama) 2.128 2.581 0.453 Base of Pleistocene is near base of Matuyama.

2.588

C2A

C2An.1n (Gauss) 0 3.032 3.032 Gauss normal (C2An) contains two reversed intervals: 
Kaena (2An.1r) and Mammoth (2An.2r).

C2An.1r (Keana) 3.032 3.116 0.084
late (Piacenzian) C2An.2n 3.116 3.207 0.091

C2An.2r (Mammoth) 3.207 3.33 0.123
3.6 C2An.3n (Gauss) 3.33 3.596 0.266 Base of Piacenzian is base of C2An.3n.

C2Ar (Gilbert) 3.596 4.187 0.591 Gilbert Reversed Chron spans C2Ar through C3r.
Pliocene

C3

C3n.1n (Cochiti) 4.187 4.3 0.113
C3n.1r 4.3 4.493 0.193
C3n.2n (Nunivak) 4.493 4.631 0.138

early (Zanclean) C3n.2r 4.631 4.799 0.168
C3n.3n (Sidufjall) 4.799 4.896 0.097
C3n.3r 4.896 4.997 0.101

5.332 C3n.4n (Thvera) 4.997 5.235 0.238 Base of Miocene is in uppermost C3r.
C3r (Gilbert) 5.235 6.033 0.798

C3A

C3An.1n 6.033 6.252 0.219
C3An.1r 6.252 6.436 0.184

late (Messinian) C3An.2n 6.436 6.733 0.297
C3Ar 6.733 7.14 0.407

C3B

C3Bn 7.14 7.212 0.072
Neogene 7.246 C3Br.1r 7.212 7.251 0.039 Base of Messinian is in lowermost C3Br.1r.

C3Br.1n 7.251 7.285 0.034
C3Br.2r 7.285 7.454 0.169
C3Br.2n 7.454 7.489 0.035
C3Br.3r 7.489 7.528 0.039

C4

C4n.1n 7.528 7.642 0.114
C4n.1r 7.642 7.695 0.053
C4n.2n 7.695 8.108 0.413
C4r.1r 8.108 8.254 0.146

Miocene C4r.1n 8.254 8.3 0.046
C4r.2r 8.3 8.771 0.471 C4r.2r-1 is within C4r.2r (8.661–8.699 Ma).

C4A

C4An 8.771 9.105 0.334
C4Ar.1r 9.105 9.311 0.206

late (Tortonian) C4Ar.1n 9.311 9.426 0.115
C4Ar.2r 9.426 9.647 0.221
C4Ar.2n 9.647 9.721 0.074
C4Ar.3r 9.721 9.786 0.065

C5

C5n.1n 9.786 9.937 0.151
C5n.1r 9.937 9.984 0.047
C5n.2n 9.984 11.056 1.072 C5n.2n-1 through C5n.3.
C5r.1r 11.056 11.146 0.09
C5r.1n 11.146 11.188 0.042
C5r.2r 11.188 11.592 0.404 C5r.2r-1 is within C5r.2r (11.263–11.308 Ma).

11.63 C5r.2n 11.592 11.657 0.065 Base of Tortonian is near base of C5r.2n.
C5r.3r 11.657 12.049 0.392

C5A

C5An.1n 12.049 12.174 0.125
C5An.1r 12.174 12.272 0.098
C5An.2n 12.272 12.474 0.202

middle (Serravalian) C5Ar.1r 12.474 12.735 0.261
C5Ar.1n 12.735 12.77 0.035
C5Ar.2r 12.77 12.829 0.059
C5Ar.2n 12.829 12.887 0.058
C5Ar.3r 12.887 13.032 0.145

C5AA
C5AAn 13.032 13.183 0.151
C5AAr 13.183 13.363 0.18

C5AB
C5ABn 13.363 13.608 0.245
C5ABr 13.608 13.739 0.131
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13.82
C5AC

C5ACn 13.739 14.07 0.331 Base of Serravalian is upper C5ACn.
C5ACr 14.07 14.163 0.093

C5AD
C5ADn 14.163 14.609 0.446
C5ADr 14.609 14.775 0.166

middle (Langhian)

C5B

C5Bn.1n 14.775 14.87 0.095
C5Bn.1r 14.87 15.032 0.162
C5Bn.2n 15.032 15.16 0.128

15.97 C5Br 15.16 15.974 0.814 Base of Langhian is base of C5Br.

C5C

C5Cn.1n 15.974 16.268 0.294
C5Cn.1r 16.268 16.303 0.035
C5Cn.2n 16.303 16.472 0.169
C5Cn.2r 16.472 16.543 0.071
C5Cn.3n 16.543 16.721 0.178
C5Cr 16.721 17.235 0.514

C5D

C5Dn 17.235 17.533 0.298
early (Burdigalian) C5Dr.1r 17.533 17.717 0.184

C5Dr.1n 17.717 17.74 0.023 Cryptochron in C5Dr.
Miocene C5Dr.2r 17.74 18.056 0.316

Neogene
C5E

C5En 18.056 18.524 0.468
C5Er 18.524 18.748 0.224

C6
C6n 18.748 19.722 0.974
C6r 19.722 20.04 0.318 Cryptochron C6r-1.

C6A

C6An.1n 20.04 20.213 0.173

20.44
C6An.1r 20.213 20.439 0.226 Base of Burdigalian (working version) is approximate 

base of C6An.1r (used here) or of C6An.1n.
C6An.2n 20.439 20.709 0.27
C6Ar 20.709 21.083 0.374

C6AA

C6AAn 21.083 21.159 0.076
C6AAr.1r 21.159 21.403 0.244
C6AAr.1n 21.403 21.483 0.08
C6AAr.2r 21.483 21.659 0.176
C6AAr.2n 21.659 21.688 0.029

early (Aquitanian) C6AAr.3r 21.688 21.767 0.079

C6B

C6Bn.1n 21.767 21.936 0.169
C6Bn.1r 21.936 21.992 0.056
C6Bn.2n 21.992 22.268 0.276
C6Br 22.268 22.564 0.296

C6C

C6Cn.1n 22.564 22.754 0.19
C6Cn.1r 22.754 22.902 0.148

23.03 C6Cn.2n 22.902 23.03 0.128 Base of Miocene is base of C6Cn.2n.
C6Cn.2r 23.03 23.233 0.203
C6Cn.3n 23.233 23.295 0.062
C6Cr 23.295 23.962 0.667

C7

C7n.1n 23.962 24 0.038
C7n.1r 24 24.109 0.109
C7n.2n 24.109 24.474 0.365
C7r 24.474 24.761 0.287 Cryptochron C7r-1.

C7A
C7An 24.761 24.984 0.223
C7Ar 24.984 25.099 0.115

late (Chattian)

C8

C8n.1n 25.099 25.264 0.165
C8n.1r 25.264 25.304 0.04

Paleogene C8n.2n 25.304 25.987 0.683 Cryptochron C8n.2n-1.
Oligocene C8r 25.987 26.42 0.433

C9
C9n 26.42 27.439 1.019 Cryptochrons C9n-1; C9n-2.
C9r 27.439 27.859 0.42 Cryptochron C9r-1.

Oligocene

late (Chattian)

28.09 C10

C10n.1n 27.859 28.087 0.228 Base of Chattian (working) is base of C10n.1n. Note: 
base could be ~70% up in undifferentiated C10n in 
candidate GSSP in Italy (Coccioni et al., 2008), 
which would project as equivalent to C10n.1n.4.

C10n.1r 28.087 28.141 0.054
C10n.2n 28.141 28.278 0.137
C10r 28.278 29.183 0.905 Cryptochrons C10r-1; C10r-2.

C11

C11n.1n 29.183 29.477 0.294
early (Rupelian) C11n.1r 29.477 29.527 0.05

C11n.2n 29.527 29.97 0.443
C11r 29.97 30.591 0.621 Cryptochron C11r-1.

