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Background and objectives
This chapter documents the procedures and methods employed
in the various shipboard laboratories during Expedition 317 of
the Integrated Ocean Drilling Program (IODP). This information
applies only to shipboard work described in the Expedition Re-
ports section of the Expedition 317 Proceedings of the Integrated
Ocean Drilling Program volume. Methods for shore-based analyses
of Expedition 317 samples and data will be described in individ-
ual scientific contributions to be published elsewhere. All ship-
board scientists contributed to the completion of this volume.

Operations
Site locations

Global Positioning System (GPS) coordinates from precruise site
surveys were used to position the vessel at all Expedition 317
sites. A SyQuest Bathy 2010 CHIRP subbottom profiler was used
to monitor the seafloor depth on the approach to each site to re-
confirm the depth profiles from precruise surveys. Once the vessel
was positioned at a site, the thrusters were lowered and a posi-
tioning beacon was dropped to the seafloor. The dynamic posi-
tioning (DP) control of the vessel used navigational input from
the GPS system and triangulation to the seafloor beacon,
weighted by the estimated positional accuracy. The final hole po-
sition was the mean position calculated from the GPS data col-
lected over a significant portion of the time the hole was occupied.

Drilling operations
All three standard coring systems—the advanced piston corer
(APC), the extended core barrel (XCB), and the rotary core barrel
(RCB)—were used during Expedition 317.

The APC system was used in the upper portion of each hole when
coring in the top of the hole was the objective. The APC system
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 pres-
sured up until the two shear pins that hold the inner barrel at-
tached to the outer barrel fail. The inner barrel then advances into
the formation and cuts the core. The driller can detect a successful
cut, or “full stroke,” from the pressure gauge on the rig floor.
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APC refusal is conventionally defined in two ways:
(1) the piston fails to achieve a complete stroke (as
determined from the pump pressure reading) be-
cause the formation is too hard or (2) excessive force
(>60,000 lb; ~267 kN) is required to pull the core bar-
rel out of the formation. When a full stroke could
not be achieved, one or two additional attempts
were typically made, and each time the bit was ad-
vanced by the length of recovered core. Note that
this resulted in a nominal recovery of ~100% based
on the assumption that the barrel penetrated the for-
mation by the equivalent of the length of core recov-
ered. When a full or partial stroke was achieved but
excessive force could not retrieve the barrel, the core
barrel was sometimes “drilled over”: after the inner
core barrel was successfully shot into the formation,
the drill bit was advanced to total depth to free the
APC barrel.

Nonmagnetic core barrels were used during all con-
ventional APC coring to a pull force of ~40,000 lb.
When the need for drillover was anticipated, stan-
dard steel core barrels were used because they are
stronger than the nonmagnetic barrels. Most APC
cores recovered during Expedition 317 were oriented
using the Flexit tool (see “Paleomagnetism”). For-
mation temperature measurements were made to ob-
tain temperature gradients and heat flow estimates
(see “Heat flow”).

The XCB system was used to advance the hole when
APC refusal occurred before the target depth was
reached or when the formation became either too
stiff for the APC system or hard substrate such as ce-
mented layers and nodules or chert 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 encountered. The XCB system was
used extensively during Expedition 317 and to
greater depths than anticipated.

The bottom-hole assembly (BHA) used for APC and
XCB coring during Expedition 317 was composed of
an 11  inch (~29.05 cm) drill bit, a bit sub, a seal
bore drill collar, a landing saver sub, a modified top
sub, a modified head sub, a nonmagnetic drill collar,
five 8 inch (~20.32 cm) control length drill collars,
and a tapered drill collar, followed by a 5½ inch drill
pipe to the surface. A typical tapered drill string was
not used during Expedition 317 because of the shal-
low water depth. A lockable flapper valve was used
so that downhole logs could be collected.

716⁄
Proc. IODP | Volume 317
The RCB system was deployed when XCB coring
rates diminished below an acceptable level or the bit
was destroyed by the increasingly hard formation.
The RCB is the most conventional rotary drilling sys-
tem and was used during Expedition 317 to drill and
core the deepest sediment hole in the history of the
R/V JOIDES Resolution. The RCB system requires a
dedicated RCB BHA and a dedicated RCB drilling bit.

The BHA used for RCB coring included a 9  inch
RCB drill bit, a mechanical bit release, a modified
head sub, an outer core barrel, a modified top sub,
and seven control length drill collars, followed by a
tapered drill collar to the 5½ inch drill pipe.

Most cored intervals were ~9.5 m long, which is the
length of a standard core barrel and the length of a
joint of drill pipe. In some cases, the drill string was
drilled or “washed” ahead without recovering sedi-
ments 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.

IODP depth conventions
In the last few decades, Deep Sea Drilling Project
(DSDP), Ocean Drilling Program (ODP), and IODP
Phase 1 reports, diagrams, and publications used
three primary designations to reference depth: me-
ters below rig floor (mbrf), meters below seafloor
(mbsf), and meters composite depth (mcd). These
designations were combinations of origin of depth
scales (rig floor or seafloor), measurement units (m),
and method of construction (composite). The desig-
nations evolved over many years based on the needs
of individual science parties.

Over the course of ODP and IODP scientific drilling,
issues with the existing depth scale designations and
the lack of a consistent framework became apparent.
For example, application of the same designation to
scales created with distinctly different tools and
methods was common (e.g., mbsf used for scales
measured both by drill string tally and the wireline).
Consequently, new scale type designations were cre-
ated ad hoc to differentiate the wireline logging scale
from the core depth scale so that depth-mapping pro-
cedures and products could be adequately described.
However, the management and use of multiple maps,
composite scales, or splices for a hole or a site was
problematic, and the requirement to integrate scien-
tific procedures among three IODP implementing
organizations amplified the need to establish a stan-
dardized and versatile depth framework.

Using the opportunity offered by the hiatus in IODP
drilling operations, a new classification and nomen-
clature for depth scale types was defined in 2006–2007
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to provide a starting point from which the imple-
menting organizations could address more specific
issues about the management of depth scales, depth
maps, and splices (see “IODP depth scales terminol-
ogy,” version 1.0, available at www.iodp.org/
program-policies/, for explanation of IODP depth
scale definitions) (Table T1). 

The primary depth scale types are based on the mea-
surement of drill string length (e.g., drilling depth
below rig floor [DRF] and drilling depth below sea-
floor [DSF]), length of core recovered (e.g., core
depth below seafloor [CSF] and core composite
depth below seafloor [CCSF]), and logging wireline
(e.g., wireline log depth below rig floor [WRF] and
wireline log depth below seafloor [WSF]). All units
are in meters (m). The relationship between scales is
defined either by protocol, such as the rules for
computation of CSF from DSF, or user-defined corre-
lations, such as stratigraphic correlation of cores
between holes to create a common CCSF scale from
the CSF scales used in each hole. The distinction in
nomenclature should keep the user aware that a
nominal depth value at two different depth scales
usually does not refer to exactly the same strati-
graphic interval (also see “Curatorial procedures
and sample depth calculations”).

For editorial convenience, the depth scale type acro-
nym was not repeated with each depth reference in
the site chapters. The scale type was declared at the
beginning of each section and only mentioned again
if a different scale type was used.

Core handling and analysis
The first hole drilled at each Expedition 317 site was
a short (<50 m deep) hole dedicated to whole-round
sampling for microbiology, geochemistry, and geo-
technical studies of the uppermost interval in the
hole, where physical and chemical properties change
rapidly downhole. Whole-round samples were also
taken from cores from the main holes but at much
lower frequency. As soon as cores arrived on deck,
microbiological whole-round samples as well as
headspace samples for contamination testing were
taken with sterilized tools (see “Geochemistry and
microbiology”). Additional headspace samples as
well as gas void (vacuum tube) samples were also
taken for immediate hydrocarbon analysis as part of
the shipboard safety and pollution prevention pro-
gram. Additional whole-round samples were taken
for interstitial water analysis. Core catcher samples
were taken for biostratigraphic analysis.

Core sections were then placed in core racks in the
laboratory. When the cores reached equilibrium with
laboratory temperature (typically after ~4 h), whole-
round core sections were run through the Whole-
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Round Multisensor Logger (WRMSL; measuring
P-wave velocity, density, magnetic susceptibility, and
resistivity) and the Natural Gamma Radiation Logger
(NGRL). Thermal conductivity measurements were
typically taken at a rate of one per section (see
“Physical properties”).

The cores were then split lengthwise from bottom 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. The working half of each core was
sampled for shipboard analysis (biostratigraphy,
physical properties, carbonate, paleomagnetics, and
bulk X-ray diffraction [XRD] mineralogy) and for
shore-based studies. The archive half of each core
was scanned on the Section Half Imaging Logger
(SHIL) and measured for color reflectance and mag-
netic susceptibility on the Section Half Multisensor
Logger (SHMSL). At the same time, the archive
halves were described visually and by means of
smear slides. Finally, the archive halves were run
through the cryogenic magnetometer.

Both halves of the core were then put into labeled
plastic tubes that were sealed and transferred to cold
storage space aboard the ship. At the end of the ex-
pedition, the cores were transferred from the ship to
refrigerated trucks and then transported to cold stor-
age at the IODP Gulf Coast Repository in College
Station, Texas (USA).

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 inter-
vals higher in the hole may be washed down by drill-
ing circulation, accumulate at the bottom of the hole,
and be sampled with the next core. The uppermost
10–50 cm of each core must therefore be examined
critically during description for potential “cave-in.”
Common coring-induced deformation includes the
concave-downward appearance of originally hori-
zontal bedding. Piston action may result in fluidiza-
tion (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.
When gas content is high, pressure must be relieved
for safety reasons before the cores are cut into seg-
ments. This is accomplished by drilling holes into
the liner, which forces some sediment as well as gas
out of the liner. These disturbances are described in
“Lithostratigraphy” in each site chapter and graphi-
cally indicated on the core summary graphic reports
(standard graphic reports or “barrel sheets”).
3
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Curatorial procedures and sample depth 
calculations

The numbering of sites, holes, cores, and samples
followed standard IODP procedure. A full curatorial
sample identifier consists of the following informa-
tion: expedition, site, hole, core number, core type,
section number, and interval in centimeters mea-
sured from the top of the core section. For example,
a sample identification of “317-U1351A-1H-2, 10–
12 cm” represents a sample taken from the interval
between 10 and 12 cm below the top of Section 2 of
Core 1 (“H” designates that this core was taken with
the APC system) of Hole A of Site U1351 during Ex-
pedition 317. The “U” preceding the hole number
indicates that the hole was drilled by the United
States Implementing Organization (USIO) platform,
the JOIDES Resolution.

Cored intervals are defined by the core top depth in
DSF and the amount the driller advanced the bit and
core barrel in meters. The length of the core is de-
fined by the sum of lengths of the core sections. The
CSF of a sample is calculated by adding the offset of
the sample below the section top and the lengths of
all higher sections in the core to the core top depth
measured with the drill string (DSF). A soft to semi-
soft sediment core from less than a few hundred me-
ters below seafloor expands upon recovery (typically
a few percent to as much as 15%), so the recovered
interval does not match the cored interval. In addi-
tion, a coring gap typically occurs between cores, as
shown by composite depth construction. Thus, a dis-
crepancy between DSF and CSF depths can exist with
regard to a stratigraphic interval. Furthermore, when
a core recovers more than 100% of the cored inter-
val, the CSF depth of a sample taken from the bot-
tom of a core will be greater than that of a sample
from the top of the subsequent core (i.e., the data
associated with the two core intervals overlap at the
CSF scale).

If a core has incomplete recovery, all cored material
is assumed to originate from the top of the drilled in-
terval as a continuous section for curation purposes.
The true depth interval within the cored interval is
unknown and should be considered a sample depth
uncertainty in age-depth analyses and in the correla-
tion of core data with downhole logging data.

Lithostratigraphy
The lithostratigraphic procedures used during Expe-
dition 317, including sediment classification, visual
core description, smear slide and thin section prepa-
ration and description, and XRD, are outlined below.
In addition, please see “Geochemistry and microbi-
ology” for an explanation of carbonate, major ele-
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ment, and trace element analyses carried out on
sediments and sedimentary rocks.

Core preparation
After imaging, but prior to description, the quality of
the split surface of the archive half of each core was
assessed, and when necessary (e.g., the surface was
smeared or uneven) the split surface of the archive
half was scraped lightly with a glass slide or spatula.
Cleaned sections were occasionally reimaged if the
visibility of sedimentary structures and fabric im-
proved.

Visual core description
Sediment components and percentages in the core
were determined using a hand lens, binocular micro-
scope, smear slide examination, or thin section.
Information from macroscopic and microscopic ex-
aminations of each core section was recorded by
hand on a primary description form (Fig. F1). All
handwritten forms were digitally preserved as PDF
files (see LITH in “Supplementary material”). The
schemes used for sediment description are detailed
below.

Color
Sediment color was determined qualitatively for core
intervals using Munsell soil color charts (Munsell
Color Company, Inc., 2000).

Lithologic classification
The lithologic classification scheme used during
Expedition 317, modified from Shipboard Scientific
Party (2004), is based on three end-member grain
components: biogenic silica, carbonate, and terrige-
nous or volcanic grains, along with alternative modi-
fiers determined from smear slides (Fig. F2). This
scheme is further divided according to the grain size
of the terrigenous component (i.e., the relative pro-
portions of gravel, sand, silt, and clay) (Wentworth,
1922). The term “mud” is used for a mixture of silt
and clay (Fig. F2). Adjectives such as “silty” and
“clayey” are used to differentiate mixtures of mud.
Sand is grouped into very fine to fine sand and me-
dium to very coarse sand fractions for description
purposes. Mixtures of mud and sand are divided
based on whether sand content is greater than or less
than 50% (sandy mud or muddy sand, respectively).

Mixtures of terrigenous, siliceous, and calcareous
sediments are named according to the relative pro-
portion of the three components (Fig. F2). “Marl”
describes a mixture of sand- to mud-sized carbonate
and terrigenous material, whereas sand-sized mix-
tures with little matrix are referred to as “bioclastic
4
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sand” and similarly “bioclastic gravel” for gravel-sized
sediment with little matrix. The term “ooze” is used
to describe <2 mm calcareous sediments containing
>90% carbonate, whereas “shell hash” denotes
>2 mm components. “Ash/tuff” is defined as sedi-
ment containing >50% silt- and sand-sized volcanic
grains (Mazzullo et al., 1988; Shipboard Scientific
Party, 2003b).

Sediment names also indicate the degree of sediment
induration (e.g., sand versus sandstone, silt versus
siltstone, mud versus mudstone, ooze versus chalk,
or limestone). Terrigenous sediments with >2 mm
modal grain size are termed “gravel,” whereas “con-
glomerate” and “breccia” are the principal names for
consolidated gravels with well-rounded and angular
clasts, respectively.

Sedimentary structures, accessories, and 
bedding
Sedimentary structures, accessories, and other pri-
mary and secondary (diagenetic) features are noted
in the core descriptions. Bed thickness was defined
according to McKee and Weir (1953):

Very thick bedded = >100 cm.
Thick bedded = >30–100 cm.
Medium bedded = >10–30 cm.
Thin bedded = >3–10 cm.
Very thin bedded = 1–3 cm.

Laminae are described as <1 cm thick. For units in
which two lithologies are closely interbedded (i.e.,
the individual beds are <15 cm thick and alternate
between one lithology and another), three “inter-
bedded” lithology names are used (Fig. F3): interbed-
ded sand and mud, interbedded silt and mud, and
interbedded clay and mud. When beds are scattered
throughout a different lithology (e.g., beds of clay
several centimeters to tens of centimeters thick
within a mud bed), they are logged individually and
entered as sedimentary structures, along with their
associated thicknesses and textures, into the data-
base using the DESClogik application.

Lithologic accessories noted include the type and
proportion of shells and organic material, the pres-
ence of glauconite or other minerals, concretions
and nodules, veins, and so on (Fig. F3).

Bioturbation
Ichnofabric description analysis included evaluation
of the extent of bioturbation and notation of distinc-
tive biogenic structures. To assess the degree of bio-
turbation semiquantitatively, a modified version of the
Droser and Bottjer (1986) ichnofabric index (1–5)
scheme was employed (1 = no apparent bioturbation,
2 = slight bioturbation, 3 = moderate bioturbation,
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4 = heavy bioturbation, 5 = complete bioturbation
[no depositional structure remaining]) (Fig. F4).
These indexes are illustrated using the numerical
scale in the ichnofabric column of the standard
graphic reports (barrel sheets). Sediments without
recognizable depositional structures were recorded as
Level 1 on this scale. Recognizable biogenic struc-
tures and trace fossils were noted and logged in the
database.

Drilling disturbance
The type and/or degree of drilling disturbance is
indicated using the terminology and intensities de-
fined in Figure F3.

Smear slide analysis
Toothpick samples were taken at select intervals in
the core and used to create smear slides according to
the method outlined in Mazzullo et al. (1988). One
or more smear slide samples were collected from the
main or dominant (D) lithology from the archive
half of each core. Additional samples were collected
from minor (M) lithologies and/or other areas of in-
terest (e.g., laminations, mottles, etc.). Smear slides
were viewed with a transmitted-light, petrographic
microscope, and the percentages of different miner-
alogic, biogenic, and authigenic components were
estimated along with the proportions of sand, silt,
and clay (terrigenous only). These estimations were
recorded on smear slide sample sheets, which were
digitally preserved as PDF files (see LITH in “Supple-
mentary material”), and entered into the database.
This technique was limited in that sand grains were
underemphasized, as were large calcareous compo-
nents (shells and shell fragments), and the determi-
nation of percentages was subjective and varied
slightly among different practitioners. Lithology de-
scriptions from smear slides were calibrated by com-
parison with XRD analysis and calcium carbonate
analyses by coulometry.