C12
C12n 30.591 31.034 0.443
C12r 31.034 33.157 2.123 Cryptochrons C12r-1 through C12r-8.

C13
C13n 33.157 33.705 0.548 Cryptochron C13n-1.

33.89 C13r 33.705 34.999 1.294 Base of Rupellian is at C13r.86. C13r-1 through C13r-4.

Geologic age
Base age 

(Ma) Chron Polarity chron
Top age 

(Ma)
Base age 

(Ma)
Duration 

(My) Remarks

Table T6 (continued). (Continued on next page.)
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Physical properties
Shipboard high-resolution physical property measurements are 

made to rapidly characterize lithologic units to aid hole-to-hole and 
site-to-site stratigraphic correlation that in turn guide drilling ef-
forts to recover complete stratigraphic sequences at each site. The 
data are also used to tie core descriptions to borehole data and seis-
mic profiles. In addition, physical property data play a major role in 
detection of stratigraphic discontinuities and inhomogeneities, ob-
taining information about differences in the composition and tex-
ture of sediment, identification of major seismic reflectors, and 
construction of synthetic seismic profiles. A variety of techniques 
and methods were used to characterize Expedition 355 cores on 
whole-round, split section-half, and discrete samples. Core sections 
are generally 1.5 m in length, so a typical coring length (stroke) of 
9.5 m yields six sections plus a shorter seventh section. Procedures 
for measuring indurated sediment or igneous rock cores differ 
slightly, as described below.

Sediment cores
Recovered whole-round sections were usually allowed to equili-

brate to ambient room temperature (~20°C) and pressure for ~4 h 
after being brought onboard, except when rapid measurement was 
necessary for stratigraphic correlation purposes. In those instances, 
the STMSL was run for rapid measurement of GRA bulk density 
and magnetic susceptibility. STMSL measurements were carried 
out at 2 or 5 cm resolution immediately after the whole-round cores 
were brought on board to assist in hole-to-hole stratigraphic cor-
relation to guide drilling efforts to recover complete stratigraphic 
sequences at each site. After measurement on the STMSL, those 
cores were returned to the holding rack and allowed to equilibrate 
to room temperature.

After thermally equilibrating, core sections were run through 
the WRMSL for measurement of GRA bulk density, magnetic sus-
ceptibility, and compressional wave velocity by P-wave logger 
(PWL). Cores recovered with the XCB or RCB are slightly smaller in 
diameter than those cored with the APC. As a result, sections cored 
with the XCB or RCB typically have gaps between the liner and the 
core; therefore, P-wave velocity was not measured with the WRMSL 
on those cores. Sections were then run through the spectral NGRL. 
Thermal conductivity was measured on one whole-round section 
per sediment core (typically the last section of the core) by a needle 

probe inserted into the section through a small hole drilled through 
the plastic core liner close to the middle of the section. After that, 
cores were split longitudinally, with one half designated as archive 
half and the other as working half for sampling and discrete analysis. 
The archive half of the core was passed through the SHMSL to mea-
sure point magnetic susceptibility and color reflectance. Discrete 
physical property samples were typically collected from every other 
section of the working halves (~3 per core) to measure wet bulk 
density, dry bulk density, water content, porosity, and grain density. 
P-wave velocity and shear strength measurements on split cores 
were also performed on the working halves. P-wave velocity mea-
surements employed transducers oriented in the x- and z-axis direc-
tions on the Section Half Measurement Gantry (SHMG), with 
typically one analysis per section. Vane shear strength was also 
measured on working half core sections using the automated vane 
shear (AVS) system on the SHMG.

Modifications of the method above were made for indurated 
sediment. Thermal conductivity was measured once per core on a 
split core section using a contact probe. A mini/half-size puck was 
used if the indurated sediment could be measured in the section 
liner. If the indurated sediment required saturation in seawater, this 
was done on a sediment piece from the section half in a bath of sea-
water. Compressional P-wave velocity measurements were made on 
this saturated section half. Samples from indurated sediments were 
taken using a parallel saw from the working half of the core for 
MAD measurements at a sampling interval of up to 3 samples per 
core (every ~3 m) depending on lithologic variability.

Igneous rock samples
Recovered igneous rock sections were shaken onto sterile liners 

in the core splitting room for examination by a core describer, who 
decided where the pieces should be split between working and ar-
chive halves. The pieces were then put back into liners and run 
through the WRMSL and NGRL. P-wave velocity was not measured 
because the spaces between the liner and the rock core pieces make 
these measurements meaningless. After physical property measure-
ments were taken on whole-round sections, the core sections were 
split into working and archive halves and all rock pieces were la-
beled. The archive half of the core was passed through the SHMSL 
for measurement of point magnetic susceptibility and color reflec-
tance. Compressional P-wave velocity measurements were made on 
these samples.

C15 C15n 34.999 35.294 0.295 C14 does not exist.
C15r 35.294 35.706 0.411

C16

C16n.1n 35.706 35.892 0.186
late (Priabonian) C16n.1r 35.892 36.051 0.159

C16n.2n 36.051 36.7 0.649
Paleogene C16r 36.7 36.969 0.269

37.75

C17

C17n.1n 36.969 37.753 0.784 Base of Priabonian (working) assigned as base of 
C17n.1n.

Eocene C17n.1r 37.753 37.872 0.119
C17n.2n 37.872 38.093 0.221
C17n.2r 38.093 38.159 0.065
C17n.3n 38.159 38.333 0.174

middle (Bartonian) C17r 38.333 38.615 0.283

C18

C18n.1n 38.615 39.627 1.012 Cryptochron C18n.1n-1.
C18n.1r 39.627 39.698 0.07
C18n.2n 39.698 40.145 0.447

41.15 C18r 40.145 41.154 1.01 Base of Bartonian (working) assigned as base of C18r.

Geologic age
Base age 

(Ma) Chron Polarity chron
Top age 

(Ma)
Base age 

(Ma)
Duration 

(My) Remarks

Table T6 (continued).
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A full discussion of all methodologies and calculations used 
aboard the JOIDES Resolution in the Physical Properties Laboratory 
is available in Blum (1997). Details and procedures for each physical 
property measurement are described below.

Whole-Round Multisensor Logger 
measurements

GRA-derived bulk density, P-wave velocity, and magnetic sus-
ceptibility were measured nondestructively with the WRMSL (Fig-
ure F16). To optimize the measurement process, sampling intervals 
and measurement integration times were the same for all sensors. 
Sampling intervals were set at 2.0 cm with an integration time of 5 s 
for each measurement. After every core, quality control and quality 
assurance (QA/QC) were monitored by passing a single core liner 
filled with deionized water through the WRMSL.

GRA bulk density
Bulk density can be used to estimate the pore volume in sedi-

ment and evaluate the consolidation state of sediment. GRA density 
is an estimate of bulk density based on the attenuation of a gamma 
ray beam. The beam is produced by a 137Cs gamma ray source at a 
radiation level of 370 MBq within a lead shield with a 5 mm collima-
tor, which is directed through the whole-round core. The gamma 
ray detector on the opposite side of the core from the source in-
cludes a scintillator and an integral photomultiplier tube to record 
the gamma radiation that passes through the core. The attenuation 
of gamma rays occurs primarily by Compton scattering, in which 
gamma rays are scattered by electrons in the formation; the degree 
of scattering is related to the material bulk density. Therefore, for a 
known sample thickness, the density (ρ) is proportional to the in-
tensity of the attenuated gamma rays and can be expressed as

ρ = ln(I/I0)/(μd)

where

I = the measured intensity of gamma rays passing through the 
sample,

I0 = gamma ray source intensity,
μ = Compton attenuation coefficient, and
d = sample diameter.

The μ and I0 are treated as constants, such that ρ can be calculated 
from I.

In general, WRMSL measurements are most accurate when 
taken on a completely filled core liner with minimal drilling distur-
bance; otherwise, measurements tend to underestimate true values. 
By default, the instrument reports measurements using the internal 
diameter of the core liner (66 mm) as the assumed sample diameter. 
This assumption is suitable for most sediment cores obtained by the 
APC; however, for sediment and/or igneous rock cored by the XCB 
or RCB, core diameter is usually ~58 mm or less. Following Jarrard 
and Kerneklian (2007), the density measurements of cores obtained 
by XCB or RCB were corrected by multiplying the density values by 
66/58 = 1.138 to account for this bias. Irregularly filled core liners 
will also influence GRA measurements and should be considered 
when interpreting the data. The spatial resolution of the GRA den-
sitometer is less than ±1 cm. The gamma ray detector is calibrated 
with sealed calibration cores (one standard core liner filled with dis-
tilled water and aluminum cylinders of various diameters). To es-
tablish the calibration curves, gamma ray counts were taken 
through each aluminum cylinder for 60 s. Each aluminum cylinder 
has a density of 2.7 g/cm3, and d is 1, 2, 3, 4, 5, or 6 cm. The relation-
ship between I and μd is

ln(I) = A(μd)2 + B(μd) + C,

where A, B, and C are coefficients determined from the calibration.
Recalibration was performed as needed when the deionized wa-

ter QA/QC standard deviated significantly (more than a few per-
cent) from 1 g/cm3.

Magnetic susceptibility
Magnetic susceptibility (χ) is a dimensionless measure of the de-

gree to which a material can be magnetized by an external magnetic 
field:

χ = M/H,

where M is the magnetization induced in the material by an external 
field of strength H. Magnetic susceptibility is primarily sensitive to 
the concentration of ferrimagnetic minerals (e.g., magnetite and 
maghemite). It is also sensitive to magnetic mineralogy and can be 
related to the origin of the materials in the core and their subse-
quent diagenesis. Igneous materials typically have magnetic suscep-
tibility around 2 orders of magnitude greater than their alteration 
products, such as clay.

The measurements were made using a Bartington MS2C loop 
sensor with a 90 mm diameter. An oscillator circuit in the sensor, 
which operates at a frequency of 0.565 kHz and an alternating field 
of ~140 A/m, produces a low-intensity, nonsaturating alternating 
magnetic field. Sediment or igneous rock core sections going 
through the influence of this field cause a change in oscillator fre-
quency. Frequency information returned in pulse form to the sus-
ceptometer is converted into magnetic susceptibility. The loop 
sensor has a spatial resolution of 20 mm and is accurate to within 
5% as indicated in Bartington specifications (see Blum, 1997).

P-wave velocity
P-wave velocity data can be used to evaluate small-strain mod-

uli, correlate between downhole logging and core data, and evaluate 
porosity and cementation. P-wave (compressional) velocity (VP) is 
defined by the time required for a compressional wave to travel a 
specific distance

Figure F16. Onboard WRMSL, which measures GRA bulk density, magnetic 
susceptibility, and P-wave velocity. A water standard is measured at the end 
of each core for QA/QC purposes.

P-wave logger

Magnetic 
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Gamma ray 
attenuation 
densitometer

Water standard
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VP = d/tcore,

where d is the path length of the wave across the core and tcore is the 
traveltime through the core.

The PWL measures the traveltime of 500 kHz ultrasonic waves 
horizontally across the core at 2.0 cm intervals. Waves are transmit-
ted to the core by plastic transducer contacts connected to linear 
actuators. Pressure is applied to the actuators to ensure coupling be-
tween the transducers and the core liner. P-wave velocity transduc-
ers measure total traveltime of the compressional wave between 
transducers. The wave travels horizontally across the whole core 
and core liner. The total observed traveltime tcore is composed of

tdelay = time delay related to transducer faces and electronic cir-
cuitry,

tpulse = delay related to the peak detection procedure,
tliner = transit time through the core liner, and
tcore = traveltime through the sediment.

The system is calibrated using a core liner filled with distilled 
water, which provides control for tdelay, tpulse, and tliner. From these 
calibrations, VP can be calculated for the whole-round specimens in 
core liners as

VP = (dcl – 2dliner)/(to – tpulse – tdelay – 2tliner),

where
dcl = measured diameter of core and liner,
dliner = liner wall thickness, and
to = measured total traveltime.

This equation assumes that the core completely fills the core liner. 
The WRMSL PWL was turned off for cores recovered with the XCB 
or RCB, which typically do not fill the core liner.

Special Task Multisensor Logger measurements
STMSL measurements were used to acquire GRA bulk density 

and magnetic susceptibility data, usually at a lower spatial resolu-
tion than on the WRMSL and prior to temperature equilibration. 
The purpose of these measurements is to allow rapid correlation be-
tween the different holes at each site in order to guide drilling oper-
ations and ensure complete sediment column recovery. The GRA 
bulk densitometer and magnetic susceptibility loop on the STMSL 
are similar to those on the WRMSL (see Whole-Round Multisen-
sor Logger measurements), although warming of the core over the 
course of measurement produces drift of up to ~5 × 10–5 SI in mag-
netic susceptibility measurements. The along-section spacing dis-
tance between STMSL measurements varied between 2.0 and 5.0 
cm, depending on the time available to process each new core 
through the shipboard laboratories.

Natural Gamma Radiation Logger 
measurements

Gamma radiation is emitted from the decay of mineral-hosted 
238-uranium (238U), 232-thorium (232Th), and 40-potassium (40K). 
The NGRL measures this natural emission on whole-round cores 
using a system designed and built by the Integrated Ocean Drilling 
Program-US Implementing Organization (Texas A&M University, 
USA) (Vasiliev et al., 2011; Dunlea et al., 2013) (Figure F17). As 238U, 
232Th, and 40K radioisotopes decay, they and their daughter products 
emit gamma radiation at specific energy levels unique to each iso-
tope. NGR spectroscopy measures a wide energy spectrum that can 
be used to estimate the abundance of each isotope based on the 

strength of the signal at characteristic energies (Blum, 1997). Spec-
tral data were collected but were not processed on board and can be 
used for postcruise processing for U, Th, and K abundance. Total 
counts were used on board, with high counts usually identifying 
fine-grained deposits containing K-rich clay minerals and their ab-
sorbed U and Th isotopes. NGR data thus reveal stratigraphic de-
tails that aid in core-to-core correlations. The main NGR detector 
unit consists of eight sodium iodide (thallium) (NaI[Tl]) detectors 
arranged along the core measurement axis at 20 cm intervals sur-
rounding the lower half of the section (Figure F18). The detector 
array has passive (layers of lead) and active (plastic scintillators) 
shielding to reduce the background environmental and cosmic radi-
ation. The overlying plastic scintillators detect incoming high-en-

Figure F17. NGRL on board for whole-round cores, which conducts eight 
measurements at a time in two positions, resulting in 16 measurements per 
core.

Figure F18. Main elements of the NGRL (Vasiliev et al., 2011).
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ith geological core ~ 1500 mm
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ergy gamma and muon cosmic radiation and cancel this signal from 
the total counted by the NaI(Tl) detectors.

A measurement run consisted of two sample positions, 10 cm 
apart, for a total of 16 measurements per 150 cm section. The qual-
ity of the energy spectrum measured in a core depends on the con-
centration of radionuclides in the sample but also on the counting 
time, with higher times yielding better spectra. Counting times 
were chosen as 5 min per position, or around 10 min per core, yield-
ing statistically significant energy spectra (Vasiliev et al., 2011).

Thermal conductivity measurements
Thermal conductivity was typically measured on the last section 

of each core with the TK04 (Teka Bolin) system using a needle 
probe in full-space configuration for whole-round soft-sediment 
cores (Von Herzen and Maxwell, 1959), a contact miniprobe in half-
space configuration on split cores, or a contact probe on saturated 
sediment for indurated sediment cores. The probes contain a heater 
wire and calibrated thermistor.