Thin sections
Thin sections were created on board when represen-
tative lithified sediments were encountered (includ-
ing concretions and nodules). Thin sections generally
provide less biased samples of whole rock than do
smear slides, and they allow for more accurate iden-
tification of the minerals present. However, the limi-
tation of selecting samples from the concretions and
nodules present in soft sediments means that there
was some bias in the types of lithology sampled,
including (1) sampling concretions in one lithology
over unlithified sediments from another and
(2) recovering concreted horizons at the expense of
other sediments.
5
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Lithologies were defined according to the main lith-
ologic classification scheme described above (Fig.
F2). Additionally, a smear slide sample worksheet
was completed before the results were added to the
database. Representative locations for thin sections
were selected when the sediments were generally too
lithified for smear slide analysis.

DESClogik data capture software
Primary description forms for core sections were
compiled and entered into the database using the
DESClogik application. Direct entry of descriptive
and interpretive information into the DESClogik
program was performed using the Tabular Data Cap-
ture (TDC) mode. Before core description, a spread-
sheet template was constructed in TDC. Tabs and
columns were customized to include description
from information categories (e.g., lithology, drilling
disturbance, and bioturbation). A second template
containing category columns for texture and relative
abundance of biogenic/mineralogic components was
configured specifically for recording smear slide
data.

DESClogik includes a graphic display mode for core
data (e.g., digital images of section halves and mea-
surement data) that can be used to augment core
description.

The data entered in DESClogik were then uploaded
into the Laboratory Information Management Sys-
tem (LIMS) database.

Standard graphic report (barrel sheet)
The LIMS2Excel application was used to extract data
in a format that could be used to plot descriptive as
well as instrumental data in core graphic summaries
using a commercial program (Strater, Golden Soft-
ware). The Strater program was then used to produce
a simplified, annotated, publication-quality standard
graphic report (also known as a barrel sheet) of each
core.

Beginning with the leftmost column, each barrel
sheet displays depth scale (m CSF-A), core length,
and section information. A fourth column displays
the concatenated section-half images adjacent to a
graphic lithology column in which core lithologies
are represented by graphic patterns illustrated in Fig-
ure F3. Subsequent columns provide information on
drilling disturbance, sedimentary structures, litho-
logic accessories, ichnofabric, and shipboard samples
(see legend in Fig. F3). Additional columns present
age data (see “Biostratigraphy”) and plots of core
logging data such as magnetic susceptibility, natural
gamma radiation (NGR), and color measurements
(see “Physical properties”).
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X-ray diffraction analysis
Samples for XRD analyses were selected from work-
ing halves based on visual core observations (e.g.,
color variability, visual changes in lithology, and tex-
ture) and smear slides. XRD analyses were performed
on one sample per core from the dominant lithology
in the same interval from which samples were taken
for smear slide, carbonate, and carbon content
analyses (coulometry, CHNS; see “Geochemistry
and microbiology”). One 5–10 cm3 sample per core
was frozen, freeze-dried in the case of unlithified
samples, and ground by hand or in an agate ball mill
as necessary. Prepared samples were top-mounted onto
a sample holder and analyzed using a Bruker D-4
Endeavor diffractometer 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 = 5° to 70°2θ.
Step size = 0.015°2θ.
Scan speed = 0.1 s/step.
Divergence slit = 0.3 mm.

Diffractograms of single samples were evaluated with
the Bruker DiffracPlus software package, which al-
lowed only for mineral identification and basic peak
characterization (e.g., width and maximum peak
intensity) and could not deconvolve overlapping
peaks, which were commonly observed in samples
from all sites. The locations of peaks used for mineral
recognition are shown in Table T2. Secondary dif-
fraction peaks were used for certain minerals (e.g.,
quartz and K-feldspar) because there was interference
at the primary diffraction peak position. Relative
abundances of various minerals were established on
the basis of maximum peak intensity. Quantification
of mineral contents was not possible because the
samples were not spiked with a defined amount of a
mineral standard for calibration and because of a
possible preferred orientation caused by top-mounting
the samples. Therefore, shipboard results yielded
only qualitative results on the relative occurrences
and abundances of the most common mineralogical
components. Further identification of clay mineral-
ogy from these bulk powder analyses was not at-
tempted on board the ship. Based on the comparison
of calcite peak intensity with total carbonate content
from coulometry, the minimum detectable peak in-
tensity was set at 60 counts.

Biostratigraphy
The primary focus of the Expedition 317 shipboard
paleontological group was to provide robust age and
6
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paleodepth inputs to help constrain the timing and
magnitude of global sea level perturbations during
the late Eocene to Holocene.

Ages were assigned based on core catcher samples us-
ing calcareous nannofossil, planktonic and benthic
foraminifer, bolboformid, and diatom biostratigra-
phy; where fitting, additional section subsamples
were taken to better define some bioevents and zonal
boundaries. Whole and nearly whole macrofossils in
split cores and in the coarse-sized faction of washed
microfossil samples were also routinely sampled and
identified. Other fossil material that was monitored
in washed samples and/or smear slides included shell
fragments from bivalves, gastropods, brachiopods,
scaphopods, barnacles, and crabs, as well as ostra-
cods, otoliths, fish teeth, bryozoan fragments, echi-
noid spines and plate fragments, radiolarians, and
silicoflagellates. All micropaleontological data, in-
cluding relative and total abundances and preserva-
tion, were uploaded to LIMS using the DESClogik
application.

The 2008 geological timescale (Ogg et al., 2008) was
used during Expedition 317, and the base of the
Quaternary and Pleistocene were placed at the top of
the Gelasian (1.806 Ma). The Pleistocene and Plio-
cene were divided into early, middle, and late (Fig.
F5). All bioevents, including highest occurrences
(HOs), lowest occurrences (LOs), highest common
occurrences (HCOs), and lowest common occur-
rences (LCOs), were calibrated to the astronomically
calibrated timescale of Ogg et al. (2008). Correlations
to the geological timescale will be improved by the
integration of postcruise data from more detailed
biostratigraphic and magnetostratigraphic analyses,
oxygen isotope stratigraphy, and cyclostratigraphic
studies of physical property data.

Foraminifers and bolboformids
Foraminifer and bolboformid biostratigraphy pro-
vided robust correlations with the New Zealand geo-
logical timescale (Cooper, 2004) shown in Figure F5.
The ranges of selected foraminifer and bolboformid
species are shown in Figure F6. The calibrated ages of
planktonic foraminifer and bolboformid datums are
given in Table T3, and the recalibrated ages of
benthic foraminifer datums are given in Table T4.
Foraminiferal criteria for the adopted marine paleo-
environmental classification, modified after Hayward
et al. (1999), are shown in Figure F7.

Microfossil preparation
To obtain planktonic and benthic foraminifers and
bolboformids from core catcher samples, a 100–
200 cm3 whole-round sample was soaked in tap wa-
Proc. IODP | Volume 317
ter, disaggregated, and washed over a 63 µm sieve.
Where disaggregation was incomplete, especially
through cemented intervals, selected samples were
rewashed to improve microfossil recovery and facili-
tate microfossil identification. All sieves were
cleaned in an ultrasonic tank and rinsed with a
methylene blue solution between successive samples
as a precaution against cross-contamination. After
being washed, all samples were dried at 100°C in a
thermostatically controlled drying cabinet. The sam-
ples were then divided with a microsplitter into sep-
arate aliquots for examination by members of the
shipboard micropaleontological team. In most cases,
only the >150 µm size fraction was examined; how-
ever, for stratigraphic levels where bolboformids
were likely to be present, the 125–150 µm size frac-
tion was also examined.

All age- and depth-diagnostic species of planktonic
and benthic foraminifers and bolboformids were
picked and mounted onto 60-division faunal slides
and/or single-hole slides coated with gum traga-
canth. As time allowed, other species and microfos-
sils were also picked and mounted onto the same
slides.

Planktonic foraminifers
The taxonomy for Neogene planktonic foraminifers
follows a modified version of the phylogenetic classi-
fication of Kennett and Srinivasan (1983), except
subgenera were raised to the status of genera (e.g.,
Globorotalia [Globoconella] = Globoconella). Abbrevia-
tions for genera and species qualifiers are given in
Table T5. Species concepts are primarily based on
Hornibrook (1981, 1982), Hornibrook et al. (1989),
Scott et al. (1990), Hornibrook and Jenkins (1994),
and Crundwell and Nelson (2007). Planktonic fora-
miniferal biostratigraphy from DSDP Site 594 and
ODP Site 1119, off the eastern South Island of New
Zealand, showed that late Neogene planktonic
assemblages were strongly influenced by cold suban-
tarctic water and that many of the age-diagnostic
temperate species were either absent or poorly repre-
sented. As a consequence, unpublished ages for
recently calibrated bioevents at South Tasman Rise
(ODP Site 1171, 50°S) (M.P. Crundwell, unpubl. data)
were used during Expedition 317 to subdivide and
correlate the late middle Miocene. These bioevents
include the HO of Globoconella conica (12.98 Ma), the
LCO of Paragloborotalia mayeri s.l. (13.33 Ma), and
the LO of Truncorotalia juanai (13.72 Ma).

During the shipboard examination of samples for
planktonic foraminifers, the abundance of foramini-
fers, bolboformids, and other fossil groups in the
150–1000 µm grain-size fractions of washed micro-
fossil samples was categorized as follows:
7
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D= dominant; >50% of the washed sample.
A = abundant; >20%–50% of the washed sample.
C = common; >5%–20% of the washed sample.
F = few; 1%–5% of the washed sample.
R = rare; <1% of the washed sample.

The percentage of planktonic foraminifers relative to
all foraminifers was determined semiquantitatively
for all samples from random counts of 100 foramini-
fers in the 150–1000 µm grain-size fractions of
washed microfossil residues. Because planktonic for-
aminifers were often present in very low numbers,
especially at the cored shelf sites, only the presence
of each species was recorded using the following cat-
egories:

X = present.
? = uncertain or unreliable identification.
cf. = confer (compare with).
aff. = affinis (affinity with).
sp. = unidentified species assigned to the genus.
spp. = more than one unidentified species assigned 

to the genus.

The preservation of planktonic foraminifers was cat-
egorized as follows:

G = good; mostly whole specimens; well-preserved 
ornamentation and surface ultrastructure; 
nearly all specimens identifiable at the species 
level.

M = moderate; specimens often etched or broken; 
ornamentation and surface ultrastructure 
modified; most specimens identifiable at the 
species level.

P = poor; most specimens heavily encrusted, re-
crystallized, diagenetically overgrown, 
crushed, or broken; most specimens difficult 
to identify at the species level.

Bolboformids
Bolboformids are an extinct group of microfossils
that have generally been interpreted as phytoplank-
tonic organisms (Spiegler and von Daniels, 1991),
although oxygen isotope data from the analysis of
bolboformid shells (Poag and Karowe, 1986; Spiegler
and Erlenkeuser, 2001) suggest that bolboformids
spent at least part of their life cycles below the
photic zone in the mid- to lower levels of the water
column. Bolboformids are generally made up of a
hollow, single-spheroidal or subspheroidal chamber
with a wall composed of monocrystalline calcite.
They have a simple aperture surrounded by a short
neck or collar. Surface morphology ranges from
smooth to highly ornamented, with spines, knobs,
reticulations, ribs, ridges, and flanges. Shell sizes
range from 70 to 240 µm, although most specimens
are <150 µm. Because of their small size, simple
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form, and often highly ornamented shells, bolbofor-
mids have commonly been misidentified as simple
single-chambered foraminifers. They are important
index fossils that supplement calcareous nannofossil
and planktonic foraminiferal zonations in mid- to
high-latitude regions of Europe, the Atlantic, the
southern Indian Ocean, and the southwest Pacific
(Spiegler and von Daniels, 1991; Spiegler and Müller,
1992; Crundwell and Nelson, 2007).

Bolboformid records from oceanic sites around New
Zealand, including Site 594 (45.5°S) and ODP Site
1123 (42°S) off the east coast of the South Island,
comprise a series of short-lived appearances and dis-
appearances punctuated by intervals without bolbo-
formids (Fig. F6). These occurrences are unusual in
that they are generally associated with a single spe-
cies, often in very large numbers, and each interval is
typically associated with a different morphologically
distinct species. Similar bolboformid occurrences
have been noted in offshore petroleum exploration
wells in the Canterbury Basin and at ODP Site 1120
(50°S) on Campbell Plateau (M.P. Crundwell, pers.
comm., 2009).

The taxonomic classification scheme for Neogene
bolboformids adopted during Expedition 317 follows
Spiegler and von Daniels (1991), Spiegler (1999),
and the intraspecific morphological variation of
Crundwell et al. (2005). All bolboformid events in
the Southwest Pacific were age calibrated to the geo-
magnetic polarity timescale (GPTS) at Site 1123
(Crundwell and Nelson, 2007). The ages of bolbofor-
mid datums recalibrated to the timescale of Ogg et
al. (2008) are given in Table T3.

Benthic foraminifers
Benthic foraminifers were the primary paleontologi-
cal tool used for estimating changes in water depths
during the shipboard examination of samples. Ben-
thic foraminifers were also used for biostratigraphic
dating, especially for the shallow-water sections of
cored sites, where planktonic foraminifers and cal-
careous nannofossils were poorly represented (e.g.,
Site U1353). The individual benthic foraminiferal
datums recognized were mostly regional datums
established for onshore and near-shore New Zealand
(e.g., Hornibrook et al., 1989). The benthic foramin-
iferal taxonomy adopted for Expedition 317 follows
Vella (1957), Hornibrook (1961), Hornibrook et al.
(1989), and Hayward et al. (1999).

The depth distributions of extinct benthic foramini-
fers were approximated on the assumption that
extant species belonging to the same evolutionary
lineage occupy a similar depth range. Water depths
were estimated for each sample using a qualitative
approach based on the diagnostic assemblages listed
8
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in Table T6 and by comparing the fossil assemblages
with extant New Zealand benthic foraminiferal as-
semblages with known depth distributions (Hayward
et al., 1999, unpubl. data). The proportion of plank-
tonic to benthic foraminifers was also used as a
proxy for paleowater depths.

The abundance of benthic foraminifers relative to
the composite fossil group of all foraminifers, ostra-
cods, otoliths, echinoid spines, and micro-mollusks
was categorized as follows:

D= dominant; >50% of the total composite fossil 
group.

A = abundant; >20%–50% of the total composite 
fossil group.

C = common; >5%–20% of the total composite 
fossil group.

F = few; 1%–5% of the total composite fossil 
group.

R = rare; <1% of the total composite fossil group.

The relative abundances of individual benthic fora-
miniferal species were recorded as follows:

D= dominant; >30% of the benthic foraminiferal 
assemblage.

A = abundant; >10%–30% of the benthic foramin-
iferal assemblage.

C = common; >5%–10% of the benthic foraminif-
eral assemblage.

F = few; 1%–5% of the benthic foraminiferal 
assemblage.

R = rare; <1% of the benthic foraminiferal assem-
blage.

Preservation categories for benthic foraminifers fol-
low those of planktonic foraminifers.

Calcareous nannofossils
The calcareous nannofossil zonation of Martini
(1971; zonal code numbers NP–NN) was used as a
general framework during Expedition 317 (Fig. F8).
The biozonal markers of Gartner (1977) were also
used to improve biostratigraphic resolution through
the Pleistocene (Fig. F9), and the bioevents of Okada
and Bukry (1980) were considered for their biostrati-
graphic utility through the Cenozoic. An exception
to this is the base of NN2, defined as the LO of Dis-
coaster druggii; because of the species’ rarity, the da-
tum was not considered reliable enough to be used
as a zonal marker. The calcareous nannofossil bio-
stratigraphy of ODP Leg 181, off the east coast of
New Zealand, showed that Pleistocene nannofossil
assemblages had mid-latitude characteristics, and
marker species that define standard biostratigraphic
zones were recognized; however, standard zonal
markers for the Pliocene and late Miocene (i.e., Dis-
coasters, Sphenoliths, Ceratoliths, and Amauroliths)
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were not always applicable, because these groups
were either absent or occurred in such paucity as not
to be useful (Shipboard Scientific Party, 1999). Cal-
careous nannofossil datums utilized during Expedi-
tion 317 were calibrated to the 2008 timescale (Ogg
et al., 2008) and are given in Table T7. Taxonomic
classification was based on Perch-Nielsen (1985) and
Bown (1998, 2005). Samples were prepared as smear
slides and analyzed using standard light microscope
techniques under cross-polarized and plain light at
1000× magnification.

The total abundance of calcareous nannofossils was
defined as follows:

VA = 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.

The relative abundances of individual calcareous
nannofossil taxa were recorded relative to the field of
view (FOV) at 1000× magnification:

D = dominant; >100 specimens/FOV.
A = abundant; >10–100 specimens/FOV.
C = common; 1–10 specimens/FOV.
F = frequent; 1 specimen/1–10 FOVs.
R = rare; 1 specimen/10–100 FOVs.
P = present; 1 specimen/>100 FOVs.

Calcareous nannofossil preservation was categorized
using the following criteria:

G = good; little or no evidence of dissolution and/
or recrystallization; primary morphological 
characteristics only slightly altered; all speci-
mens identifiable at the species level.

M = moderate; some etching and/or recrystalliza-
tion; primary morphological characteristics 
partially altered; most specimens identifiable 
at the species level.

P = poor; specimens severely etched or over-
grown; primary morphological characteristics 
largely destroyed; fragmentation evident; 
most specimens not identifiable at the species 
and/or generic level.

As time allowed, additional semiquantitative counts
of calcareous nannofossils were made (where indi-
vidual nannofossils were counted in five FOVs) in
order to provide better insight into the cyclic nature
of nannofossil abundance.