For soft sediment, the needle probe was inserted into a 2 mm 
diameter hole drilled approximately midway through the liner along 
one of the lines that later guided core splitting. To avoid interference 
from airflow in the laboratory, the core was placed into an enclosed 
box insulated with foam.

For indurated sedimentary cores, samples were selected from 
the working half and returned unaltered to the core liner upon com-
pletion of the tests. The contact probe embedded in the surface of 
an epoxy block with a low thermal conductivity (Vacquier, 1985) 
was maintained in contact with the sample. For very lithified sedi-
mentary sections, the samples were saturated in a bath of seawater 
at room temperature for 24 h under vacuum. Afterward, the probe 
was attached to the sample and placed in a cooler insulated with ex-
truded polystyrene foam. The calibrated heat source of the probe 
was then turned on and the increase in temperature was recorded 
over 60 or 80 s. A heating power of 0.5 to 2 W/m was typically used 
in soft sediment and indurated material. The solution to the heat 
conduction equation with a line source of heat was then fit to the 
temperature measurements to obtain the thermal conductivity. Be-
cause the probe is much more conductive than sediment or igneous 
rock, the probe is assumed to be a perfect conductor. Under this as-
sumption, the temperature of the superconductive probe has a lin-
ear relationship with the natural logarithm of the time after the 
initiation of the heat,

T(t) = (q/4πk) × ln(t) + C,

where

T = temperature (K),
q = heat input per unit length per unit time (J/m/s),
k = thermal conductivity (W/[m·K]),
t = time after the initiation of the heat (s), and
C = instrumental constant.

Three to five measuring cycles were automatically performed to 
calculate average conductivity. A self-test, which included a drift 
study, was conducted at the beginning of each measurement cycle. 
Once the probe temperature stabilized, the heater circuit was closed 
and the temperature rise in the probe was recorded. Thermal con-
ductivity was calculated from the rate of temperature rise while the 
heater current was flowing. Temperatures measured during the first 
60 to 80 s of the heating cycle were fitted to an approximate solution 
of a constantly heated line source (for details, see Kristiansen, 1982; 
Blum, 1997). Measurement errors were 5%–10%.

Section Half Multisensor Logger measurements
Color reflectance and magnetic susceptibility were measured on 

archive section halves using the SHMSL. The archive half of the 
split core was placed on the core track, above which an electronic 
platform moves along a track recording the height of the split-core 
surface with a laser sensor. The laser establishes the location of the 
bottom of the section, and then the platform reverses the direction 
of movement, moving from bottom to top making measurements of 
point magnetic susceptibility and color reflectance. Intervals con-
taining foam inserts were excluded from measurement, so the mea-
sured range of values represents that of the core material only. 
During Expedition 355, point magnetic susceptibility and color re-
flectance data were collected at constant intervals for each core (2 
cm). These measurements integrate over a smaller depth than the 
magnetic susceptibility loop of the WRMSL.

Color reflectance spectrometry
The color reflectance spectrometer uses an Ocean Optics 30 

mm integrating sphere and both halogen and LED light sources that 
cover wavelengths from ultraviolet through visible to near infrared. 
The measurements were taken from 380 to 900 nm wavelengths at 2 
nm intervals. The ~3 s data acquisition offset was applied for the 
entire scan of the archive section half. The data are reported using 
the L*a*b* color system, in which L* is lightness, a* is redness (posi-
tive) versus greenness (negative), and b* is yellowness (positive) ver-
sus blueness (negative) of the rock. The color reflectance 
spectrometer calibrates on two spectra, pure white (reference) and 
pure black (dark). Color calibration was conducted approximately 
once every 6 h (twice per shift).

Point magnetic susceptibility
Point magnetic susceptibility was measured with a Bartington 

MS2 meter and an MS2K contact probe with a flat 15 mm diameter 
round sensor with a field of influence of 25 mm and an operation 
frequency of 930 Hz. The instrument averages three measurements 
from the sensor for each offset, leading to an accuracy of ~5%. The 
spatial resolution of the point magnetic susceptibility instrument is 
~3 mm, higher than that of the whole-round magnetic susceptibility 
measurement (20 mm). As with whole-round measurements, the 
output displayed by the point magnetic susceptibility sensor must 
be converted to dimensionless SI units by multiplying by 10–5. The 
probe is zeroed in air before each measurement location in order to 
avoid influence from the metal track. The point magnetic suscepti-
bility meter was calibrated by the manufacturer before installation 
on the ship and is quality checked every ~6 h at the same time as 
color reflectance sensor calibration.

Section Half Measurement Gantry 
measurements

For soft-sediment cores, P-wave velocity and shear strength 
measurements were performed on the working half of split cores af-
ter sampling for MAD and paleomagnetic measurements. P-wave 
velocity measurements used the x-axis caliper and z-axis bayonet 
contact probe transducers on the SHMG (Figure F19), with one 
analysis every section coinciding with or adjacent to the paleomag-
netic discrete sample locations. However, if this interval provided 
no good sediment/transducer coupling (e.g., caused by high 
amounts of sand or cracks), different positions were chosen to gen-
erate viable data. For igneous rock samples, P-wave velocity was 
measured on discrete samples.
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P-wave velocity
The P-wave velocity system uses Panametrics-NDT Microscan 

delay line transducers that transmit at 0.5 MHz. The signal received 
through the section half of the discrete sample was recorded by the 
computer attached to the system, with the peak (P-wave arrival) 
chosen by autopicking software when the signal was strong. In case 
of a weak signal, the first arrival was manually picked. Frequently, 
we manually picked the very base of the first arrival peak, leaving 
out the automatically picked points that fell along the ascending 
curve. The distance between transducers was measured with a 
built-in linear voltage displacement transformer. Calibration was 
performed with a series of acrylic cylinders of differing thicknesses 
and a known P-wave velocity of 2750 ± 20 m/s. The determined sys-
tem time delay derived from the calibration was subtracted from the 
picked arrival time to give a traveltime of the P-wave through the 
sample. The thickness of the sample (calculated by the linear voltage 
displacement transformer, in meters) was divided by the traveltime 
(in seconds) to calculate P-wave velocity in meters per second.

Shear strength
Shear strength is the resistance of a material to failure in shear. 

Only the network of solid particles resists shear stress in unconsoli-
dated materials. Shear strength (τf) can be expressed as a function 
of the effective normal stress at failure (σ′), the effective cohesion 
(c′), and friction angle (φ′),

τf = c′ + σ′tanφ′,

where c′ and φ′ are the shear strength parameters that define a lin-
ear relationship between τf and φ′, according to the Mohr-Coulomb 
failure criterion.

Shear strength parameters can be determined by means of mul-
tiple laboratory tests. The c and φ are relevant in situations where 
field drainage conditions correspond to test conditions. The shear 
strength of a soil under undrained conditions (interstitial water 
drainage does not occur during failure) is different from that under 
drained conditions (interstitial water drainage occurs).

Undrained shear strength can be expressed in terms of total 
stress in the case of fully saturated materials of low permeability 
(e.g., clays), denoted by Su. The most common strength tests in ship-
board laboratories are the vane shear and penetrometer tests, which 
provide measurement of undrained shear strength (Su) (Blum, 
1997). Both tests were used during Expedition 355.

Vane shear strength was measured in undisturbed fine-grained 
sediment using the AVS system in working-half core sections (Fig-
ure F20). Using the AVS, undrained shear strength was determined 
by inserting a four-bladed vane into the split core and rotating it at a 
constant 90°/min to determine the torque required to cause a cylin-
drical surface to be sheared by the vane, which provides a measure-
ment of the peak shear strength. The difference in rotational strain 
between the top and the bottom of a linear spring is measured using 
digital shaft encoders. Measurements were made with the vane ro-
tation axis perpendicular to the split surface. The residual shear 
strength was taken to be the constant and lowest measured shear 
strength after reaching the peak value during the test cycle. Mea-
surements were taken once per core, unless the sediment was too 
firm for instrument penetration or was disturbed during coring.

Vane shear strength Su(v) (kPa) is calculated as

Su(v) = T/Kv = (Δ/B)/Kv,

where

T = torque required to induce material failure (N·m),
Kv = constant, depending on vane dimensions (m3),
Δ = maximum torque angle (°) at failure, and
B = spring constant that relates the deflection angle to the 

torque (°/N·m) (Blum, 1997).

Figure F20. Pocket penetrometer for measuring (unconfined) compressive 
strength.

Figure F19. SHMG showing the x-axis caliper and y- and z-axis bayonets to 
measure P-wave velocity on split core sections of soft sediment or discrete 
samples of indurated sediment or igneous rock. AVS is used to measure 
shear strength. A. Deformation in the sediment after rotation of the vane. 
B. Measurement of P-wave velocity on an igneous rock discrete sample 
using the x-axis caliper.

Automated 
vane shear

Z bayonet

Y bayonet X caliper

A

B
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All measurements used a vane with a height and diameter of
12.7 mm. Failure torque (T) was determined by measuring the de-
grees of rotation of one of four torsional springs. A linear calibration
equation (specified by the manufacturer) relates the rotation angle
to the torque for the particular spring being used. Selection of the
appropriate spring was based on the anticipated shear strength of
the material. Vane shear results were generally considered reliable
for shear strength values less than ~150–200 kPa, above which ex-
cessive cracking and separation of the core material occurred.

AVS measurements cannot be performed on sediment where
the vane is not able to penetrate. A handheld penetrometer was
then used in order to determine (unconfined) compressional
strength (Figure F20). Failure is defined as the maximum principal
stress difference, which is the same as the (unconfined) compressive
strength of the material (Blum, 1997). The penetrometer is a flat-
footed, spring-operated device used to measure compressive
strength by pushing a 6.4 mm diameter probe 6.4 mm deep below
the split-core surface. The mechanical scale is in units of kilograms
per square centimeter, which are converted into units of kilopascals
for reporting as

2τf (kPa) = 98.1 × 2τf (kg/cm2).

If the compressive strength is determined by reading the vertical
strain directly off the pocket penetrometer, the value must be di-
vided by 2 to calculate the shear strength at a prescribed strain
(Blum, 1997). The maximum shear strength that can be measured
with the pocket penetrometer is 220 kPa (Blum, 1997).

Discrete sample measurements 
of moisture and density

Discrete samples were collected from the working halves to de-
termine wet and dry bulk density, grain density, water content, and
porosity. In soft sediment, ~10 cm3 samples were collected with a
plastic syringe, the diameter of which fits that of the glass vials.
Samples for MAD analysis were collected from every other section
(~3 per core). In indurated sedimentary and igneous rock, wedges
were sawed from the working halves for physical property measure-
ments.

Sample preparation
Soft-sediment samples were placed in numbered, preweighed

vials for wet and dry sediment weighing, drying, and dry volume
measurements. Determination of an accurate wet mass of the
wedge samples of indurated sediment and igneous rock first re-
quired that the pore space of the samples be completely saturated
with seawater. To do this, we placed the samples in individual plastic
vials filled with seawater within a vacuum chamber. A vacuum
pump removed the air from the chamber to a pressure of ~40–50
kPa below the atmospheric pressure, forcing seawater into the sam-
ples. The samples were kept under saturation for at least 24 h, with
the vacuum maintained in the chamber by turning the pump on for
5–10 min every 5 h as needed. After removal from the vacuum
chamber, the samples were patted dry with a paper towel and wet
mass immediately determined using the dual balance system (de-
scribed below). P-wave velocities were then measured on the wet
samples if appropriate. The samples were then dried in a convection
oven for at least 24 h at 105° ± 5°C. Dried samples were then cooled
in a desiccator for at least 60 min before the dry mass and the vol-
ume were measured.

Dual balance mass measurement
The weights of wet and dry sample masses were determined to a

precision of 0.005 g using two Mettler Toledo electronic balances,
with one acting as a reference. A standard weight similar to that of
the sample was placed upon the reference balance to increase accu-
racy. A computer averaging system was used to compensate for the
ship’s motion. The default setting of the balances is 300 measure-
ments (taking ~1.5 min).

Pycnometer volume measurement
Dry sample volume was determined using a hexapycnometer

system of a six-celled, custom-configured Micrometrics AccuPyc
1330TC helium-displacement pycnometer (Figure F21). The preci-
sion of each cell is 1% of the full-scale volume. Volume measure-
ment was preceded by three purges of the sample chamber with
helium warmed to ~28°C. Three measurement cycles were run for
each sample. A reference volume (set of two calibration spheres)
was placed sequentially in one of the chambers to check for instru-
ment drift and systematic error. The volumes occupied by the num-
bered vials were calculated before the cruise by multiplying each
vial’s weight against the average density of the vial material. Dry
mass and volume were measured after samples were heated in an
oven at 105° ± 5°C for 24 h and allowed to cool in a desiccator for
~60 min. The procedures for the determination of these physical
properties comply with the American Society for Testing and Mate-
rials (ASTM) designation (D) 2216 (ASTM, 1990). The fundamental
relations and assumptions for the calculations of all physical prop-
erty parameters are discussed by Blum (1997) and are summarized
below.

Mass and volume calculation
We measured wet mass (Mwet), dry mass (Mdry), and dry volume

(Vdry). The ratio of mass (rm) is a computational constant of 0.965
(i.e., 0.965 g of freshwater per 1 g of seawater). Salt precipitated in
sediment pores during the drying process is included in the Mdry
and Vdry values. The mass of the evaporated water (Mwater) and salt
(Msalt) in the sample are given by

Figure F21. Pycnometer used to measure volume of dry samples, either in
small vials for soft sediment or as discrete samples.

Empty cell

Sample in vial

Reference spheres
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Mwater = Mwet – Mdry, and

Msalt = Mwater[s/(1 – s)],

where s is the assumed saltwater salinity (0.035%) corresponding to 
an interstitial water density (ρpw) of 1.024 g/cm3 and a salt density 
(ρsalt) of 2.22 g/cm3. The corrected mass of interstitial water (Mpw), 
volume of interstitial water (Vpw), mass of solids excluding salt 
(Msolid), volume of salt (Vsalt), volume of solids excluding salt (Vsolid), 
and wet volume (Vwet) are

Mpw = (Mwet – Mdry)/rm,

Vpw = Mpw/ρpw,

Msolid = Mwet – Mpw,

Msalt = Mpw – (Mwet – Mdry),

Vsalt = Msalt/ρsalt,

Vwet = Vdry – Vsalt + Vpw, and

Vsolid = Vwet – Vpw.

Calculation of bulk properties
For all sediment samples, water content (w) is expressed as the 

ratio of mass of pore water to wet sediment (total) mass,

w = Mpw/Mwet.

Wet bulk density (ρwet), dry bulk density (ρdry), sediment grain 
density (ρsolid), porosity (φ), and void ratio (VR) are calculated as

ρwet = Mwet/Vwet,

ρdry = Msolid/Vwet,

ρsolid = Msolid/Vsolid,

φ = Vpw/Vwet, and

VR = Vpw/Vsolid.

MAD properties reported and plotted in the Physical properties 
sections of both site chapters were calculated with the MADMax 
shipboard program set with the “Method C” calculation process.