Diatoms
There have been numerous biostratigraphic and tax-
onomic studies of diatoms in Southern Ocean sedi-
ments (McCollum, 1975; Schrader, 1976; Fenner et
al., 1976; Ciesielski, 1983; Gersonde and Burckle,
9
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1990; Gersonde, 1990; Baldauf and Barron, 1991;
Harwood and Maruyama, 1992; Censarek and Ger-
sonde, 2002; Zielinski and Gersonde, 2002; Winter
and Iwai, 2002). The adopted Neogene diatom zonal
scheme used during Expedition 317 follows Cody et
al. (2008), and the Paleogene zonal scheme follows
Harwood and Maruyama (1992).

All diatom samples were prepared as smear slides us-
ing Pleurax as the mounting medium. Smear slides
were set on a hot plate at 50°–60°C. Calcareous con-
cretions were sieved with a 20 µm mesh after hydro-
chloric acid (HCl, 30%) was applied to dissolve the
carbonate. This solution was kept in a 200 mL beaker
for a few hours. The total abundance of diatoms and
other biosiliceous components, together with assem-
blage composition, was recorded for all slides. For
core catcher samples, wherever possible, 100 speci-
mens (other than Chaetoceros resting spores) were
counted. After counting, the slides were scanned to
record the presence of other species missed in the
original census. Between 100 and 1000 valves were
observed in samples containing sufficient diatom re-
mains. When <100 diatom valves were observed on a
slide, all taxa were enumerated in a single count. Ex-
cept for core catcher samples, the assessment of total
diatom abundance was qualitative.

Diatom abundances were recorded as follows:

A = abundant; >10 valves/FOV.
C = common; 1–10 valves/FOV.
F = few; ≥1 valve/10 FOVs and <1 valve/FOV.
R = rare; ≥3 valves/traverse of coverslip and 

<1 valve/10 FOVs.
X = present; <3 valves/traverse of coverslip, includ-

ing fragments.
B = barren; no valves.

Diatom preservation categories were described as
follows:

G = good; finely silicified and robust forms; no 
significant alteration of frustules other than 
moderate fragmentation.

M = moderate; moderate concentration of heavily 
silicified forms and/or high degree of frag-
mentation of finely silicified forms.

P = poor; finely silicified forms virtually absent; 
heavily silicified forms fragmented and/or 
corroded.

Paleomagnetism
Natural remanent magnetization

Natural remanent magnetization (NRM) was rou-
tinely measured on archive section halves using a 2G
Enterprises superconducting rock magnetometer
(SRM; model 760R) before and after alternating-field
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(AF) demagnetization. The magnetometer includes
three orthogonal direct-current superconducting
quantum interference devices (DC SQUIDs) and is
equipped with an in-line AF demagnetizer (2G Enter-
prises model 2G600) capable of producing peak
fields of 80 mT at 200 Hz frequency. The magnetom-
eter was run and data were acquired by a program
called SRM (version 3.23), which was still in develop-
ment. Two separate modules were used for continu-
ous (section length) and discrete measurements,
both reporting measurements in SI units. Previous
expeditions had demonstrated that data could be ac-
quired effectively using this software, but not all
functions were available and persistent bugs slowed
core flow. Testing during transit revealed that the
module for discrete samples was particularly faulty
and crashed often, in most instances because of com-
munication problems with the degausser unit. The
ramp up light on the front panel of the degausser
unit sometimes did not light, which indicated that
the magnetic field along the y-direction was not ap-
plied despite a normal display on the main personal
computer (PC) screen. As a result, the discrete soft-
ware module was not used during Expedition 317.
Instead, discrete samples were measured on the SRM
using the continuous software module. This software
assumes a semicylindrical sample with an elongate z-
axis when calculating magnetizations. Inclination,
declination, and intensity must therefore be recalcu-
lated from the reported magnetic moments for
discrete (cube) samples.

IODP orientation conventions were applied to the
archive halves (+x: vertically upward; +y: horizon-
tally to the right when looking downcore; and +z:
downcore). Core sections were measured at 5 cm in-
tervals. In addition, NRM measurements were made
at 5 cm intervals over 15 cm before the sample en-
tered the SQUID sensors and again after the sample
passed through. These measurements are referred to
as header and trailer measurements, and they serve
the dual functions of monitoring the background
magnetic moment and allowing for future deconvo-
lution analysis.

The noise levels of the SRM, established from empty
core tray measurements taken both during transit
and during drilling operations, were ~4 × 10–10 A/m2

for the three SQUID sensors (the z-axis usually being
the noisiest). For discrete samples with volumes of 6–
10 cm3, this noise level equates to an intensity of 4 ×
10–5 A/m. For split core samples with effective vol-
umes of ~100 cm3, the tray noise level corresponds to
an intensity of 4 × 10–6 A/m. In fact, the background
resolution limit on remanence measurements of core
samples in the SRM system was dictated by the mag-
netization of the core liner. Although measurements
10
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of an unused, empty half liner had magnetizations
on the order of 10–5 A/m (the same magnitude as the
weakest section-half measurements), a used, empty
half liner from Site U1352 had peak intensities on
the order of 10–4 A/m. The remanence of the empty,
used liner had consistently steep positive inclina-
tions and declinations clustering to the north in the
archive coordinate system. Measurements from sev-
eral previous cruises indicate that accurate measure-
ments are likely to be obtained only when split-core
and discrete samples have intensities greater than
10–4 A/m and 10–3 A/m, respectively (Richter et al.,
2007).

Two available calibration standards (an 8 cm3 cube
standard with an intensity of 7.62 A/m and an
11.4 cm3 cylinder standard with an intensity of 5.98
A/m) were also measured during transit to the first
site. Measured intensities were within 0.5 A/m of re-
ported values. Flux jumps from the SQUIDs were
sometimes encountered during the measurement of
empty boats and of sections from Site U1354 but
were seldom encountered during the measurement
of sections from other sites. When a flux jump oc-
curred, the measurement was repeated. Background
tray measurements were taken when time allowed,
usually once per shift.

Demagnetization of section-half NRM
The remanence of each section half was measured
again after AF demagnetization was applied (using
the 2G Enterprises AF demagnetization coils inline
with the SRM). AF demagnetization was applied to
remove both natural and drilling-induced viscous re-
manent magnetization overprints (see Richter et al.,
2007). These overprints were observed as steep posi-
tive inclinations with declinations grouped around
north in the archive section-half coordinates. This
direction is the same as that observed in the used,
empty liner. When time permitted (Site U1351),
10 mT and 20 mT demagnetization steps were ap-
plied and measured in turn. When time was short
(Site U1352), only the 20 mT step was applied.
Because only ~90 min was available to completely
process each core, time was usually short and mea-
surement spacing was altered to maintain core flow.

During the preceding Expedition 324, concerns that
the demagnetizing coil on the SRM was malfunc-
tioning at fields >20 mT were reported. No action
was taken before the start of Expedition 317 because
the nature and cause of the problems could not be
determined. During transit to the first Expedition
317 site, an isothermal remanent magnetization
(IRM) was imparted on a suite of discrete samples
that were then demagnetized using the DTECH
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Model D-2000 demagnetizer. This process was then
repeated using the demagnetizing coils inline with
the SRM. Note that the discrete specimens were de-
magnetized and measured using the SRM continuous
core module software rather than the problematic
discrete module software. No significant change in
demagnetization behavior was observed up to
80 mT. No problems with the SRM demagnetizing
coils were detected during Expedition 317. It may be
that the apparent degausser coil malfunction re-
ported during Expedition 324 (samples behaving as
if they were acquiring an anhysteretic remanent
magnetization during the course of AF demagnetiza-
tion) arose from an unnoticed software communica-
tion problem with the degausser unit that led to an
unsuccessful demagnetization protocol.

Paleomagnetism and rock magnetism
of discrete samples

Oriented discrete samples were acquired from each
section for onshore analyses. In lithified sediments,
8 cm3 cubes were cut with a rock saw, and an upward
arrow was drawn on the split face of the working
half. In soft sediments, samples were taken using the
new IODP standard plastic boxes (“French cubes”)
having external dimensions of 2.2 cm × 2.2 cm ×
2.3 cm (internal volume = ~6.9 cm3). These plastic
cubes can be filled by pressing them directly into the
split face of the working half of the core. Alterna-
tively, an extruder can be used to extract sediment
from the core and extrude it into the cube. These
techniques, as described in Richter et al. (2007), re-
sult in azimuthally opposite orientations of the re-
covered cubes. For most soft-sediment cubes, we
used a modified version of the extruder technique,
which gave the same orientation as that given by
pressing the cubes directly into the sediment. A long,
open-topped extruder was used to cut through the
sediment to the core liner. The column of sediment
was then pushed from the bottom of the extruder
out of the open top and into the cube. The use of the
extruder resulted in a clean cut into the core, which
made samples easy to extract. When sediment was
very sticky, it was easier to press the cubes directly
into the cut face of the core. By using the modified
extruder technique most of the time, cubes could
still be pressed into the sediment or cut with a rock
saw when necessary and the orientation conventions
of all cubes remained the same. In all cases, samples
were extracted from the middle of the working half
of the core with the arrow on the face of the cube
pointing upcore, giving an orientation convention of
+x (vertically downward normal to the face marked
with the arrow), +y (horizontally to the right when
looking along the arrow), and –z (along the arrow).
11
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A pair of samples (one immediately above the other)
was recovered from each core to compare demagne-
tization behavior. When time allowed, sets of dis-
crete samples were measured in the SRM using foam
blocks taped onto the core section tray at 15 cm in-
tervals as sample holders. Paired, discrete samples
were taken to allow for a fuller demagnetization of
these samples in order to determine the complexity
of the routinely measured NRM. One sample from
each pair was demagnetized using AF demagnetiza-
tion at 5 mT intervals up to 80 mT (the maximum
demagnetization level of the SRM). Thermal demag-
netization of the second sample was performed in
the Schonstedt TSD-1 Thermal Demagnetizer. Rich-
ter et al. (2007) recommend that plastic cubes not be
heated beyond 200°C; however, we found that cubes
deformed at 140°C, and sediment had to be extracted
from the cube and placed in a tinfoil container dur-
ing heating if samples were to be demagnetized at
higher temperatures.

After AF demagnetization, samples were used for
rock magnetic experiments. Saturation IRM and co-
ercivity of remanence were established by imparting
a stepwise IRM up to 1 T using the ASC IM-10 im-
pulse magnetizer. A backfield IRM was then imparted
in the same manner, and magnetization was mea-
sured on the SRM after each step. An IRM was again
imparted with a 1 T field, and this was stepwise de-
magnetized using alternating fields up to 80 mT on
the SRM, allowing estimation of the mean destruc-
tive field of the samples.

Magnetic susceptibility
Three methods of measuring magnetic susceptibility
were available on board. The physical properties
group routinely measured the low-field susceptibility
of whole cores with an 88 mm Bartington model
MS2C loop sensor (MSL) at 2.5 or 5 cm intervals as
part of the Whole-Round Multisensor Logger
(WRMSL) (see “Physical properties”). A Bartington
model MS2F point sensor (MSP) was also available
on the SHMSL. Routine measurements were made at
5 cm intervals. Selected intervals were measured at
1–2 cm intervals. Bulk magnetic susceptibility of dis-
crete samples was measured using a Kappabridge KLY
4S susceptibility meter, which was also used to
monitor susceptibility changes during the thermal
demagnetization of discrete samples.

Core orientation
APC cores were recovered using a nonmagnetic core
barrel until overpull rendered this no longer feasible.
Flexit orientation tools were used to orient APC cores
when drilling conditions allowed.
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The Flexit tool uses three orthogonally mounted
fluxgate magnetometers to record orientation with
respect to magnetic north of the double lines scribed
on the core liner. The tool also has three orthogo-
nally mounted accelerometers to monitor the move-
ment of the drill assembly and help determine when
the most stable, and thus most useful, core orienta-
tion data are gathered. Tool declination, inclination,
total magnetic field, and temperature are recorded
internally at regular intervals until the tool’s mem-
ory capacity is filled. For a measurement interval of
6 s, the tool can typically be run for ~24 h, although
we aimed to switch tools at least every 8–12 h. Three
Flexit tools (serial numbers 936, 937, and 938) were
available.

The standard operating procedure involved synchro-
nizing the instrument to a PC, running the Flexit
software (version 3.5), and inserting the tool inside a
pressure casing. The enclosed tool was then given to
a core technician, who installed it on the sinker bars
that reside above the core barrel. The double lines on
the core liner were aligned relative to the tool. Prior
to firing the APC, the core barrel was held stationary
(along with the pipe and BHA) for several minutes
while data to be used in constraining core orienta-
tion were recorded. When the APC fired, the core
barrel was assumed to maintain the same orienta-
tion, although previous cruises have found evidence
that the core barrel can rotate and/or the core liner
can twist as it penetrates the sediments. Generally,
the core barrel was pulled out after a few minutes, al-
though it was left in the sediment for ~10 min for
cores collected with the third-generation advanced
piston corer temperature tool (APCT-3).

Once processed, data from the Flexit tool provided
the azimuthal orientation of the double line of the
core barrel (north in IODP coordinate systems). The
azimuthal orientation was computed as follows. The
magnetic toolface angle provided by the Flexit tool
was corrected to true north by adding the present-
day deviation of magnetic north from geographic
north at the site location, as provided by the Interna-
tional Geomagnetic Reference Field (IGRF) (+25° at
Site U1351). This corrected azimuthal orientation
was then used to orient the cores by adding this
value to the declination measured with the SRM.

Magnetostratigraphy
With drill sites at ~45°S, typical magnetic polarity
zones could be identified by distinct changes in
inclination of remanence. The present-day normal
field in this region, as provided by the IGRF model,
has a negative inclination (about –70°), so positive
remanence inclinations indicate a reversed field.
12
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When Flexit core orientation tools were used with
nonmagnetic core barrels during APC coring, decli-
nation information could also be used to establish
magnetic polarity.

The GPTS used during Expedition 317 is the same as
that used during Expedition 320/321 and is con-
structed as follows.

1. Interval 0.000–23.030 Ma: the Neogene timescale
of Lourens et al. (2004) was used. On this time-
scale, the Paleogene/Neogene boundary was
placed at 23.030 Ma, based on an astronomically
derived age for the base of Chron C6Cn.2n
(Shackleton et al., 2000) updated to the new as-
tronomical solution of Laskar et al. (2004) by Pä-
like et al. (2006a). Pälike et al. (2006b) estimated
an age of 23.026 Ma for this reversal boundary
(i.e., 4 k.y. younger than the estimate by Lourens
et al., 2004).

2. Interval 23.278–41.510 Ma: the Pälike et al.
(2006b; table S1) timescale was used from the top
of Chron C6Cn.3n at 23.278 Ma to the base of
Chron C19n at 41.510 Ma, which implies that
the 248 k.y. long Chron C6Cn.2r is artificially
shortened by 4 k.y. (1.6%) when shifting from
the Miocene to the Oligocene timescale.

3. Interval 42.536–83.000 Ma: the Cande and Kent
(1995) timescale was used from the top of Chron
C20n to the top of Chron C34n, which implies
that the 1.026 m.y. long Chron C19r is artificially
lengthened by 11 k.y. (1.1%) when shifting from
the Pälike et al. (2006b) timescale to the Cande
and Kent (1995) timescale.

Physical properties
Shipboard physical property measurements were
made during Expedition 317 to characterize litho-
logic units and aid in the following: correlating
lithology with downhole geophysical logging data,
assessing the lithologic dependence of porosity,
assessing consolidation history, and interpreting
seismic reflection profiles. The primary objectives of
the Expedition 317 physical properties program were
to collect medium-resolution data that would

1. Provide porosity information for the decompac-
tion algorithms used in the backstripping calcu-
lations used to estimate eustatic magnitudes;

2. Facilitate hole-to-hole and site-to-site correlation
and the construction of composite stratigraphic
sections;

3. Provide a framework for possible postcruise
climatic cyclostratigraphy studies;

4. Facilitate the construction of synthetic seismo-
grams;
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5. Investigate the characteristics of major seismic
reflectors; and

6. Promote a better understanding of the strength
of hemipelagic sediments in the context of sea
level change, sequence stratigraphy, and possible
changes of strength across unconformities.

Physical properties were measured on whole-round
sections using the WRMSL. After cores were brought
in from the catwalk, they were allowed to equilibrate
to ambient room temperature (20°–22°C) to ensure
thermal homogeneity in order to minimize tempera-
ture effects on physical property measurements and
to protect the sensors from damage. The WRMSL
incorporates a gamma ray attenuation (GRA) densi-
tometer, an MSL, and a compressional P-wave
velocity logger (PWL). NGR was also measured on
whole-round sections using the NGRL. MSP mea-
surements and color measurements (reflectance
spectroscopy and colorimetry [RSC]) were taken on
the archive halves of split cores using the SHMSL.
High-resolution digital color images were captured
using the Section Half Imaging Logger (SHIL). Mois-
ture and density (MAD) measurements were made
on discrete samples taken from section halves, often
adjacent to samples used for XRD analyses. Bulk
properties determined by MAD analyses include wet
bulk density, dry bulk density, grain density, water
content, and porosity. Shear strength was measured
on working halves with the automated vane shear
(AVS) system and with the fall cone penetrometer
(FCP), which is a third-party tool provided by the
Center for Marine Environmental Sciences
(MARUM), University of Bremen, Germany.

To help illustrate key trends, the often noisy magnetic
susceptibility, NGR, and color data were processed on
board using the Igor Pro 5 software. An efficient
approach was to use a built-in Gaussian filter. The
binomial smoothing algorithm used (based on Pas-
cal’s triangle) is described by Marchand and Marmet
(1983). The frequency response of the binomial
smoothing algorithm is expressed as a percentage of
the sampling frequency (= n passes). This method
should be improved postcruise by cleaning the data
from caved intervals of the uppermost and/or lower-
most parts of the cores and by using more appropri-
ate filtering methods. Processed data are available in
FILT_DATA in “Supplementary material.”