Downhole measurements
Downhole logs are used to determine physical, chemical, and 

structural properties of the formation penetrated by a borehole. The 
data are rapidly collected, continuous with depth and measured in 
situ; they can be interpreted in terms of the stratigraphy, lithology, 
mineralogy, magnetic characteristics, and geochemical composition 
of the penetrated section. Where core recovery is incomplete or dis-
turbed, log data may provide the only way to characterize the bore-
hole section. Where core recovery is good, log and core data 
complement one another and may be interpreted jointly, providing 
ground-truthing for the remote geophysical measurements.

Downhole logs measure formation properties on a scale that is 
intermediate between those obtained from laboratory measure-

ments on core samples and those from conventional geophysical 
surveys. They are useful in calibrating the interpretation of geo-
physical survey data (e.g., through the use of synthetic seismo-
grams) and provide a necessary link for the integrated 
understanding of physical and chemical properties on different 
scales.

During Expedition 355, downhole logging measurements were 
taken in Hole U1456C. In addition, downhole temperature mea-
surements were acquired using the APCT-3 in Holes U1456A and 
U1457A.

Wireline logging
During wireline logging operations, logs were recorded with 

Schlumberger logging tools combined into tool strings, which were 
lowered into the hole after completion of coring operations. Two 
tool strings were used during Expedition 355: the triple combo, 
which measures NGR, porosity, density, and resistivity, and the For-
mation MicroScanner (FMS)-sonic, which provides FMS resistivity 
images of the borehole wall and sonic velocities (Figure F22; Table 
T7). Each tool string also contains a telemetry cartridge for commu-
nicating through the wireline to the Schlumberger data acquisition 
system (MultiAcquisition and Imaging System or “MAXIS” unit) on 
the drillship. When unstable hole conditions were anticipated as a 
result of unconsolidated sand or other difficulties encountered 
while drilling, the radioactive source was left out and the Hostile 
Environment Litho-Density Sonde (HLDS) functioned solely as a 
caliper tool to measure the borehole diameter.

In preparation for logging, the borehole was reamed in its lower 
sections, flushed of debris by circulating drilling fluid, and filled 
with seawater-based logging gel (sepiolite mud mixed with seawater 
and weighted with barite; approximate density = 10.5 lb/gal) to help 
stabilize the borehole walls in sections where instability was ex-
pected from the drilling and coring results. When logging in an un-
cased hole, the BHA was pulled up to ~80 m DSF to cover the most 
unstable upper part of the hole. The tool strings were then lowered 
downhole on a seven-conductor wireline cable before being pulled 
up at constant speed, typically ~550 m/h for the triple combo and 
500–550 m/h for the FMS-sonic, to provide continuous log mea-
surements of several properties simultaneously.

Each tool string deployment is termed a logging “run.” During 
each run, tool strings can be lowered and pulled up in the hole sev-
eral times to check repeatability and to increase coverage of the 
FMS borehole images. Each lowering or hauling-up of the tool 
string while collecting data constitutes a “pass.” Incoming data were 
recorded and monitored in real time on the Modular Configuration 
MAXIS (MCM) logging computer. A wireline heave compensator 
(WHC) was used when necessary to minimize the effect of ship’s 
heave on the tool position in the borehole (see below).

Logged sediment properties and tool 
measurement principles

Logged properties and the principles used in the tools that 
measure them are briefly described below. The main logs col-
lected during this expedition are listed in Table T8. More de-
tailed information on individual tools and their geological 
applications may be found in Serra (1984, 1986, 1989), Schlum-
berger (1989, 1994), Rider (1996), Goldberg (1997), Lovell et al. 
(1998), and Ellis and Singer (2007). A complete online list of ac-
ronyms for the Schlumberger tools and measurement curves is at 
http://iodp.tamu.edu/tools/logging/index.html.
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Natural gamma radiation
The Hostile Environment Natural Gamma Ray Sonde (HNGS) 

was used on both the triple combo and FMS-sonic tool strings to 
measure NGR in the formation. The HNGS uses two bismuth ger-
manate scintillation detectors and five-window spectroscopy to de-
termine concentrations of potassium (in weight percent), thorium 
(in parts per million), and uranium (in parts per million) from the 
characteristic gamma ray energies of isotopes in the 40K, 232Th, and 
238U radioactive decay series, which dominate the natural radiation 
spectrum. The computation of the elemental abundances uses a 
least-squares method of extracting U, Th, and K elemental concen-
trations from the spectral measurements. The HNGS filters out 
gamma ray energies below 500 keV, eliminating sensitivity to ben-
tonite or KCl in the drilling mud and improving measurement accu-
racy. The HNGS also provides a measure of the total gamma ray 
emission (HSGR) and uranium-free or computed gamma ray emis-
sion (HCGR) that are measured in American Petroleum Institute 
units (gAPI). The HNGS response is influenced by the borehole di-
ameter, and therefore the HNGS data are corrected for borehole di-
ameter variations during acquisition.

An additional NGR sensor was housed in the Enhanced Digital 
Telemetry Cartridge (EDTC), which was used primarily to commu-
nicate data to the surface. The sensor includes a sodium iodide scin-
tillation detector that also measures the total NGR emission of the 
formation. It is not a spectral tool (does not provide U, Th, and K 
concentrations), but it provides total gamma radiation for each 
pass.

The inclusion of the HNGS in every tool string allows use of the 
gamma ray data for precise depth match processing between log-
ging strings and passes and for core-log integration.

Density and photoelectric factor
Formation density was measured with the HLDS. The sonde 

contains a radioactive cesium (137Cs) gamma ray source (622 keV) 
and both far and near gamma ray detectors mounted on a shielded 
skid, which is pressed against the borehole wall by a hydraulically 
activated decentralizing arm. Gamma rays emitted by the source 
undergo Compton scattering, in which gamma rays are scattered by 
electrons in the formation. The number of scattered gamma rays 
that reach the detectors is proportional to the density of electrons in 
the formation, which is in turn related to bulk density. Porosity may 
also be derived from this bulk density if the matrix (grain) density is 
known.

The HLDS also measures the photoelectric effect factor (PEF), a 
measure of the photoelectric absorption of low-energy gamma radi-
ation. Photoelectric absorption occurs when gamma radiation en-
ergy falls below 150 keV as a result of being repeatedly scattered by 
electrons in the formation. The PEF is determined by comparing the 
counts from the far detector in the high-energy region, where only 
Compton scattering occurs, with those in the low-energy region, 
where count rates depend on both reactions. Because PEF depends 
on the atomic number of the elements in the formation (heavier el-
ements have higher PEF), it also varies according to the chemical 
composition of the minerals present and can be used for the identi-
fication of the overall mineral make-up of the formation. For exam-
ple, the PEF of calcite is 5.08 barn/e–, illite is 3.03 barn/e–, quartz is 
1.81 barn/e–, and hematite is 21 barn/e– (Serra, 1984; Schlumberger, 
1989). Good contact between the tool and borehole wall is essential 
for good HLDS logs; poor contact results in underestimation of 
density values. Both the density correction and caliper measure-

Figure F22. Wireline tool strings used during Expedition 355. For definitions 
of tool acronyms, see Table T8. LEH-MT = logging equipment head (model 
MT).
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ment of the hole are used to check the contact quality. The PEF log 
should be used with caution when multiple mud sweeps are used to 
stabilize the borehole and especially in washouts, because barium in 
the logging mud swamps the signal, regardless of attempts to cor-
rect for the mud effect.

Porosity
Formation porosity was measured with the Accelerator Porosity 

Sonde (APS). The sonde includes a minitron neutron generator that 

produces fast (14.4 MeV) neutrons and five neutron detectors (four 
epithermal and one thermal) positioned at different distances from 
the minitron. The tool’s detectors count neutrons that arrive at the 
detectors after being scattered and slowed by collisions with atomic 
nuclei in the formation.

The highest energy loss occurs when neutrons collide with hy-
drogen nuclei, which have practically the same mass as the neutron 
(the neutrons bounce off heavier elements without losing much en-
ergy). If the hydrogen (i.e., water) concentration is low, as in low-

Table T7. Downhole measurements made by wireline tool strings during Expedition 355. For definitions of tool acronyms, see Table T8. All tool and tool string 
names except the MSS are trademarks of Schlumberger. Download table in .csv format. 

Tool string Tool Measurement
Sampling interval 

(cm)
Approximate vertical 

resolution (cm)

Triple combo EDTC Total gamma ray 5 and 15 30
HNGS Spectral gamma ray 15 20–30
HLDS Bulk density and caliper 2.5 and 15 38
APS Neutron porosity 5 and 15 36
HRLA Resistivity 15 30
MSS Magnetic susceptibility 4 12–36

Formation MicroScanner-sonic EDTC Total gamma ray 5 and 15 30
GPIT Tool orientation and acceleration 3.8 15
DSI Acoustic velocity 15 107
FMS Microresistivity and caliper 0.25 1

Table T8. Acronyms and units used for downhole wireline tools and measurements during Expedition 355. Download table in .csv format.

Tool Output Description Unit

EDTC Enhanced Digital Telemetry Cartridge
GR Total gamma ray gAPI
ECGR Environmentally corrected gamma ray gAPI
EHGR High-resolution environmentally corrected gamma ray gAPI

HNGS Hostile Environment Gamma Ray Sonde
HSGR Standard (total) gamma ray gAPI
HCGR Computed gamma ray (HSGR minus uranium contribution) gAPI
HFK Potassium wt%
HTHO Thorium ppm
HURA Uranium ppm

APS Accelerator Porosity Sonde 
APLC Near/array limestone corrected porosity Dec. fraction
STOF Computed standoff Inch
SIGF Formation capture cross section Capture units

HLDS Hostile Environment Lithodensity Sonde
RHOM Bulk density g/cm3

PEFL Photoelectric effect barn/e–

LCAL Caliper (measure of borehole diameter) Inch
DRH Bulk density correction g/cm3

HRLA High Resolution Laterolog Array Tool
RLA1-5 Apparent resistivity from computed focusing mode 1-5 Ωm
RT True resistivity Ωm
MRES Borehole fluid resistivity Ωm

MSS Magnetic Susceptibility
DSUS Magnetic susceptibility, deep reading (DR) Uncalibrated unit

FMS Formation MicroScanner
C1, C2 Orthogonal hole diameters Inch
P1AZ Pad 1 azimuth Degrees (°)

Spatially oriented resistivity images of borehole wall
GPIT General Purpose Inclinometry Tool

DEVI Hole deviation Degrees (°)
HAZI Hole azimuth Degrees (°)
Fx, Fy, Fz Earth’s magnetic field (three orthogonal components) Degrees (°)
Ax, Ay, Az Acceleration (three orthogonal components) m/s2

DSI Dipole Sonic Imager
DTCO Compressional wave slowness μs/ft
DTSM Shear wave slowness μs/ft
DT1 Shear wave slowness, lower dipole μs/ft
DT2 Shear wave slowness, upper dipole μs/ft
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porosity formations, neutrons can travel farther before being cap-
tured and the count rates increase at the detector. The opposite ef-
fect occurs in high-porosity formations where the water content is
high. However, because hydrogen bound to minerals such as clays
or that forms part of hydrocarbon molecules also contributes to the
measurement, the raw porosity value is often an overestimate and
should be checked against laboratory-derived values from core
when possible.

Upon reaching thermal energies (0.025 eV), neutrons are cap-
tured by the nuclei of Cl, Si, B, and other elements, resulting in a
gamma ray emission. This neutron capture cross section (Σf) is also
measured by the tool.

Electrical resistivity
The High-Resolution Laterolog Array (HRLA) tool provides six

resistivity measurements with different depths of investigation
throughout the logged interval (including the borehole mud resis-
tivity and five measurements of formation resistivity with increas-
ing penetration into the formation). The tool sends a focused
current into the formation and measures the intensity necessary to
maintain a constant drop in voltage across a fixed interval, provid-
ing direct resistivity measurements. The array has one central
(source) electrode and six electrodes above and below it, which
serve alternatively as focusing and returning current electrodes. By
rapidly changing the role of these electrodes, a simultaneous resis-
tivity measurement at six penetration depths is achieved. The tool is
designed to ensure that all signals are measured at exactly the same
time and tool position and to reduce the sensitivity to “shoulder
bed” effects when crossing sharp beds thinner than the electrode
spacing. The design of the HRLA, which eliminates the need for a
surface reference electrode, improves formation resistivity evalua-
tion compared to traditional dual induction resistivity methods and
allows the full range of resistivity to be measured, from low (e.g., in
high-porosity sediment) to high (e.g., in basalt). The HRLA tool
needs to be run centralized in the borehole for optimal results, so
bow-spring centralizers were used to keep the HRLA in the center
of the borehole. Knuckle joints above the HRLA allowed the density
tool to be eccentralized and maintain good contact with the bore-
hole wall (Figure F22).

Calcite, silica, and hydrocarbons are electrical insulators,
whereas ionic solutions like interstitial water are conductors. Elec-
trical resistivity, therefore, can be used to evaluate porosity for a
given salinity and resistivity of the interstitial water (Schlumberger,
1989). Clay surface conduction also contributes to the resistivity
values, but at high porosities, this is a relatively minor effect.

Acoustic velocity
The Dipole Shear Sonic Imager (DSI) measures the transit times

between sonic transmitters and an array of eight receivers. It com-
bines replicate measurements, thus providing a direct measurement
of sound velocity through formations that is relatively free from the
effects of formation damage and an enlarged borehole (Schlum-
berger, 1989). Along with the monopole transmitters found on most
sonic tools, it also has two crossed-dipole transmitters that allow
measurement of shear wave velocity in addition to compressional
wave velocity. Dipole measurements are necessary to measure shear
wave velocities in slow formations where shear wave velocity is less
than the velocity of sound in the borehole fluid. Such slow forma-
tions are often encountered in deep-ocean drilling.

Formation MicroScanner
The FMS provides high-resolution electrical resistivity–based

images of borehole walls. The tool has four orthogonal arms and
pads, each containing 16 button electrodes that are pressed against
the borehole wall during logging. The electrodes are arranged in
two diagonally offset rows of eight electrodes each. A focused cur-
rent is emitted from the button electrodes into the formation, with a
return electrode near the top of the tool. Resistivity of the formation
at the button electrodes is derived from the intensity of current
passing through the button electrodes.

Processing transforms the resistivity measurements into ori-
ented high-resolution images that reveal geologic structures of the
borehole wall. Features such as bedding, stratification, fracturing,
slump folding, and bioturbation can be resolved (Luthi, 1990; Salim-
ullah and Stow, 1992; Lovell et al., 1998). Because the images are ori-
ented to magnetic north, further analysis can provide measurement
of the dip and direction (azimuth) of planar features in the forma-
tion. In addition, when the corresponding planar features can be
identified in the recovered core samples, individual core pieces can
be reoriented with respect to true north.

Approximately 30% of a borehole with a diameter of 25 cm (9.8
inches) is imaged during a single pass. Standard procedure is to
make two full uphole passes with the FMS to maximize the chance
of getting full borehole coverage with the pads. The maximum ex-
tension of the caliper arms is 40.6 cm (16 inches). In holes with a
diameter greater than this maximum, the pad contact at the end of
the caliper arms will be inconsistent, and the FMS images may ap-
pear out of focus and too conductive. Irregular (rough) borehole
walls will also adversely affect the images if contact with the wall is
poor.