Whole-Round Multisensor Logger 
measurements

GRA bulk density, magnetic susceptibility, and com-
pressional P-wave velocity were measured nonde-
structively with the WRMSL on all whole-round core
sections. The quality of the WRMSL data is highly
dependent on core condition. To optimize WRMSL
13
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performance, sampling intervals and measurement
residence times were the same for all sensors for any
one core. Sampling intervals were initially set at
5 cm so that a 9.5 m long core would take ~1.2 h to
pass through the WRMSL with a residence time of 3 s
for each measurement and 14 s for all three measure-
ments. During the course of the expedition, it
became apparent that the sampling interval could be
reduced without constraining the workflow. There-
fore, the sampling resolution for all three measure-
ments was increased to 2.5 cm to provide a more
detailed record of the lowermost cores from Hole
U1352C (Section 317-U1352C-87R-1 [1361.4 m;
total depth]) and all cores from Sites U1353 and
U1354. These sampling intervals are common de-
nominators of the distances between the sensors
installed on the WRMSL (30–50 cm), which allowed
for a combination of sequential measurements that
optimized total measurement time.

Section Half Multisensor Logger 
measurements

The SHMSL employs multiple sensors to measure
bulk physical properties in a motorized and com-
puter-controlled section-half logging machine. The
SHMSL includes sensors for magnetic susceptibility,
RSC, and a laser surface analyzer. The sampling inter-
val was set at 5 cm for magnetic susceptibility and
RSC. The SHIL captured continuous high-resolution
images of the surface of the archive section halves.

Gamma ray attenuation bulk density
Bulk density reflects the combined effect of varia-
tions in porosity, grain density (dominant mineral-
ogy), and coring disturbance. Porosity is controlled
mainly by lithology and texture, compaction, and
cementation (controlled by both mechanical and
chemical processes).

The GRA densitometer on the WRMSL uses a 10 mCi
137Cs capsule as the gamma ray source (principal en-
ergy peak = 0.662 MeV) and a scintillation detector.
The narrow collimated peak is attenuated as it passes
through the center of the core. Incident photons are
scattered by the electrons of the sediment material
by Compton scattering.

The attenuation of the incident intensity (I0) is di-
rectly related to electron density in the sediment
core of diameter (D), which can be related to bulk
density given the average attenuation coefficient (in
micrometers) of the sediment (Evans, 1965; Harms
and Choquette, 1965). Because the attenuation coef-
ficient is similar for most common minerals and alu-
minum, bulk density was obtained through a direct
calibration of the densitometer using aluminum rods
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of different diameters mounted in a core liner filled
with distilled water. The GRA densitometer has a
spatial resolution of <1 cm.

Magnetic susceptibility
Magnetic susceptibility is a measure of the degree to
which a material can be magnetized by an external
magnetic field. It provides information on the mag-
netic composition of the sediments, which can often
be related to mineralogical composition (e.g., terrige-
nous versus biogenic materials) and diagenetic over-
printing. Magnetite and a few other iron oxides with
ferromagnetic characteristics have a specific mag-
netic susceptibility several orders of magnitude
higher than clay, which has paramagnetic properties.
Diamagnetic carbonate, silica, water, and plastics
(core liner) have small negative values of magnetic
susceptibility. Sediments rich in biogenic carbonate
and opal therefore have generally low to negative
magnetic susceptibility values because practically no
clay or magnetite is present. In such cases, measured
values approach the detection limit of the magnetic
susceptibility sensors.

Magnetic susceptibility was measured using the non-
contact pass-through “loop” sensor (MSL) on the
WRMSL and the magnetic susceptibility “point” sen-
sor (MSP) on the SHMSL. The MSL demands flush
contact with the split core. A laser surface analyzer
aids in the recognition of irregularities in the split-
core surface (e.g., cracks and voids), and data from
this tool were recorded to provide an independent
check on the fidelity of SHMSL measurements.

The frequency at which the MSL operates is 621 Hz.
The output of the magnetic susceptibility sensors
can be set to centimeter-gram-second (cgs) units or
SI units, which are the standard units used at IODP.
However, to actually obtain dimensionless SI, volume-
specific magnetic susceptibility values, the instrument
units stored in the IODP database must be multiplied
by a correction factor to compensate for instrument
scaling and the geometric ratio, including core dis-
turbance between core and loop dimensions. This
correction was not undertaken during Expedition
317, and all magnetic susceptibility values are re-
ported as instrument units.

Natural gamma radiation
The NGRL was designed and built at the Texas A&M
University IODP-USIO facility from 2006 to 2008.
The NGRL measures gamma rays emitted from
whole-round core sections. Gamma rays arise pri-
marily as a result of the decay of uranium, thorium,
and potassium isotopes. Data generated from this in-
strument are used to augment geologic interpreta-
tions and fine-tune stratigraphic correlations.
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The main NGR detector unit consists of 8 NaI scintil-
lator detectors, 7 plastic scintillator detectors, 22
photomultipliers, and passive lead shielding. The
NaI detectors are covered by at least 8 cm of lead
shielding. In addition, lead separators (~7 cm of low-
background lead) are positioned between the NaI de-
tectors. In addition to this passive lead shielding, the
NGRL employs a plastic scintillator to suppress the
high-energy gamma (γ) and muon (µ) components
of cosmic radiation by producing a veto signal when
charged particles from cosmic radiation pass through
the plastic scintillator.

A measurement run consisted of counting two posi-
tions on each core section for at least 5 min each for
a total of 16 measurements per section. Complete
spectra for each measurement as well as computed
total counts were uploaded to LIMS.

P-wave velocities
P-wave velocity varies with a material’s lithology, po-
rosity, bulk density, state of stress, temperature, and
fabric or degree of fracturing. In marine sediments
and rocks, velocity is controlled by the degree of
consolidation and lithification, fracturing, and the
occurrence and abundance of free gas and gas hy-
drate. Microscopic and macroscopic fracturing may
completely attenuate the signal to the point where it
is not possible to obtain data. Together with bulk
density, velocity data are used to calculate acoustic
impedance and reflection coefficients that can be
used to construct synthetic seismograms and esti-
mate the depths of seismic horizons.

P-wave velocities were measured on whole-round
sections with the P-wave logger (PWL) on the
WRMSL and with the P-wave caliper (PWC) and P-
wave bayonets (PWB) on split cores relative to a Car-
tesian coordinate system (x-, y-, and z-directions).
The PWC measures P-wave velocity vertically to the
sectional plane of the working half (x-axis), whereas
the PWB measures the cross section (y-axis) and long
axis (z-axis) of the core.

All tools transmit a 500 kHz P-wave pulse through
the core section at a specified repetition rate. This
signal is coupled to the sample by the plastic pole
pieces of the transducers and by the pressure applied
by the linear actuator. In contrast to the PWC and
PWB, no water is used to improve coupling between
the transducers of the PWL and the liner because the
pressure applied by the actuator is known to be suffi-
cient for reliable P-wave measurement. The transmit-
ting and receiving ultrasonic transducers are aligned
so that wave propagation is perpendicular to the
section’s long axis.

Traveltime is determined by signal processing soft-
ware that automatically detects the first arrival of the
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P-wave signal to a precision of 50 ns. It is challenging
for an automated routine to pick the first arrival of a
potentially weak signal with significant background
noise. The search method skips the first positive
amplitude and finds the second positive amplitude
using a detection threshold limit, typically set to
30% of the maximum amplitude of the signal. It
then finds the preceding zero crossing and subtracts
one period to determine the first arrival. To avoid
extremely weak signals, a minimum signal strength
can be set (typically 0.02 V) and weaker signals will
be ignored. To avoid cross-talk signals from the re-
ceiver at the beginning of the record, a delay (typi-
cally 0.01 ms) can be set to force the amplitude
search to begin in the quiet interval preceding the
first arrival. In addition, a trigger (typically 4 V) to
initiate the arrival search process and the number of
waveforms to be stacked (typically five) can also be
set. A linear voltage differential transformer is used
to measure the separation of the transducer to derive
a travel path length for the signal (i.e., the slightly
compressed core diameter). The ultrasonic P-wave
velocity is then calculated after corrections have
been made for system propagation delay, liner thick-
ness, and liner material velocity.

Digital color imaging
The SHIL was used shortly after core splitting in an
effort to avoid time-dependent color changes result-
ing from sediment drying and oxidation. The ship-
board system uses a commercial line-scan camera
lens (AF Micro Nikkor, 60 mm, 1:2.8 D) with illumi-
nation provided by a custom assembly of three pairs
of light emitting diode (LED) strip lights that provide
constant illumination over a range of surface eleva-
tions. Each pair of lights has a color temperature of
6500 K and emits 90,000 lux at 3 inches. The resolu-
tion of the line-scan camera was set at 10 pixels per
millimeter. Users set a crop rectangle for each image
to remove extraneous information. Images were
saved in high-resolution TIFF format. Available files
include the original high-resolution image with gray
scale and ruler, as well as reduced JPEG images
cropped to show only the section-half surface.

Spectrophotometry and colorimetry
Reflectance spectroscopy (spectrophotometry) was
carried out using an Ocean Optics USB4000 spectro-
photometer, which measures the reflectance spectra
of the split core from the ultraviolet to near-infrared
range. Colorimetric information from split cores was
also recorded by this instrument in the L*a*b* color
space system, which expresses color as a function of
lightness (L*) and color values a* and b*, where a* re-
flects the balance between red (positive a*) and green
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(negative a*) and b* reflects the balance between yel-
low (positive b*) and blue (negative b*). When color
values a* and b* are zero, there is no color and L* de-
termines gray scale.

Accurate spectrophotometry using the SHMSL de-
mands flush contact between the instrument sensors
and the split core. A built-in laser surface analyzer
aids in the recognition of irregularities in the split-
core surface (e.g., cracks and voids), and data from
this tool were recorded in order to provide an inde-
pendent check on the fidelity of SHMSL measure-
ments.

Moisture and density
Wet and dry bulk density, grain density, water con-
tent, and porosity were determined from measure-
ments of wet sediment mass and volume and/or dry
sediment mass and volume. In soft sediments,
~10 cm3 samples were extracted, usually from the
middle of each core section, and placed in pre-
weighed 16 mL Wheaton beakers. Stiff sediments
drilled with the XCB were sampled, where appropri-
ate, by extracting ~10 cm3 blocks using a spatula and
placing the blocks into a beaker, as above. Indurated
sediments drilled with the RCB system were sampled
by drilled cylinders ~1.8 cm in diameter and 2–
2.5 cm in height. When the cylinders were regular in
shape (no breakage, etc.) they were measured with
an electronic digital caliper having a precision of
0.001 cm. Method C was applied to soft sediments
and rock samples using the measurements of wet
and dry mass and dry volume determined by gas py-
cnometry. In addition, Method D was applied to
rock cylinder samples using wet volume determined
with the caliper and dry mass and volume. One sam-
ple was routinely collected from each undisturbed
section, and 3–4 samples per core were collected
where recovery was good and sedimentation rates
were high. Additional samples were taken where ma-
jor changes in lithology were observed. Finally, for
Holes U1353A and U1353B, one sample was taken
by syringe on the catwalk during the initial core
splitting in order to determine whether the WRMSL
measurements and core-splitting procedures affected
porosity results.

Sample mass was determined to a precision of 0.01 g
using two Mettler Toledo electronic balances and a
computer averaging system to compensate for the
ship’s motion. Dry sample volumes were determined
using a hexapycnometer system consisting of six
custom-configured Micromeritics AccuPyc 1330TC
helium-displacement pycnometers with a precision
of 1% of the nominal full-scale volume. Volume
measurements were preceded by three purges of the
sample chambers with helium warmed to ~25°C.
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Three acquisition cycles were used for each sample.
A reference volume was included within each sample
set and rotated sequentially among the cells to check
for instrument drift and systematic error. Sample
beakers used for discrete determination of moisture
and density were calibrated before the cruise. 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. Procedures for the determina-
tion of these properties comply with the American
Society for Testing and Materials (ASTM) designation
(D) 2216 (ASTM International, 1990). Fundamental
phase relationships and assumptions for the calcula-
tions of all physical property parameters are dis-
cussed by Blum (1997, Methods C and D in “Chapter
2: moisture and density”) and summarized in “Mass
and volume calculation” and “Calculation of bulk
properties,” below.

Mass and volume calculation
Method C (sediments and hard rock)
Wet mass (Mwet), dry mass (Mdry), and dry volume
(Vdry) were measured in the laboratory. The mass ra-
tio (rm) is a computational constant of 0.965 (i.e.,
0.965 g of freshwater per 1 g of seawater). Salt precip-
itated 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

Mwater = Mwet – Mdry

and

Msalt = Mwater [s/(1 – s)],

where s is the assumed saltwater salinity (0.035)
corresponding to a pore water density (ρpw) of
1.024 g/cm3 (from experimental and empirical rela-
tions between salinity and density at laboratory
conditions; Blum, 1997) and a salt density (ρsalt) of
2.22 g/cm3. The corrected mass of pore water (Mpw),
volume of pore water (Vpw), mass of solids excluding
salt (Msolid), mass of salt (Msalt), volume of salt (Vsalt),
wet volume (Vwet), and volume of solids excluding
salt (Vsolid) are, respectively,

Mpw = (Mwet – Mdry)/rm,

Vpw = Mpw/ρpw,

Msolid = Mwet – Mpw,

Msalt = Mpw – (Mwet – Mdry),
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Vsalt = Msalt/ρsalt,

Vwet = Vdry – Vsalt + Vpw,

and

Vsolid = Vwet – Vpw.

Method D (hard rock and measured volume 
of soft sediment)
Wet (or total) volume (Vt), dry mass (Mdry), and dry
volume (Vdry) were measured in the laboratory. Total
mass, including freshwater in the pores, was calcu-
lated (using a density of water of 1 g/cm3) by

Mt = Mdry + (Vt – Vdry) × ρw.

Assuming a pore water density of 1.024, the volume
of pore water is calculated by

Vpw = (Vt – Vdry)/ρpw.

Finally, the mass of pore water is

Mpw = Vpw × ρpw.

Calculation of bulk properties
For all sediment samples, water content (w) is ex-
pressed as the ratio of the mass of pore water to wet
sediment (total) mass:

w = Mpw/Mwet.

Wet bulk density (ρwet), dry bulk density (ρdry), sedi-
ment grain density (ρsolid), porosity (φ), and void ratio
(VR) are calculated from

ρwet = Mwet/Vwet ,

ρdry = Msolid/Vwet,

ρsolid = Msolid/Vsolid,

φ = Vpw/Vwet,

and

VR = Vpw/Vsolid.

Sediment strength
Shear strength describes the maximum strength of
soil or sediment at which point a significant struc-
tural failure occurs in response to an applied shear
stress. Sediment shear strength can be measured by
various instruments in the laboratory, including
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direct simple shear, triaxial shear, vane shear, and fall
cone devices. Only fall cone and vane devices are
suited for measuring the shear strength of very soft
to stiff marine sediments. Fall cone and vane tests
are useful for determining the undrained shear
strength of undisturbed clay- or silt-rich samples.
The FCP is a third-party tool used during Expedition
317 for the first time, whereas the vane shear device
is routinely available. These shear strength tests are
not suitable for coarser grained sediments or sedi-
ments containing silt or sand laminations. Because
additional forces from the ship’s motion add uncer-
tainty to stress tests, both FCP and AVS tests were
conducted so as to minimize the limitations of
performing a single test. The sampling rate was one
measurement per core section until the sediment
became too firm for cone penetration or vane inser-
tion.

Fall cone tests
The FCP test is a rapid, simple, accurate method for
determining the undrained shear strength of fine-
grained soils or sediments. Undrained shear strength
is critical in evaluating sediment compaction as well
as processes such as sliding, slope failure, and ero-
sion.

FCP tests were conducted with a “Strassentest” appa-
ratus Type 318H, which conforms to the British Stan-
dard BS 1377. The weight of the cone was 80 g with a
30° cone angle. The cone was carefully lowered to
the surface of the sediment so that the tip of the
cone touched but did not penetrate the sediment
surface. The cone was then allowed to fall freely and
penetrate the sediment under its own weight. After
5 s, a magnetic clamp stopped the free fall of the
cone. The final cone penetration depth was mea-
sured with a dial gauge. This destructive measure-
ment was done on the working halves of cores, with
the fall direction parallel to the bedding plane.

Hansbo (1957) showed that (dynamic) undrained
shear strength (su) is related to the final depth of
penetration (hf) of the cone and can be expressed as

su = (W × K)/hf
2,

where 

W= cone weight (g), 
K = fall cone factor (a constant), and 
hf = final penetration depth (mm).

Fall cone factor is a constant that is influenced by
cone geometry, cone roughness, surrounding soil or
sediment, and dynamic effects (Houlsby, 1982;
Wood, 1985; Koumoto and Houlsby, 2001; Mahajan
and Budhu, 2009). In empirical fall cone experi-
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ments performed with cones of different angles,
Wood (1985) showed that the average cone factor
value for the 30° cone is K = 0.85. Koumoto and
Houlsby (2001) suggested that undrained shear
strength in the fall cone test is dynamic shear
strength, which is higher than static undrained shear
strength because of the higher strain rates in the fall
cone test. They proposed an empirically determined
adjustment factor, K, to determine static undrained
shear strength. For the British cone, the theoretically
determined value of the constant is K = 1.33 (Dolinar
and Trauner, 2005). In this study, we used Wood’s
factor to calculate undrained shear strength, yielding
results in terms of Newtons (SI units) of kN/m2.