Magnetic Susceptibility Sonde
The Magnetic Susceptibility Sonde (MSS) is a nonstandard

wireline tool designed by Lamont-Doherty Earth Observatory
(LDEO). It measures the ease with which formations are magne-
tized when subjected to a magnetic field. The ease of magnetization
is ultimately related to the concentration and composition (size,
shape, and mineralogy) of magnetic minerals (principally magne-
tite) in the formation. These measurements provide one of the best
methods for investigating stratigraphic changes in mineralogy and
lithology because the measurement is quick, repeatable, and nonde-
structive and because different lithologies often have strongly con-
trasting susceptibilities.

The MSS dual-coil sensor provides ~40 cm resolution measure-
ments, with ~20 cm horizontal penetration. The MSS was run as
the lowermost tool in the triple combo tool string, using a specially
developed data translation cartridge to enable the MSS to be run in
combination with the Schlumberger tools. The MSS also has an op-
tional single-coil sensor to provide high-resolution measurements
(~10 cm), but this was not used during Expedition 355 because it
has a large bow-spring that is required because the tool is very sen-
sitive to separation from the borehole wall. This would mean that
the MSS would have to be run higher up in the tool string so it could
be eccentralized and ultimately would require an additional log run.

Magnetic susceptibility data from the deep-reading sensor are
plotted as uncalibrated units. The MSS reading responses are af-
fected by temperature and borehole size (higher temperatures lead
to higher susceptibility measurements). No apparent temperature
drift was seen in the data and therefore no corrections were made
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offshore. When the magnetic susceptibility signal in sediment is 
very low, the detection limits of the tool may be reached. For quality 
control and environmental correction, the MSS also measures in-
ternal tool temperature, z-axis acceleration, and low-resolution 
borehole conductivity.

Acceleration and inclinometry
Three-component acceleration and magnetic field measure-

ments were made with the General Purpose Inclinometry Tool 
(GPIT). The primary purpose of this tool, which incorporates a 
three-component accelerometer and a three-component magneto-
meter, is to determine the acceleration and orientation of the FMS-
sonic tool string during logging. This information allows the FMS 
images to be corrected for irregular tool motion and the dip and di-
rection (azimuth) of features in the images to be determined. The 
GPIT is run with other tools on the FMS-sonic tool string that can 
carry remanent or induced magnetization; therefore, its magnetic 
measurements can be affected by the other tools as well as the rocks 
in the borehole wall and magnetization of the casing and/or drill 
pipe. However, on the FMS-sonic tool string the GPIT has greater 
nonmagnetic insulation from the other tools, which greatly reduces 
the effects on its magnetic measurements.

Log data quality
The main influence on log data quality is the condition of the 

borehole wall. Where the borehole diameter varies over short inter-
vals because of washouts (wide borehole) of softer material or 
ledges of harder material, the logs from tools that require good con-
tact with the borehole wall (i.e., FMS, density, and porosity) may be 
degraded. Deep investigation measurements, such as gamma radia-
tion, resistivity, and sonic velocity, which do not require contact 
with the borehole wall, are generally less sensitive to borehole con-
ditions. “Bridged” sections, where borehole diameter is much lower 
than the bit size, will also cause irregular log results. The quality of 
the borehole is improved by minimizing the circulation of drilling 
fluid while drilling, flushing the borehole to remove debris, and log-
ging as soon as possible after drilling and conditioning are com-
pleted.

The quality of the wireline depth determination depends on sev-
eral factors. The depth of the logging measurements is determined 
from the length of the cable payed out from the winch on the ship. 
The seafloor is identified on the NGR log by the abrupt reduction in 
gamma ray count at the water/sediment interface (mudline). Dis-
crepancies between the drilling depth and the wireline log depth 
may occur. In the case of drilling depth, discrepancies are caused by 
core expansion, incomplete core recovery, or incomplete heave 
compensation. In contrast for log depth, discrepancies between suc-
cessive runs occur because of incomplete heave compensation, in-
complete correction for cable stretch, and cable slip. Tidal changes 
in sea level affect both drilling and logging depths.

Wireline heave compensator
During wireline logging operations, the up-and-down motion of 

the ship (heave) causes a similar motion of the downhole logging 
tools. If the amplitude of this motion is large, depth discrepancies 
can be introduced into the logging data. The risk of damaging 
downhole instruments is also increased. A WHC system was thus 
designed to compensate for the vertical motion of the ship and 
maintain steady motion of the logging tools to ensure high-quality 
logging data acquisition (Iturrino et al., 2013; Liu et al., 2013). The 
WHC uses a vertical accelerometer (motion reference unit [MRU]) 

positioned under the rig floor near the ship’s center of gravity to cal-
culate the vertical motion of the ship with respect to the seafloor. 
The WHC then adjusts the length of the wireline by varying the dis-
tance between two sets of pulleys through which the cable passes in 
order to minimize downhole tool motion. Real-time measurements 
of uphole (surface) and downhole acceleration are made simultane-
ously by the MRU and the EDTC, respectively.

Logging data flow and log depth scales
Data for each wireline logging run were monitored in real time 

and recorded using the Schlumberger MAXIS 500 system. Initial 
logging data were referenced to the rig floor (m WRF). After logging 
was completed, the data were shifted to a seafloor reference (m 
WSF) based on the step in gamma radiation at the sediment/water 
interface.

Data were transferred onshore to LDEO, where standardized 
data processing took place. The main part of the processing is depth 
matching to remove depth offsets between logs from different log-
ging runs, which results in a new depth scale: WMSF. Also, correc-
tions are made to certain tools and logs (e.g., FMS imagery is 
corrected for tool acceleration, including “stick and slip” motion), 
documentation for the logs (with an assessment of log quality) is 
prepared, and the data are converted to ASCII for the conventional 
logs and to GIF for the FMS images. The Schlumberger Geo-Quest’s 
GeoFrame software package is used for most of the processing of 
the collected wireline logging data. The data were transferred back 
to the ship within a few days after logging, and this processed data 
set was made available to the science party.

In situ temperature measurements
During Expedition 355, in situ temperature measurements were 

made with the APCT-3 in Hole A at each site when the APC was 
deployed. The APCT-3 fits directly into the coring shoe of the APC 
and consists of a battery pack, data logger, and a platinum resis-
tance-temperature device calibrated over a temperature range from 
0° to 30°C. Before entering the borehole, the tool is first stopped at 
the mudline for 5 min to thermally equilibrate with bottom water. 
However, the lowest temperature recorded during the run was oc-
casionally used instead of the average temperature at the mudline as 
an estimate of the bottom water temperature because (1) it was 
more repeatable, and (2) the bottom water is expected to have the 
lowest temperature in the profile. When the APC is plunged into 
the formation, there is an instantaneous temperature rise from fric-
tional heating. This heat gradually dissipates into the surrounding 
sediment as the temperature at the APCT-3 equilibrates toward the 
temperature of the sediment. After the APC penetrated the sedi-
ment, it was held in place for 10 min while the APCT-3 recorded the 
temperature of the cutting shoe every second.

The equilibrium temperature of the sediment was estimated by 
applying a mathematical heat-conduction model to the temperature 
decay record (Horai and Von Herzen, 1985). The synthetic thermal 
decay curve for the APCT-3 is a function of the geometry and ther-
mal properties of the probe and the sediment (Bullard, 1954; Horai 
and Von Herzen, 1985). Equilibrium temperature was estimated by 
applying a fitting procedure (Pribnow et al., 2000). However, where 
the APC did not achieve a full stroke or where ship heave pulled the 
APC up from full penetration, the temperature equilibration curve 
is disturbed and temperature determination is less accurate. The 
nominal accuracy of the APCT-3 temperature measurements is 
±0.05°C.
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APCT-3 temperature data were combined with measurements 
of thermal conductivity (see Physical properties) obtained from 
core sections to obtain heat flow values. Heat flow was calculated 
according to the Bullard method, to be consistent with the synthesis 
of Ocean Drilling Program (ODP) heat flow data by Pribnow et al. 
(2000).
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