Vane shear tests
The AVS test was conducted using the “Giesa Auto-
mated Vane System.” The Giesa system consists of a
controller and a gantry for shear vane insertion. A
four-bladed miniature vane (diameter = height =
12.7 mm) was pushed carefully into the sediment of
the working halves until the top of the vane was level
with the sediment surface. The vane was then rotated
at a constant rate of 90°/min to determine the torque
required to cause a cylindrical surface to be sheared
by the vane. This destructive measurement was done
with the rotation axis parallel to the bedding plane.
The torque required to shear the sediment along the
vertical and horizontal edges of the vane is a rela-
tively direct measurement of shear strength.
Undrained shear strength, su, is given as a function of
pressure in SI units of Pascals (kPa = kN/m2).

Both sediment strength tests were performed on
working section halves at a resolution of one mea-
surement per section. The tests were conducted in
parallel to minimize the limitations of employing a
single test. Samples were generally taken in undis-
turbed fine-grained sediments. XCB cores were sam-
pled when core quality allowed, and measurements
were made between “biscuits” and as far as possible
from other drilling disturbances (e.g., cracks, gaps, or
soupy core parts). Potential measurement failures in
XCB cores due to low penetration depth of the fall
cone and the formation of shear gaps during the in-
sertion of the vane blades should be taken into con-
sideration. No samples were taken from RCB cores
because of the lithified nature of these sediments.

Geochemistry and microbiology
Organic geochemistry

Shipboard organic geochemistry for Expedition 317
included routine sets of analyses for (1) hydrocarbon
gas in sediment cores, (2) inorganic carbon content
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of sediment, (3) total carbon (TC), total nitrogen
(TN), and total sulfur (TS) content of sediment, and
(4) pyrolysis characterization of sedimentary organic
matter using the source rock analyzer (SRA). Most of
the procedures and instruments used during Expedi-
tion 317 were described by Pimmel and Claypool
(2001) and generally are similar to those used during
recent IODP expeditions. Comments on routine
sampling and deviations from standard practice are
noted below and in the individual site chapters.

Hydrocarbon gases
Sediment gas composition was typically determined
at each interstitial water sampling point or at least
once every core. Two sampling methods were em-
ployed: headspace (HS) sampling and gas void (VAC)
sampling using a syringe. HS gas is given off after a
known quantity of sediment is heated in a vial. VAC
sampling is a direct extraction of gas from visible ex-
pansion voids within the core liner of the recovered
core. Sediment plugs for HS analysis were taken
directly after the core was brought onto the catwalk
and were prepared for analysis using two methods
(Fig. F10):

1. The first sediment plug (code HS), consisting of
5 cm3 of sediment, was usually sampled using a
cork borer, put into an HS vial, and crimp-sealed
for standard IODP hydrocarbon safety monitor-
ing. 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. HS
samples for onboard analyses were heated at
70°C for 30 min before being injected into the
gas chromatograph (GC).

2. The second sediment plug (code LIPP1), consist-
ing of 3–5 cm3 of sediment, was sampled as above
and put into a vial containing 5 mL of a 1M
sodium hydroxide solution, capped with a pre-
cleaned butyl stopper (heated with 1M KOH and
rinsed three times with nanopure water), and
frozen upside down for shore-based analyses of
stable carbon isotopes.

Gases obtained by either HS or VAC sampling were
analyzed by one of two GC systems: an Agilent/HP
6890 Series II (GC3) or an Agilent/HP 6890A natural
gas analyzer (NGA). Gases were introduced by injec-
tion from a 5 mL syringe directly connected to the
GC system via a 1 cm3 sample loop; helium was used
as the carrier gas.

The GC3 system determines concentrations of meth-
ane (C1), ethane (C2), ethene (C2=), propane (C3),
and propene (C3=) with a flame ionization detector
(FID) using a 2.4 m × 3.2 mm internal diameter (ID)
stainless steel column packed with 100/120 mesh
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HayeSep R. Helium was used as the carrier gas, and
the GC oven temperature was programmed to hold
for 0.5 min at 90°C, ramp at 30°C/min to 100°C,
ramp at 15°C/min to 110°C, remain at 110°C for
4.5 min, and then ramp at 50°C/min to 150°C with a
final holding time of 1.8 min. The FID temperature
was 250°C.

The NGA system measures concentrations of C1–C7

hydrocarbons with an FID as well as concentrations
of N2, O2, and CO2 with a thermal conductivity de-
tector (TCD). TCD separation used three columns: a
6 ft × 2.0 mm ID stainless steel column (Poropak T
[50/80 mesh]), a 3 ft × 2.0 mm ID stainless steel mo-
lecular sieve column (13X; 60/80 mesh), and a
2.4 m × 3.2 mm ID stainless steel column packed
with 80/100 mesh HayeSep R (Restek). FID separa-
tion was performed on a DB1 capillary column
(60 m × 0.32 mm) with 1.5 µm phase thickness. FID
separation used helium as the carrier gas, and the GC
oven temperature was programmed to hold for
2 min at 50°C, ramp at 8°C/min to 70°C, and then
ramp at 25°C/min to 200°C with a final holding time
of 5 min. The FID temperature was 250°C.

Data were collected and evaluated with an Agilent
ChemStation data-handling program. For both sys-
tems, chromatographic response was calibrated to
nine different gas standards with variable quantities
of low molecular weight hydrocarbons, N2, O2, CO2,
Ar, and He and checked on a daily basis. Gas compo-
nents are reported as parts per million by volume
(ppmv) of the injected sample. Methane in the up-
permost HS samples is also expressed as millimoles
per liter of pore volume (mM), assuming a porosity
of 0.45, a sample volume of 5 cm3, and a vial volume
of 21.5 cm3:

C1 (mM) = ppmv C1 × ([21.5 – 5]/5)/(23,400 × 0.45)
= ppmv C1 × 0.0003.

Sampling for carbonate and organic matter 
analyses
Sediment samples collected for shipboard analysis
(nominally 10 cm3 wet volume; typically ~3 g dry
mass) were selected from the working half of the
core on the sampling table in collaboration with
sedimentologists. Samples were selected based on
(1) major lithology, so that questions regarding
carbonate content could be answered, and (2) any
darker, more organic-rich lithologies, based on visual
differences. Samples were freeze-dried for at least
12 h. Dried samples were crushed to a fine powder
and carefully homogenized with a mortar and pestle
in preparation for carbonate and organic matter
analyses.
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Inorganic carbon and carbonate
The inorganic carbon (IC) content of sediment sam-
ples was determined by coulometry using a UIC
5011 CO2 coulometer in which samples of ~10 mg of
freeze-dried, ground sediment were reacted with 1N
HCl. The liberated CO2 was back-titrated to a colori-
metric end-point. The carbonate content of sedi-
ment (in weight percent) was calculated from IC
content by assuming that all carbonate occurs as
calcium carbonate:

CaCO3 = IC × 8.33.

Accuracy was ensured during analysis batches by
running a carbonate standard (100 wt% CaCO3)
every 10 samples and continuing analysis only if val-
ues were between 99 and 101 wt%. Typical precision
was assessed using 11 replicate analyses of a carbon-
ate sample (Table T8), which gave a standard devia-
tion of 1.2 for a sample with a mean carbonate
content of 66.4 wt% and a coefficient of variation of
0.018.

Elemental analyses
TC, TN, and TS contents of sediment samples were
determined with a ThermoElectron FlashEA elemen-
tal analyzer 1112 equipped with a ThermoElectron
packed column (CHNS/NCS) and a thermal conduc-
tivity detector (TCD). An aliquot of 8–12 mg of
freeze-dried, ground sediment was weighed into tin
cups, one small spatula of vanadium pentoxide cata-
lyst was added, and the sample was combusted in a
stream of oxygen at 900°C. The reaction gases were
passed through a reduction chamber to reduce nitro-
gen oxides to nitrogen; they were then separated by
the GC before detection by the TCD.

All measurements were calibrated to a sulfanilamide
standard (N = 16.27 wt%, C = 41.84 wt%, and S =
18.62 wt%) that was run every 10 samples. Analyses
were only continued if standard data varied by <1%
from these values for N and C. Based on the drift of
N, C, and S in the sulfanilamide standard in typical
batches, S content varies more than that of N and C.
Analyses were only continued if standard data for S
varied by <10%.

Typical precision was assessed using 10 replicate
analyses of a rock standard from Weatherford Labo-
ratories (99986; PWDR5) (Table T9) having a nomi-
nal total organic carbon (TOC) content of 3.11 wt%
and an IC content of 0.43 ± 0.02 wt% based on cou-
lometry (TC = 3.54 wt%). These replicate analyses show
standard deviations of 0.032, 0.046, and 0.032 wt%
for N, C, and S, respectively. The coefficients of varia-
tion are 0.055, 0.013, and 0.020 wt% for N, C, and S,
respectively.
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TOCDIFF content was calculated as the difference
between TC and IC from coulometry:

TOCDIFF = TC – IC.

Organic matter characterization
The type and quantity of organic matter in sedi-
ments were evaluated by pyrolysis assay using the
SRA (Weatherford Laboratories). Between 60 and
150 mg of freeze-dried, ground sediment was
weighed into SRA crucibles. Volatile hydrocarbon
(HC) content was released when the sample was
heated at 340°C for 3 min as the S1 peak (mg HC/g
rock). Hydrocarbons were released during the pyroly-
sis of kerogen as the temperature was increased from
340° to 640°C at 25°C/min as the S2 peak (mg HC/g
rock). The nominal temperature of the maximum
rate of hydrocarbon yield during S2 analysis is Tmax.
CO2 (as mg C/g rock) released during pyrolysis be-
tween 340° and 390°C is the S3 peak. CO2 (as mg C/g
rock) produced by oxidizing the pyrolysis residue at
580°C is the S4 peak, but this is not directly reported.
TOCSRA was calculated from S1, S2, and S4, assuming
that S1 and S2 are 83% carbon:

TOCSRA (%) = (0.83 × [S1 + S2] + S4)/10.

The carbon-normalized hydrogen index (HI) (mg
HC/g C) and the oxygen index (OI) (mg CO2/g C)
were calculated from pyrolysis values:

HI = (100 × S2)/TOC

and

OI = (100 × S3)/TOC.

All measurements were preceded by a blank and
then calibrated to a rock standard from Weatherford
Laboratories (99986; PWDR5); the same standard
was used for quality control (QC) every 10 samples.
Analysis was only continued if QC data fell within
the permitted range for this standard, as defined by
Weatherford Laboratories (Table T10). Typical preci-
sion was assessed using eight replicate analyses of
the rock standard. Coefficients of variation for this
data set fell between 0.005 (Tmax) and 0.1 (OI) (Table
T10). In practice, S3 and OI were occasionally more
variable than permitted for the 99986 standard
when used as a QC standard in batches of samples;
the range of error was as high as ±50%.

Total organic carbon measurement
TOC was measured using two completely indepen-
dent methods during Expedition 317. In the first
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method, TOCSRA was derived directly from the SRA as
the sum of pyrolysis carbon (0.83 × [S1 + S2]/10) and
residual carbon (S4/10). The S4 parameter is the oxi-
dizable (at 580°C) residual carbon remaining after
pyrolysis. This technique has the advantage of being
derived directly during an analytical run on one in-
strument.

In the second method, TOCDIFF was derived from the
difference between TC (measured on the elemental
analyzer) and IC (measured by coulometry). This
technique has the advantage of being derived partly
from the traditional elemental analysis approach but
the disadvantage of relying on two separate instru-
ments, because carbon associated with carbonate
content must be subtracted from TC.

To provide constraints on the difference between
these methods and advise IODP of the best approach
for shipboard TOC measurements, a small batch of
10 samples from Hole U1351A was selected for of-
fline decarbonation. This was achieved by reacting
the rock powder with gently warmed 2M HCl in a
beaker to remove the carbonates, after which the
samples were washed, filtered, freeze-dried, and re-
crushed. The decarbonated fractions were then ana-
lyzed by both the elemental analyzer and the SRA
(Table T11).

The 10 selected samples have variable carbonate
contents (2.4–31.4 wt%) and thus variable original
IC contents (0.29–3.76 wt%; Fig. F11). Like the
main data set, the subset has considerably higher
TOCSRA than TOCDIFF (Fig. F11A). TOC measured on
the decarbonated samples (TOCdecarbonated TC) does
not equal TOCDIFF but is variable, expressed as a dif-
ference of –1.0 to 0.1 (Table T11). This difference
does not correlate with the original IC contents
(Fig. F11B), meaning that the variability is not re-
lated to carbonate content. Furthermore, no corre-
lation exists between carbonate content and the
original difference between TOCDIFF and TOCSRA. A
good correlation is present between TOCSRA and
TOCdecarbonated TC (Fig. F11C), having almost the same
offset as TOCDIFF versus TOCSRA. TOCdecarbonated TC is
more closely correlated with the measurement of
TOC by the SRA on decarbonated samples (TOCSRA

[decarbonated]), but an offset remains whereby the SRA
gives higher TOC values than the elemental ana-
lyzer (Fig. F11D).

TOCSRA (decarbonated) is considerably reduced (20%–70%)
compared to original TOCSRA (Table T11). Removing
carbonate should lead to an increase in TOC in the
residue, not a decrease, so bulk removal of carbonate
using the technique described above clearly alters
and removes a portion of organic matter. This means
that the technique commonly used to measure TOC
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(bulk offline removal of carbonates by acid digestion
followed by TC measurement) may be invalid. It
may be better to remove carbonates using acid treat-
ment in the tin cups to avoid the partial removal of
organic matter.

In conclusion, the different TOC measurements re-
flect inherent differences in the way the two instru-
ments (CHNS elemental analyzer and SRA) measure
organic carbon content. The temperature of combus-
tion is higher for the elemental analyzer (900°C)
than for the SRA (580°C), and the two instruments
are calibrated in quite different ways. The difference
does not relate to carbonate content. We recom-
mend that bulk carbonate removal not take place
prior to TOC measurement. In order to determine
the correct TOC profile for Site U1351 (Fig. F11C–
F11D), low TOC% standards must be measured. At
the time of measurement of Expedition 317 samples,
the only TOC standard available in the laboratory
was the rock standard from Weatherford Laborato-
ries (99986; PWDR5), which has a TOC of 3.11%.

Inorganic geochemistry: interstitial 
water analyses

Sampling
Interstitial water was extracted from 10–15 cm long
whole-round samples (labeled red/orange for inter-
stitial water in Fig. F10). Whole-round interstitial
water samples were collected at a rate of 3–6 per core
where recovery permitted in the shallow (~25–85 m
deep) hole at each site dedicated to geochemistry,
microbiology, and geotechnical whole-round sam-
pling. The depth of each dedicated hole was in-
tended to cover sediments from the seafloor to the
sulfate/methane interface and an approximately
equal distance below. In the main deep hole at each
site, one whole-round interstitial water sample was
taken per core until geochemical profiles stabilized.
Thereafter, whole-round samples were collected once
every other core until total depth was reached or un-
til the cores became too lithified (Site U1352). These
whole-round samples were cut on the catwalk,
capped, and taken to the laboratory for immediate
processing. This high-resolution sampling technique
enabled the creation of high-resolution chemical
profiles for the interstitial waters at each site.

In the dedicated hole, one 30 cm long whole-round
sample was taken per core in order to provide suffi-
cient interstitial water for shore-based analysis
(LIPP4; Fig. F10). In addition, a separate 10 cm
whole-round sample (code ISHI) was taken from the
same sections (Fig. F10) to meet a shore-based
sample request for more interstitial water.
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When too many samples needed to be processed im-
mediately during high-resolution sampling, capped
whole-round core sections were stored in the cold
room until they were squeezed (no longer than 12 h
after core retrieval). Gloves were used during sample
processing. After extrusion from the core liner, the
surface of each whole-round sample was carefully
scraped with a clean spatula to remove potential
contamination from seawater and sediment smear-
ing in the borehole. For APC cores, 1 cm was re-
moved from the outer diameter and from the top
and bottom faces of the samples. For XCB cores,
where borehole contamination is higher, as much as
30% of the sediment was removed from each whole-
round sample.

The remaining sediment (~50–300 cm3) was placed
in a titanium squeezer modified after the stainless
steel squeezer of Manheim and Sayles (1974). In
most cases, gauge pressures as high as 20 MPa were
applied using a laboratory hydraulic press to extract
interstitial water. Interstitial water was passed
through a prewashed Whatman Number 1 filter fit-
ted above a titanium screen, filtered through a
0.45 µM polysulfone disposable filter (Whatman
Puradisc PES), and subsequently extruded into a pre-
washed (10% HCl) 50 mL plastic syringe attached to
the bottom of the squeezer assembly. In most cases,
20–40 cm3 of pore water was collected from each
sample, which required squeezing the sediment for
20–40 min. Interstitial water subsamples collected
from the syringe were immediately analyzed for sa-
linity, pH, alkalinity, and sulfate. The remaining in-
terstitial water was divided into aliquots and stored
in several vials in a freezer for other shipboard and
shore-based analyses. Any filter cake that remained
after whole rounds were squeezed for interstitial
water was divided into subsamples for shore-based
analyses.

Salinity, pH, and alkalinity analyses
Interstitial water analyses followed the procedures
outlined by Gieskes et al. (1991), Murray et al.
(2000), and user manuals for new shipboard instru-
mentation, with modifications as indicated. Intersti-
tial water was routinely analyzed for salinity with a
Reichert temperature-compensated manual refracto-
meter, previously calibrated using the International
Association for the Physical Sciences of the Oceans
(IAPSO) seawater standard. Alkalinity and pH were
measured immediately after squeezing by Gran titra-
tion with a Metrohm autotitrator. The IAPSO sea-
water standard was used for the standardization of
alkalinity. Variation for alkalinity was 2%–3% based
on the IAPSO standard run after every fifth sample.
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Ion chromatograph anion and cation analyses
Sulfate, chloride, magnesium, calcium, sodium, and
potassium concentrations in interstitial water were
determined with a Dionex ICS-3000 ion chromato-
graph on 1:200 diluted aliquots in 18 MΩ water. The
IAPSO seawater standard was used to standardize
measurements made on the ion chromatograph by
running it after every fifth sample. The coefficient of
variation based on seven repeat analyses of an inter-
stitial water sample for anions and cations measured
on the ion chromatograph was 0.002% (Table T12).
Any batches of samples with >2% drift for the IAPSO
standard were rerun. Acceptable 2% limits for the
IAPSO seawater standard are given in Table T13.

Spectrophotometry analyses
Phosphate, ammonium, and silica concentrations in
interstitial water were determined using an OI ana-
lytical discrete analyzer (DA3500) spectrophotometer
unit, which is an automated system that controls
sample analysis and reagent aspiration, dispensing,
heating, and mixing.

In the phosphate method, orthophosphate reacts
with Mo(VI) and Sb(III) in an acidic solution to form
an antimony-phosphomolybdate complex. Ascorbic
acid reduces this complex to form a blue color, mea-
sured at 880 nm. Potassium phosphate monobasic
(KH2PO4) was used to produce a calibration curve
and as an internal standard.

In the ammonium method, phenol undergoes diazo-
tization, and the subsequent diazo compound is oxi-
dized by sodium hypochlorite to yield a blue color,
measured spectrophotometrically at 640 nm. Ammo-
nium chloride (NH4Cl) was used to produce a cali-
bration curve and as an internal standard.

In the silica method, silica in solution as silicic acid
or silicate is reacted with a molybdate reagent in acid
media to form the β-molybdosilicic acid. The com-
plex is reduced by ascorbic acid to form molybde-
num blue, measured at 420 nm. Synthetic seawater
containing sodium silicofluoride (Na2SiF6) was used
to produce a calibration curve and as an internal
standard.

The reproducibility for phosphate and silica concen-
trations in interstitial water is ~5% and that for
ammonium is ~20%.

Minor element analyses by inductively coupled 
plasma–atomic emission spectroscopy
Minor elements in interstitial water were determined
by inductively coupled plasma–atomic emission
spectroscopy (ICP-AES) with a Teledyne Prodigy
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high-dispersion ICP-AES. Minor elements (Mn, Fe, B,
Sr, Ba, Si, and Li) were analyzed as described by Mur-
ray et al. (2000) by preparing calibration standards in
an acidified (2% HNO3, by volume) sodium chloride
matrix (25 g NaCl/L). Samples and standards were
diluted 1:10 using the 2% HNO3. To control for in-
strumental drift and improve precision, an internal
standard (10 ppm yttrium) was added to the solution
before digestion by 2% HNO3. Drift correction was
made when necessary using the factor from a drift
monitor solution (middle value standard solution),
which was analyzed after every seventh sample. The
coefficient of variation based on duplicate samples is
typically <5% (Table T14).

Microbiology
The Canterbury Basin is a promising place in which
to expand our knowledge of the deep biosphere
because it is in a complex setting representing the
history of life under a variety of environmental con-
straints. The Canterbury Basin is heavily influenced
by the input of terrestrial organic matter and is
therefore an excellent end-member environment to
complement the marine settings that have been
studied during previous drilling expeditions. The
microbiology program during Expedition 317 sought
to determine the following:

1. Depth profiles of total prokaryotic and viral cell
counts (SYBR Green cell counting) and intact
polar lipid (IPL) concentrations to quantify living
biomass;

2. The identities and distribution of microbial and
unicellular eukaryotic groups present at each site
using 16S/18S ribosomal deoxyribonucleic acid
(rDNA)/ribosomal ribonucleic acid (rRNA) (small
subunit ribosomal RNA/DNA) clone libraries or
tags 454 pyrosequencing (or alternatively, using
catalyzed reporter deposition–fluorescence in
situ hybridization [CARD-FISH] with probes spe-
cific to domain, phylum, and family regions),
quantitative polymerase chain reaction (Q-PCR),
and IPL chemotaxonomy; and

3. The activity of dominant groups, functional gene
clone libraries, enrichment-isolations of strains
under diverse nutritional (with diverse carbon
and energy sources) and physiological (notably
under high pressure) conditions, stable isotope
probing (SIP), determination of main carbon
turnover processes by δ13C analysis of IPLs and
correlation to major carbon pools, and analysis
of changes in dissolved organic matter pore water
constituents by Fourier transform–ion cyclotron
resonance–mass spectrometry during incubation
with various substrates.
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Core handling and sampling
To ensure the preservation of microbial communi-
ties, a special sampling strategy was required. This
sample strategy was well described for ODP Leg 201
(Shipboard Scientific Party, 2003a).

Generally, when a core arrived on the core deck it
was immediately sectioned into 1.5 m sections (Fig.
F10). In Sections 1, 3, and 5 of every core from the
hole dedicated for whole-round sampling and in Sec-
tion 3 of every 5–6 cores from the main hole(s), two
neighboring whole-round (code WRND) core sam-
ples, each 10 cm long, were sliced using sterilized
spatulas for microbial analysis: one for IPL analysis
(code LIPP5) and one for microbial characterization
(code ALA) (Fig. F10). The LIPP5 whole round was
capped without further treatment at both ends,
sealed in a plastic bag, labeled, and immediately fro-
zen in a –80°C freezer until shipment on dry ice to
the shore-based laboratory. The ALA whole round
was capped at both ends using sterilized end-caps
and transferred to the cold chamber (set to <8°C) for
further subsampling. The end of the section adjacent
to the ALA whole round (top of Sections 2, 4, and 6
of cores from the dedicated hole; top of Section 4 of
cores from the main hole[s]) (Fig. F10) was sampled
for perfluorocarbon contamination checks. In the
hole dedicated to whole-round sampling, one addi-
tional whole-round sample (LIPP6) was taken per core
(Fig. F10) under sterile conditions and transferred
into an anaerobic chamber in the cold room (<8°C)
for subsampling. After the seawater-contaminated
outer layer of sediment was removed, 30 cm3 of the
LIPP6 sample was transferred to a sterile 30 mL plas-
tic tube (Sarstedt, Germany) and immediately frozen
at –80°C for determination of the microbial commu-
nity composition; the remaining sample was trans-
ferred into a sterile 1 L Schott bottle sealed with a
butyl stopper for storage at 4°C under a nitrogen
atmosphere until shipment at 4°C (incubation
sample). The standard ODP/IODP bags previously
used for transporting samples under a nitrogen
atmosphere at 4°C were not used because they were
found to leak (Lipp et al., 2010).

The ALA whole-round samples for microbiological
characterization were subsampled under sterile con-
ditions in the anaerobic chamber in the cold room
(<8°C) as follows:

Samples for molecular analysis (100–150 cm3; DNA
extraction) were taken from the inner part of the ALA
whole-round cores with a sterile 30 mL cut-off syringe,
transferred into three 50 mL polypropylene tubes
(Sarstedt, Germany), and directly frozen at –80°C for
onshore analysis. In order to limit RNA degradation,
five 2 cm3 samples for RNA extraction were taken as
previously described and immediately frozen at –80°C.
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Samples for CARD-FISH analysis (1 cm3) were taken
with a sterile 2 mL cut-off syringe as previously
described by Pernthaler et al. (2001) and stored in a
–20°C freezer until shipment. The cell walls of the
microorganisms have to be permeabilized to the
point that the oligonucleotide probes pass through
the cell walls and the cellular ribosomal RNA content
is preserved. This was done by fixing cells in buffered
formaldehyde solution (1 cm3 of sediment fixed in
9 mL of sterile 3% formalin/3% NaCl solution at
room temperature for ~4 h), followed by two wash-
ing steps with phosphate buffered saline (PBS) 1× and
the addition of 4 mL of a PBS:ethanol (1:1) solution.
Samples were then frozen at –20°C until processing
in onshore laboratories.

Samples for cultures (6–10 cm3) were taken from the
inner part of the core with a 5 mL cut-off sterile
syringe and placed into 100 mL Schott vials before
storage at 4°C. The samples were flushed with nitro-
gen for several minutes to eliminate any biogas from
the anaerobic chamber that would facilitate the growth
of methanogenic or acetogenic microorganisms.

Samples for cell counts (1 cm3) were taken with a
sterile 2 mL cut-off syringe and placed in 15 mL
polypropylene tubes (Sarstedt, Germany) containing
9 mL of 3% formalin/3% NaCl solution and stored at
4°C until analysis. This slurry represented a 1:10 di-
lution of the original sample.

Additional samples (1 cm3) for monitoring the infil-
tration of the 0.5 µm fluorescent microsphere beads
were taken on the ALA whole rounds with a sterile
2 mL cut-off syringe from the outer and inner parts
of the core and placed in 15 mL polypropylene tubes
(Sarstedt, Germany) containing 9 mL of 3% NaCl
solution and stored at 4°C until bead counting (Fig.
F10).

Rock sampling

Sometimes the bottoms of the deepest holes were
characterized by hard or cemented intervals that re-
quired a different sampling strategy. After core re-
trieval on the catwalk, LIPP5 and ALA whole-round
rock samples were immediately taken into the cold
room. The LIPP5 whole round sample was directly
frozen at –80°C, and the ALA whole round was sub-
sampled under a laminar flow fume hood. The rock
samples were carefully cleaned under ultraviolet
(UV) light by scraping off the outside sediment lay-
ers using sterile spatulas before being washed with a
sterile 3% NaCl solution. Afterward, the cleaned
samples were exposed to UV radiation for 15 min on
sterile aluminum foil. The scraping of the outside
surfaces, combined with washing and exposure to
UV light, removed surface contamination. Rocks
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were then crushed into several pieces by wrapping
them in sterile aluminum foil and breaking them
into pieces with several forceful hammer strokes. The
rock samples were subsequently subdivided for DNA/
RNA extractions, cell counts, CARD-FISH, and cul-
tures, as described above. Rock samples for contami-
nation testing using both chemical and particulate
tracers were taken from the outer and inner parts of
the whole round. This sampling strategy did not
allow preservation of the samples in an anaerobic
atmosphere. Consequently, the samples used for
enrichment cultures were immediately gassed with
pure sterile nitrogen for ~30 min. All materials used
for sampling (spatulas, tweezers, hammer, etc.) were
sterilized for 45 min in an autoclave at 135°C.

Contamination tests
The amount of sample contamination during drill-
ing and handling was evaluated by running two
types of tests as previously described for ODP Legs
185 (Smith et al., 2000) and 201 (Shipboard Scien-
tific Party, 2003a), and for IODP Expedition 301 (Ex-
pedition 301 Scientists, 2005).

Perfluorocarbon tracers

Perfluorocarbon tracer (PFT; perfluoromethylcyclo-
hexane, C6F11CF3; Oakwood Products, 003295) has a
molecular weight of 350.06 g/mol and a density of
1.78 g/mL. Its solubility is ~2 mg/L in water and
104 mg/L in methanol. During drilling, the rate of
the tracer injection was adjusted to maintain a final
concentration of ~1 mg/L in the drilling fluid using
shipboard rig instrumentation software to control
pumping rates. Using sterile cut-off 3 mL syringes,
~3 cm3 subcores were taken from the center of the
sediment cores and from the periphery of the sedi-
ment cores at the core liner. In this way, parallel data
sets were collected to determine the extent of con-
tamination at the periphery of the sediment core,
along the core liner, and in the center of the core
(Smith et al., 2000). PFT concentration was analyzed
using the GC (HP6890). The column used on the GC
was an HP-PLOT/AL2O3 (15 m length × 0.25 mm ID ×
5 µm film thickness). The inlet temperature was
170°C, and the inlet pressure was 16.23 psi. The de-
tector temperature was 275°C. The column oven
temperature was held at 100°C for 3.5 min and then
ramped at 50°C/min to 200°C. At this time, 500 µL
of headspace was injected, resulting in a PFT peak
eluting at ~8.5–9.2 min. For GC calibration, standard
solutions were made by diluting the perfluorometh-
ylcyclohexane in methanol to 10–3, 10–5, 10–7, 10–9,
and 10–11. Attempts were made to construct a stan-
dard curve by plotting the peak area versus the
amount of perfluoromethylcyclohexane injected.
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Particulate tracer: fluorescent microspheres

A plastic bag containing a suspension of submicron-
sized fluorescent microspheres (2 × 1011 microspheres/
20 mL bags; Carboxylate YG 0.50 µm microspheres;
Polyscience, USA) was introduced into the core
catchers of all core barrels from which microbiologi-
cal samples would be taken (Smith et al., 2000). Dur-
ing drilling, the beads were released inside the core
barrel as the sediment entered and were dispersed
onto the outer surface of the core. When the core
was retrieved, 1 cm3 samples for particulate tracer
analysis were taken at the periphery of the core, ad-
jacent to the outer PFT samples, and placed in 15 mL
polypropylene tubes (Sarstedt, Germany) containing
9 mL of sterile 3% NaCl solution before storage at
4°C. The infiltration of fluorescent microspheres into
the inner part of the core was checked on the sam-
ples taken near the samples taken for cell counts.
The total number of microspheres was determined
by epifluorescence microscopy using a Zeiss Axio-
plan 2 imaging microscope (Germany) equipped
with a blue filter (17 FITC, 460/402 nm) at 1000×
magnification.

Cell counts
IODP provides an outstanding opportunity to explore
the deep biosphere. Microbiological data collected
from 25 ODP and IODP expeditions worldwide
mostly comprise total cell counts performed by cell
staining with 4′,6-diamidino-2-phenylindole (DAPI),
acridine orange (AO; Daley and Hobbie, 1975), and
SYBR Green (Noble and Fuhrman, 1998). However,
the enumeration of total cell numbers in marine
sediment samples still represents a major challenge
because the nonspecific binding of fluorescent dye
and/or autofluorescence from sediment particles
strongly hampers the recognition of cell-derived
signals. Lately, new cell extraction procedures have
been developed (Lunau et al., 2005; Kallmeyer et al.,
2008), but these can be time consuming on board
ship.

Recently, Morono et al. (2009) developed a highly
efficient and discriminating detection and enumera-
tion technique for microbial cells in sediments using
dilute (1%) hydrofluoric acid (HF). This weak acid re-
duces nonbiological fluorescent signals, such as that
from amorphous silica, and enhances the efficiency
of cell detachment from particles.

Procedure

Under an aspirant hood, 50 µL of sediment slurry
(described above) was mixed with 450 µL of an HF
solution (1.0% [wt/v] HF and 3% [wt/v] NaCl) in a
plastic test tube and then incubated for 20 min at
room temperature. The HF reaction was stopped by
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adding 2 mL of stop solution (1M tris-hydrochloric
acid [HCl; pH 8.0], 0.125M CaCl2, and 25% metha-
nol). Subsequently, the mixture was sonicated at
20 W for 5 min using an ultrasonic bath (Fisher,
FS14H).

A volume of 50–750 µL of sonicate was mixed with
2.5 mL of 3% NaCl and directly filtered through a
0.22 mm pore size black polycarbonate membrane
without centrifugation. In order to eliminate poten-
tial carbonate particles and/or precipitates, the mem-
brane was treated with 1 mL of 0.1M HCl for 5 min
on the filtration device. The membrane was then
washed with 5 mL of TE buffer (10 mM tris-HCl and
1.0 mM ethylenediaminetetraacetic acid [EDTA]; pH
8.0) and air dried.

A volume of 80 µL of SYBR Green (25×) was added to
the filtered cells, and the sample was incubated at
room temperature for 15 min, followed by air dry-
ing. Subsequently, the filter was mounted on the
slide with 40–50 µL of a mounting solution contain-
ing an antifade agent ([50% glycerol, 50% PBS 1×,
0.05M Na2HPO4, and 0.85% NaCl; pH 7.5] and 0.1%
p-phenylenediamine [in a 1:2 mixture] made daily
from a 10% aqueous stock). The cells were counted
using epifluorescence microscopy with a blue filter
set as described above. Two hundred FOVs were usu-
ally counted per sample.

Enrichment cultures
The deep marine subsurface biosphere is a natural
habitat characterized by complex conditions that are
often difficult to reproduce in the laboratory. In
addition, the mean generation times of the popula-
tions have been estimated to be very long. This ex-
plains why there are only a few reports of successful
cultivation and isolation in pure cultures (D’Hondt
et al., 2002; Batzke et al., 2007). However, cultivation
is the easiest way to access a microorganism’s physi-
ology, and we have a lot to learn from microbial iso-
lates originating from the deep biosphere. For this
reason, during this expedition we enriched various
types of microorganisms likely to grow in this envi-
ronment. Several enrichment media were prepared
on board, based on an artificial salt solution detailed
in Table T15. Different substrates were added accord-
ing to the requirements of the physiological type of
the targeted prokaryotes. The enrichment cultures
were 1% inoculated from 25% sediment slurries pre-
pared by adding a sterile 3% (w/v) NaCl solution to
the samples collected for culturing. The enrichments
were prepared under a laminar flow hood located in
the cold room and flushed with pure N2. The growth
of cells was observed by microscopy, and successful
enrichments were shipped at 4°C.
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We targeted different groups of prokaryotes: metha-
nogens, acetogens, sulfate-reducers, and fermenters.
We used several substrates and incubated the cul-
tures at near the in situ temperature (Table T16). The
turbidity of the culture, together with photonic and
fluorescence microscopy, were used to detect positive
growth within the cultures. In addition, methano-
gens were recognized by the autofluorescence of
their F420 cofactor when exposed to UV light.

Heat flow
Heat flow reflects the tectonic evolution of oceanic
and continental plates, which may be accompanied
by volcanism or hotspot activity. In addition to plate
evolution, sedimentary processes associated with
fluid circulation can also influence heat flow. Deter-
mination of heat flow requires measurement of ther-
mal conductivity and geothermal gradient. Thermal
conductivity is an intrinsic physical property of ma-
terial and is dependent on pressure and temperature.
It commonly varies with depth in accordance with
the variation of other index properties such as poros-
ity and bulk density. The Bullard method (Bullard,
1939) uses a linear relationship of thermal resistance
versus temperature to determine heat flow over a
depth interval with an established geothermal gradi-
ent. Thermal conductivity is routinely measured
during IODP expeditions as part of the physical
properties suite of measurements. Geothermal gradi-
ent can be calculated if successful temperature mea-
surements are taken at several depths.

Geothermal gradient
In situ temperature data were obtained using two
types of downhole tools: (1) the APCT-3, for use in
soft-sediment formations, and (2) the Sediment Tem-
perature (SET) tool, for use in more indurated sedi-
ment formations. The APCT-3 is deployed in the
APC cutting shoe, and the temperature measurement
is taken shortly after the core barrel is fired into pris-
tine sediment. The results are associated with the
bottom of the cored interval for that APC deploy-
ment. The SET tool is deployed in a separate wireline
run, during which the ~1 m long probe is pushed
into the bottom of the hole ahead of the bit. The re-
sults are associated with the interval 1 m below the
top of the next advancement (cored or drilled inter-
val). Both tools record time–temperature data in
their onboard data loggers. After tool retrieval, the
data are downloaded to a computer and the asymp-
totic temperature is estimated using the TFIT software
(version 1.0). The tools are capable of measuring
temperature in the range of –20° to 100°C with an
accuracy of ±0.02°C.
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Thermal conductivity
Thermal conductivity measurements were con-
ducted on whole-round sections after the cores had
passed through the WRMSL and the NGRL. Prior to
measurements, the sections were equilibrated to am-
bient laboratory temperature (19°C) for at least 4 h
to ensure thermal homogeneity.

Thermal conductivity was measured with the TK04
(Teka Berlin) system using the needle probe method
(Von Herzen and Maxwell, 1959) in two configura-
tions: (1) the full-space needle probe (VLQ) for soft
sediments and (2) the half-space needle probe (HLQ)
for rocks (“puck probe”). The needle probe contains
a heater wire and a calibrated thermistor. The probe
is assumed to be a perfect conductor because it is
much more conductive than sediment. Under this
assumption, the temperature of the superconductive
probe has a linear relationship to the natural loga-
rithm of time after initiation of heating:

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 initiation of heating (s), and 
C = a constant.

One measuring cycle consists of three steps: (1)
temperature drift self-test, (2) thermal conductivity
measurement, and (3) 10 min break. Several
measuring cycles can be performed automatically at
each sampling location and used to calculate average
conductivity. A self-test, which included a drift
study, was conducted at the beginning of each mea-
surement cycle. Once the samples were equilibrated,
the heater circuit was closed and the temperature
rise in the probes was recorded. Thermal conductivi-
ties were calculated from the rate of temperature rise
while the heater current was flowing. Temperatures
measured during the first 80 s of the heating cycle
were fit to an approximate solution of a constantly
heated line source (for details, see Blum, 1997).

Thermal conductivity measurements were taken
once per section (~7 per full core), and one measur-
ing cycle was performed for each measurement in
soft sediments into which the TK04 needle could be
inserted without risk of damage. When core material
was too hard to use the full-space needle probe, the
puck probe method was used instead. The puck
probe method uses the same theory as the full-space
needle probe method except that a flat circular puck
is used as the probe and the working half of the split
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core is used instead of the whole-round core. Due to
the limited time available, hard rock measurements
were limited to one measurement with five measur-
ing cycles per core because puck probe data showed
large scatter. Heating power was adjusted to keep the
power control value within a range of 2–3 W, as sug-
gested by the TK04 manual. Drift control was set at
40 s for quick measurement. Based on repeated tests,
this setting does not greatly affect the accuracy of
measured values.

When the full-space needle probe method was used,
the needle was inserted into unconsolidated sedi-
ment through a small 2 mm hole drilled into the
core liner perpendicular to what would become the
spilt-core surface. Thermal transfer compound was
used during previous expeditions to improve the
coupling between the needle and the sediment.
However, it was not used during Expedition 317 to
eliminate the possibility that the compound would
contaminate the split-core surface and affect core de-
scription. Additionally, testing of the thermal trans-
fer compound using sediments that were provided as
test samples prior to drilling revealed no improve-
ment in thermal coupling.

When the puck probe method was used, the probe
was attached to the split-core surface with rubber
rings in a seawater tube. Although at least 5 bar of
pressure is recommended by the manufacturer to
connect the puck probe thermally to the split-core
surface, we used several rubber rings because our
rock samples were too weak to bear the ~300 kg
weight (corresponding to 5 bar) over the probe. Re-
sults obtained using the rubber rings with the puck
probe are similar to those obtained with the full-
space needle probe inserted into a drilled hole
within hard rock. A Styrofoam box filled with sea-
water was used to achieve thermal coupling between
the puck probe and the core and to minimize ther-
mal disturbance. The water depth in the box was
high enough to cover the contact surface between
the puck probe and the core. Accordingly, it was im-
portant to get rid of air bubbles at the contact surface
before taking measurements.

Thermal conductivity data were discarded when
(1) contact between the probe and sediment was
poor, as evidenced by a logarithm of extreme time
(LET) of <50 s and/or <100 solutions in the software;
(2) thermal conductivity was close to that of water
(0.6 W/[m·K]), resulting from dilution of sediments
during coring; and (3) measurements were taken in
caved-in layers such as shell hash. In most cases, the
first two criteria are controlling parameters for moni-
toring measurement quality. Measurement error was
considered to be 5%–10% (Blum, 1997).
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At sites where in situ temperatures were measured,
thermal conductivity was corrected for in situ tem-
perature and pressure prior to the calculation of heat
flow. Laboratory values were corrected to in situ con-
ditions following Hyndman et al. (1974):

,

where 

λin situ(z) = in situ thermal conductivity at depth z (m),
λlab = laboratory-measured thermal conductivity,
zw = water depth (m), 
ρsed = bulk density of sediment (g/cm3), 
T(z) = in situ temperature at depth z (m), and 
Tlab = laboratory temperature. 

CSF-A was the standard depth scale used for temper-
ature and thermal conductivity measurements. The
correction process typically adjusted thermal con-
ductivity by up to ±5% for 2000 m CSF-A and 500 m
water depth.

Thermal conductivity values are commonly averaged
across a depth interval using a geometric mean be-
cause heat is assumed to flow vertically through the
sediment layers. Averaged thermal conductivity (λavg)
is calculated as follows:

,

where 

λi = thermal conductivity at the ith layer with
thickness zi and

Z = total thickness of all layers, 

that is,

.

In practice, zi is the measurement frequency interval
used (e.g., section or core). The length of the core
catcher and/or of unrecovered sections that were not
measured is added to the closest measured section.

Heat flow calculation
To estimate heat flow we use the Bullard method
(Bullard, 1939), which is useful when thermal con-
ductivity varies over a depth interval where geother-
mal gradient is established (e.g., Pribnow et al.,
2000). It assumes a linear relationship between tem-
perature and thermal resistance of the sediment:

T(z) = T0 + q × Ω(z),

where

z = depth (m CSF-A), 
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T0 = temperature at z = 0, and 
q = heat flow. 

Thermal resistance (Ω[z]) is defined as

,

where 

zi = bottom depth of the ith horizontal layer,
zi – 1 = top depth of the ith horizontal layer,
λi = thermal conductivity, and 
I = the number of horizontal layers between

the seafloor (z = 0) and depth z. 

A plot of temperature versus thermal resistance (a
Bullard plot) allows estimation of (1) surface temper-
ature (T0) from the intercept with z = 0 and (2) heat
flow from the slope of a line fitted to the data. Data
in a Bullard plot fall in a line when conditions
between the seafloor and depth z include (1) con-
ductive cooling, (2) steady state, and (3) no heat
source/sink.

If thermal conductivity increases linearly with
depth, thermal conductivity is represented as

λ(z) = λ0 + Γ × z,

where 

λ0 = estimated surface thermal conductivity and
Γ = the slope. 

When establishing the fitting line, we used thermal
conductivity corrected to in situ pressure and tem-
perature conditions as described above.

Then, thermal resistance is solved as

Ωi = [ln(λ0 + Γ × zi) – ln(λ0)]/Γ,

where Ωi is the thermal resistance of the ith horizon-
tal layer.

Downhole logging
Downhole logs are used to determine the physical,
chemical, and structural properties of the formation
penetrated by a borehole. Data are rapidly collected,
continuous with depth, and measured in situ; they
can be interpreted in terms of the stratigraphy, li-
thology, mineralogy, and geochemical composition
of the penetrated formation. Where core recovery is
incomplete or disturbed, log data may provide the
only way to characterize the borehole section.
Where core recovery is good, log and core data com-
plement one another and may be interpreted jointly.
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Downhole logs measure formation properties on a
scale that is intermediate between those obtained
from laboratory measurements on core samples and
those from geophysical surveys. They are useful in
calibrating the interpretation of geophysical survey
data (e.g., through the use of synthetic seismograms)
and provide a necessary link for the integrated un-
derstanding of physical properties on all scales.

Wireline logging
Logs are recorded during wireline logging operations
with a variety of Schlumberger logging tools, which
are combined into several tool strings and run down
the hole after coring operations are completed. Dur-
ing Expedition 317, the following three tool strings
were planned for deployment (Fig. F12; Table T17):

1. The triple combination (triple combo) tool
string, which consists of the Hostile Environ-
ment Natural Gamma Ray Sonde (HNGS), Hostile
Environment Litho-Density Sonde (HLDS), Pha-
sor Dual Induction–Spherically Focused Resistiv-
ity Tool (DIT), and Accelerator Porosity Sonde
(APS). During Expedition 317, the General Pur-
pose Inclinometry Tool (GPIT) was also included
in the tool string;

2. The Formation MicroScanner (FMS)-sonic tool
string, which consists of the FMS, GPIT, HNGS,
and Dipole Sonic Imager (DSI); and

3. The Versatile Seismic Imager (VSI) with the Scin-
tillation Gamma Ray Tool (SGT).

Each tool string also contains a telemetry cartridge
for communicating through the wireline to the
Schlumberger data acquisition system (the MAXIS
unit) on the drillship. Because of difficult hole condi-
tions, some of these tool strings had to be reduced or
reconfigured. See individual site chapters for details.

In preparation for logging, the boreholes were
flushed of debris by circulating viscous drilling fluid.
In most cases, the boreholes were then filled with a
seawater-based logging gel (sepiolite mud mixed
with seawater; approximate density = 8.8 lb/gal, or
1.055 g/cm3) to help stabilize the borehole walls. The
limited supply of logging gel available during Expe-
dition 317 required that the appropriateness of its
use be evaluated at some sites. The BHA was pulled
up to 60–100 m wireline log depth below seafloor
(WSF). The tool strings were then lowered downhole
by a seven-conductor wireline cable during sequen-
tial runs before being pulled up at constant speed,
typically 250–400 m/h, to provide continuous mea-
surements of several properties simultaneously. A
wireline heave compensator (WHC) was used when
necessary to minimize the effect of ship heave on the
tool position in the borehole (see “Wireline heave
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compensator”). During each logging run, incoming
data were recorded and monitored in real time on
the Schlumberger MAXIS 500 system.

Logged sediment properties and tool 
measurement principles

The logged properties, and the principles used by the
tools to measure them, are briefly described below.
Tool name acronyms, the parameters measured by
each tool, the sampling interval, and the vertical res-
olution are summarized in Table T18. More detailed
information on individual tools and their geological
applications may be found in Ellis and Singer (2007),
Goldberg (1997), Lovell et al. (1998), Rider (1996),
Schlumberger (1989, 1994), and Serra (1984, 1986,
1989). A complete online list of acronyms for
Schlumberger tools and measurement curves is avail-
able at www.apps.slb.com/cmd/index.aspx.

Natural radioactivity
The HNGS was used in the triple combo and the
FMS-sonic tool strings to measure and classify natu-
ral radioactivity in the formation. The HNGS uses
two bismuth germanate scintillation detectors and
five-window spectroscopy to determine concentra-
tions of K, Th, and U. The radioactive isotopes of
these three elements dominate the natural radiation
spectrum. The HNGS filters out gamma ray energies
below 500 keV, eliminating sensitivity to bentonite
or KCl in the drilling mud and improving measure-
ment accuracy.

The SGT uses a sodium iodide scintillation detector
to measure total natural gamma ray emissions, com-
bining the spectral contributions of K, U, and Th
concentrations in the formation. The SGT is not a
spectral tool but provides high-resolution total
gamma ray.

The inclusion of a gamma ray sonde in every tool
string allows the use of gamma ray data for depth
correlation between multiple logging strings and
passes.

Density
Formation density was measured with the HLDS.
The sonde contains a radioactive cesium (137Cs)
gamma ray source (622 keV) and far and near
gamma ray detectors mounted on a shielded skid,
which is pressed against the borehole wall by a hy-
draulically activated eccentralizing arm. Gamma rays
emitted by the source experience both Compton
scattering and photoelectric absorption. Compton
scattering involves the ricochet of gamma rays off
electrons in the formation via elastic collision, trans-
ferring energy to the electron in the process. The
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number of scattered gamma rays that reach the de-
tectors 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 photoelectric absorption as
the photoelectric effect (PEF). Photoelectric absorp-
tion of gamma rays occurs when their energy is re-
duced below 150 keV after being repeatedly scattered
by electrons in the formation. Because PEF depends
on the atomic number of the elements in the forma-
tion, it also varies according to the chemical compo-
sition of the minerals present and can be used for the
identification of some minerals. For example, the
PEF of calcite = 5.08 barns per electron (b/e–), illite =
3.03 b/e–, quartz = 1.81 b/e–, hornblende = 10.49 b/e–,
and plagioclase (albite) = 1.68 b/e–.

Good coupling between the tool and borehole wall is
essential for good HLDS logs. Poor contact results in
the underestimation of density values. Both density
correction and caliper measurement of the hole are
used to check the contact quality.

Porosity
Formation porosity was measured with the APS,
which includes a minitron neutron generator that
produces fast (14.4 MeV) neutrons and five neutron
detectors (four epithermal and one thermal) posi-
tioned at different spacing from the minitron. The
tool’s detectors count neutrons that arrive at the de-
tectors after being scattered and slowed by collisions
with atomic nuclei in the formation.

The highest energy loss occurs when neutrons col-
lide with hydrogen nuclei, which have practically
the same mass as the neutron (the neutrons simply
bounce off heavier elements without losing much
energy). If the hydrogen (i.e., water) concentration is
low, as in low-porosity formations, neutrons can
travel farther before being captured, and count rates
increase at the detector. The opposite effect occurs in
high-porosity formations where water content is
high. However, because hydrogen bound in minerals
such as clays or in hydrocarbons also contributes to
the measurement, the raw porosity value is often an
overestimate.

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

Electrical resistivity
The DIT provides three measures of electrical resistiv-
ity, each with a different depth of investigation into
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the formation. Two induction devices (deep and
medium depths of penetration) transmit high-
frequency alternating currents through transmitter
coils, creating magnetic fields that induce secondary
currents in the formation. These currents produce a
new inductive signal, proportional to the conductiv-
ity of the formation, which is measured by the re-
ceiving coils. The measured conductivities are then
converted to resistivity (in units of ohmmeters). A
third device, a spherically focused resistivity instru-
ment with higher vertical resolution than the induc-
tion devices, sends a current into the formation
while trying to maintain a constant voltage drop.
The amount of current necessary to maintain the
voltage gives a direct measure of resistivity. This de-
vice uses several electrodes to focus the current flow
into the formation so that equipotential surfaces are
spherical. Calcite, silica, and hydrocarbons are elec-
trical insulators, whereas ionic solutions like pore
water are conductors. Electrical resistivity, therefore,
can be used to evaluate porosity for a given salinity
and resistivity of pore water.

Acoustic velocity
The DSI measures transit times between sonic trans-
mitters and an array of eight receivers. It combines
replicate measurements, thus providing a measure-
ment of compressional velocity through sediments
that is relatively free from the effects of formation
damage and of an enlarged borehole (Schlumberger,
1989). Along with the monopole transmitters found
on most sonic tools, the DSI also has two cross-
dipole transmitters, which allows for an additional
measurement of shear wave velocity. Dipole mea-
surements are necessary to measure shear velocities
in slow formations whose shear velocity is less than
the velocity of sound in the borehole fluid. Such
slow formations are typically encountered in deep
ocean drilling.

Formation MicroScanner
The FMS provides high-resolution images of borehole
wall microresistivity. The tool has four orthogonal
arms and pads, each containing 16 button electrodes
that are pressed against the borehole wall during
recording. The electrodes are arranged in two diago-
nally offset rows of eight electrodes each. A focused
current is emitted from the button electrodes into
the formation, with a return electrode near the top
of the tool. The resistivity of the formation at the
button electrodes is derived from the intensity of
current passing through the button electrodes. Pro-
cessing transforms these measurements into oriented
high-resolution images that reveal the geologic struc-
ture of the borehole wall. Features such as bedding,
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stratification, fracturing, slump folding, and biotur-
bation can be resolved. The images are oriented to
magnetic north so that fabric analysis can be carried
out and the dip and direction (azimuth) of planar
features in the formation can be measured.

The maximum extension of the FMS caliper arms is
15 inches. In holes with a diameter >15 inches, pad
contact will be inconsistent and the FMS images may
appear out of focus and too conductive. Irregular
borehole walls will also adversely affect the images if
contact with the wall is poor.

Accelerometry and magnetic field 
measurement
Three-component acceleration and magnetic field
measurements are made with the GPIT. The primary
purpose of this tool, which incorporates a three-
component accelerometer and a three-component
magnetometer, is to determine the acceleration and
orientation of the FMS-sonic tool string during log-
ging. Thus, the FMS images can be corrected for
irregular tool motion, and the dip and direction
(azimuth) of features in the FMS images can be deter-
mined. During Expedition 317, the GPIT was also
used to record downhole tool motion and evaluate
the performance of the new WHC in real time.

Vertical seismic profile
In a vertical seismic profile (VSP) experiment, a bore-
hole seismic tool is anchored against the borehole
wall at regularly spaced intervals to record the full
waveform of elastic waves generated by a seismic
source positioned just below the sea surface. These
“check shot” measurements relate depth in the hole
to traveltime in reflection seismic lines. The VSI is
usually composed of multiple shuttles separated by
acoustically isolating spacers, each containing a
three-axis geophone, but only one shuttle was to be
used during Expedition 317. The plan for Expedition
317 was to anchor the VSI against the borehole wall
at 20 m intervals, and to take 5–10 recordings at
each station. The recorded waveforms could then be
stacked and a one-way traveltime determined from
the median of the first breaks for each station. The
seismic source to be used was a Sercel G. Gun Parallel
Cluster, composed of two 250 in3 air guns separated
by 1 m. The cluster is generally positioned on the
port side of the JOIDES Resolution at a water depth of
~7 m with a borehole offset of ~30 m. However, no
VSP experiments were carried out during Expedition
317 because of poor hole conditions.

Log data quality
The principal influence on log data quality is the
condition of the borehole wall. If the borehole diam-
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eter varies over short intervals because of washouts
or ledges of harder material, the logs from tools that
require good contact with the borehole wall (i.e., the
FMS and density tools) may be degraded. Deep inves-
tigation measurements that do not require contact
with the borehole wall (i.e., gamma ray, resistivity,
and sonic velocity) are generally less sensitive to
borehole conditions. Very narrow (bridged) sections
also cause irregular log results. The quality of the
borehole can be improved by minimizing the circu-
lation of drilling fluid while drilling, flushing the
borehole to remove debris, and logging as soon as
possible after drilling and conditioning are com-
pleted.

The quality of the logging depth determination de-
pends on several factors. The depth of the logging
measurements is determined from the length of the
cable played out from the winch on the ship. The
seafloor (mudline) is identified on the natural
gamma log by the abrupt reduction in gamma ray
count at the water/sediment boundary. Discrepan-
cies between drilling depth and wireline log depth
occur because of core expansion, incomplete core
recovery, or incomplete heave compensation for
drillers depth. In the case of log depth, discrepancies
between successive runs occur because of incomplete
heave compensation, insufficient correction for ca-
ble stretch, and cable slip. In the case of very fine
sediments in suspension, the mudline can be an elu-
sive datum. Tidal changes in sea level also have an
effect. To minimize wireline tool motion caused by
ship heave, a WHC was used to adjust the wireline
length for rig motion during wireline logging opera-
tions (Goldberg, 1990).

Wireline heave compensator
Evaluation of a new hydraulic WHC system contin-
ued during Expedition 317. This system is designed
to compensate for the vertical motion of the ship
and maintain a steady motion of the logging tools. It
uses vertical acceleration measurements made by a
motion reference unit (MRU), which is located under
the rig floor near the center of gravity of the ship, to
calculate the ship’s vertical motion. It then adjusts
the length of the wireline by varying the distance be-
tween two sets of pulleys through which the cable
passes. Real-time measurements of uphole (surface)
and downhole acceleration are made simultaneously
by the MRU and by the GPIT, respectively. A La-
mont-Doherty Earth Observatory (LDEO)-developed
software package allows these data to be analyzed
and compared in real time, displaying the actual mo-
tion of the logging tool string and enabling evalua-
tion of the compensator’s efficiency. In addition to
the WHC’s improved design and smaller footprint
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compared to the previous system, its location with
the winch unit on the starboard side of the derrick
contributes to a significant reduction in the time
needed to prepare for logging operations.

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. The initial logging data were ref-
erenced to the rig floor (WRF). After logging was
completed, the data were shifted to a seafloor refer-
ence (WSF) based on the step in gamma radiation at
the sediment/water interface. These data were made
available to the science party.

The downhole log data were also transferred onshore
to LDEO for standardized data processing. The main
processing task was depth matching to remove depth
offsets between different logging runs, which re-
sulted in a new depth scale: wireline log matched
depth below seafloor (WMSF). Also, corrections were
made to certain tools and logs, documentation for
the logs was prepared (with an assessment of log
quality), and the data were converted to ASCII for
the conventional logs and GIF for the FMS images.
Schlumberger GeoQuest’s GeoFrame software pack-
age was used for most of the data processing. The
data were transferred back to the ship within a few
days of logging and made available (in ASCII and
DLIS formats) through the shipboard IODP logging
database.

Core-log-seismic integration
A depth–traveltime relationship must be determined
at each site to correlate core and log data acquired in
depth with seismic reflection measurements, which
are a function of traveltime. For example, a direct
measurement of the depth–traveltime relationship is
given by the first arrival times in the VSP (see above).

The depth–traveltime relationship can also be esti-
mated by constructing synthetic seismograms,
which are computed from reflection coefficients ob-
tained from contrasts in P-wave velocity and density,
to match the seismic traces closest to the borehole.
When the quality of the shipboard sonic logs was
sufficient, synthetic seismograms were calculated
from the density and VP logs using the IESX seismic
interpretation package (part of the Schlumberger
GeoFrame software suite), which allows for interac-
tive adjustments of the depth–traveltime relation-
ship until a good match is achieved between features
in the synthetic seismogram and the measured seis-
mic data. A calibrated depth–traveltime relationship
allows for correlation of borehole stratigraphy with
seismic reflection features (e.g., assignment of ages
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to prominent seismic reflectors that can then be cor-
related away from the drill site).

Stratigraphic correlation
As part of standard IODP shipboard procedure when
coring multiple holes at individual drill sites, strati-
graphic correlation was carried out on board to cor-
relate adjacent holes using Correlator software. This
software allows depth adjustment of individual or
multiple cores to enable ties to be made between
cores in separate holes based on the expression of
onboard core logging data. In accordance with stan-
dard IODP protocol, onboard correlation did not in-
volve depth adjustment of individual core sections,
nor were individual core/section depth scales
stretched or compressed to force the correlation of
intracore tie points. Rather, this first-order approach
to stratigraphic correlation established a framework
from which more detailed correlation can be carried
out postcruise.

Depth adjustment of individual cores is often neces-
sary for a variety of reasons, such as differences in
seafloor topography between holes or inconsistent
mudline definition. Equally, stratigraphic variation
may occur between holes because of slight differ-
ences in sedimentation rates and erosion histories.
Further complication in the correlation procedure
may stem from a lack of unambiguous correlation tie
points between holes. Ambiguities may arise from
differences in the physical properties of contempora-
neous strata, the occurrence of noncontemporane-
ous strata at similar depths (e.g., incised channel
fills), inaccuracies/imprecision in physical property
data, and drilling disturbances that affect the fidelity
of the data.

The first-order objective of correlation across holes at
Expedition 317 sites was to establish a common
CCSF depth scale for cores from multiple holes. Fur-
thermore, the possession of two or more overlapping
records from adjacent holes provided an opportunity
to construct a spliced stratigraphic record against a
CCSF scale. This spliced record has the potential to
optimize both the completeness of the site’s strati-
graphic record and the fidelity of the associated
stratigraphic data. For the four sites drilled during
Expedition 317, the key physical property data used
to aid correlation were shipboard NGR, magnetic
susceptibility, color, and GRA bulk density. In gen-
eral, NGR and magnetic susceptibility typically pro-
vided the best data for correlation.
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Figure F1. Core section description form, Expedition 317.
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Figure F2. Ternary plots of lithology naming scheme, Expedition 317. Modified from Shipboard Scientific Party
(2004). Lower ternary plot follows Shepard (1954).
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Figure F3. Core standard graphic report (“barrel sheet”) legend, including drilling disturbance, lithology, sed-
imentary and tectonic structures, and sample types, Expedition 317.
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Figure F4. Ichnofabric index legend, Expedition 317. Modified from Droser and Bottjer (1986) and Savrda et
al. (2001).
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Figure F5. Holocene to late Paleogene geochronologic units (0–40 Ma) and geomagnetic polarity timescale cor-
related with calcareous nannofossil zones (modified after Martini, 1971), New Zealand stages (Cooper, 2004),
and bolboformid zones (Crundwell and Nelson, 2007). The geological timescale of Ogg et al. (2008) was ad-
opted for Expedition 317. Black bars = normal polarity, white bars = reversed polarity. A. 0–10 Ma. (Continued
on next two pages.)
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Figure F5 (continued). B. 10–20 Ma. (Continued on next page.)
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Figure F5 (continued). C. 20–40 Ma.
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Figure F6. Ranges of the most stratigraphically useful planktonic and benthic foraminifers and bolboformids
used for correlation of Neogene and Quaternary Kapitean to Haweran Stages in New Zealand for Expedition
317, after Cooper (2004) and recalibrated to Ogg et al. (2008). GPTS = geomagnetic polarity timescale. S-D =
sinistral-dextral coiling directions, CCZ = Challenger coiling zone, PCZ = Palliser coiling zone, TCZ = Tuke-
mokihi Coiling Zone, GCZ = Glomar coiling zone, MCZ = Mapiri Coiling Zone, KCZ = Kaiti Coiling Zone, S =
most specimens sinistrally coiled, R = most specimens randomly coiled. A. 0–6 Ma. (Continued on next three
pages.)
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Figure F6 (continued). B. 4–12 Ma. (Continued on next page.)
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Figure F6 (continued). C. 10–18 Ma. (Continued on next page.)
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Figure F6 (continued). D. 16–24 Ma.
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Figure F7. Adopted marine paleoenvironmental classification (after Hayward et al., 1999). Oceanicity assign-
ments are based on planktonic foraminifer abundances relative to total foraminifers (planktonic %). Planktonic
abundances <5% = sheltered or restricted inner neritic; abundances >95% = open oceanic. Paleodepth assign-
ments during Expedition 317 were primarily based on benthic foraminiferal assemblages. Calibration of
bathyal subenvironments follows Hayward et al. (1999) and Crundwell et al. (1994). Note that oceanicity de-
terminations are partially independent of water depth.
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Figure F8. Eocene–Holocene calcareous nannofossil zones and datums, Expedition 317, modified after Martini
(1971) and the geomagnetic polarity timescale of Ogg et al. (2008). Black bars = normal polarity, white bars =
reversed polarity. LO = last occurrence, HO = highest occurrence, HCO = highest common occurrence, LRO =
lowest regular occurrence, LCO = lowest common occurrence, X = crossover event (i.e., the co-occurrence of
two marker species), AE = acme end. A. 0–20 Ma. (Continued on next page.)
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Figure F8 (continued). B. 20–40 Ma.
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Figure F9. Quaternary (Pleistocene–Holocene) calcareous nannofossil scheme, Expedition 317, after Gartner
(1977). LO = lowest occurrence, HO = highest occurrence, AB = acme beginning. Zonal codes modified after
Martini (1971).
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Figure F10. Expedition 317 sampling strategy for (A) the shallow (~25–85 m) hole at each site dedicated to
whole-round sampling for geochemistry, microbiology, and geotechnical studies and (B) the main, deep hole(s)
at each site, usually implemented every fifth core below the maximum depth of the dedicated hole. Section
numbers, sample codes, and whole-round dimensions are shown.
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ALA (10 cm) Microbiology sample
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Figure F11. Diagrams showing results of decarbonation experiments on 10 sediment samples from Site U1351.
TOC = total organic carbon, TC = total carbon. A. TOCDIFF vs. TOCSRA. B. Difference of TOCDIFF and decarbonated
TC vs. original inorganic carbon. C. TOCdecarbonated TC vs. TOCSRA. D. TOCdecarbonated TC vs. TOCSRA (decarbonated).
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Figure F12. Wireline tool strings planned for deployment during Expedition 317. See site chapters for tool
strings deployed at each site.
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Table T1. IODP depth scale terminology, Expedition 317. 

Table T2. Locations of peaks used for mineral recognition in X-ray diffraction analyses, Expedition 317. 

Depth scale name Acronym Origin Method description Submethod Unit
Previous 

name
Previous

unit

Drillers depth scale
Drilling depth 

below rig floor
DRF Drill floor Add the lengths of all drill string 

components deployed beneath the 
rig floor, from bit to the point on the 
rig floor where the length of the 
deployed portion of the last string is 
measured.

Describe submethod of 
measuring drill string 
component length and 
length deployed at rig 
floor

m Depth mbrf

Drilling depth
below seafloor

DSF Seafloor Subtract the distance between rig floor 
and seafloor, estimated by one of 
several submethods, from the drilling 
depth below rig floor (DRF)

A. Tag seafloor m Depth mbsf
B. Mudline core
C. Visual control
D. Inherit depth
E. Other

Core depth scale
Core depth 

below seafloor
CSF Seafloor Measure core sample or measurement 

offset below the core top and add it 
to the core top’s drilling depth below 
seafloor; apply one of the 
submethods.

A. Let overlap if long m Depth mbsf
B. Scale if long
C. Other

Core composite depth CCSF Seafloor Align cores from one hole or multiple 
adjacent holes based on one of the 
submethods. The result is a newly 
constructed depth scale.

A. Append if long m Depth mcd
B. Scale by factor
C. Correlate features
D. Splice
E. Other

Wireline depth scale
Wireline log depth 

below rig floor
WRF Drill floor Measure length of wireline extended 

beneath the rig floor.
Describe submethod m Depth mbrf

Wireline log depth 
below seafloor

WSF Seafloor Subtract the distance between rig floor 
and seafloor, estimated by one of 
several submethods, from the 
wireline log depth below rig floor 
(WRF)

A. Seafloor signal m Depth mbsf
B. Drilling depth
C. Inherit depth
D. Other

Wireline log speed-corrected 
depth below seafloor

WSSF Seafloor Correction for irregular motion of the 
tool during logging using 
accelerometer data; used for high-
resolution logs such as 
microresistivity (FMS).

Describe submethod if 
applicable

m Depth mbsf

Wireline log matched depth 
below seafloor

WMSF Seafloor Pick log data from one run as a 
reference and map other run data 
using several tie points.

Describe reference log and 
number/type of tie points 
used

m Depth mbsf

Mineral

Peak

2θ Å

Mica 8.567–9.054 10.321–9.767
Hornblende 10.342–10.638 8.554–8.316
Chlorite 12.291–12.656 7.201–6.994
Total clays 19.529–19.981 4.546–4.444
Quartz 20.677–21.025 4.296–4.225
Plagioclase 27.707–28.159 3.220–3.169
Calcite 28.908–29.882 3.089–2.990
Siderite 32.005–32.092 2.796–2.789
Pyrite 32.962–33.240 2.717–2.695
Dolomite 41.140–41.401 2.194–2.181
K-feldspar 50.501–51.006 1.807–1.791
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Table T3. Calibrated planktonic foraminifer and bolboformid datums, Expedition 317. (See table notes.)
(Continued on next two pages.)

Planktonic foraminiferal datum/New Zealand stage boundary

Age (Ma)

Reference

Berggren 
et al. 

(1995)
GPTS          

(2008)

LO Hirsutella hirsuta 0.34 0.34 Cooper (2004)

Base Haweran (Wq) Stage 0.34 0.34 Cooper (2004)

LO Truncorotalia truncatulinoides ~1.1 ~1.1 Cooper (2004)
HO Truncorotalia tosaensis ~1.1 ~1.1 Scott (pers. comm., ODP Site 1123)
HO Globoconella puncticuloides ~1.5 ~1.5 Cooper (2004)

Base Castlecliffian (Wc) Stage 1.63 1.63 Cooper (2004)

LO Truncorotalia crassacarinina 2.34 2.34 Cooper (2004)
LO Truncorotalia crassula 2.40 2.40 Cooper (2004)

Base Nukumaruan (Wn) Stage 2.40 2.40 Cooper (2004)

Top upper Truncorotalia crassaformis dextral coiling zone 2.45 2.45 Cooper (2004)
HO Zeaglobigerina woodi group ~2.7 ~2.7 Crundwell (pers. obs., ODP Site 1123)

Base Mangapanian (Wm) Stage 3.00 2.99 Cooper (2004)

Base upper Truncorotalia crassaformis dextral coiling zone 3.05 3.04 Cooper (2004)
LO Truncorotalia tosaensis 3.09 3.09 Cooper (2004)
HO Truncorotalia crassaconica 3.09 3.09 Cooper (2004)
HO Globoconella subconomiozea 3.35 3.35 Cooper (2004)

Base Waipipian (Wp) Stage 3.60 3.62 Cooper (2004)

LO Globoconella subconomiozea 4.05 4.06 Cooper (2004)
LO Globoconella puncticuloides ~4.3 ~4.3 Cooper (2004)
LO Globoconella inflata s.s. (populations >50% with <3.5 chambers) ~4.3 ~4.3 Cooper (2004)
HO Globoconella puncticulata s.s. (populations <50% with >3.5 chambers) ~4.3 ~4.3 Cooper (2004)
Top lower Truncorotalia crassaformis dextral coiling zone 4.38 4.39 Cooper (2004)
Base lower Truncorotalia crassaformis dextral coiling zone 4.40 4.41 Cooper (2004)
HO Globoconella pliozea 4.48 4.49 Cooper (2004)
HO Globoconella mons 4.64 4.65 Cooper (2004)
LO Truncorotalia crassaconica 4.75 4.75 Cooper (2004)
HO Truncorotalia aff. crassaconica 4.75 4.75 Cooper (2004)
LO Globoconella puncticulata s.s. (populations <5% weakly keeled) 5.28 5.30 Crundwell (2004)

Base Opoitian (Wo) Stage 5.28 5.30 Cooper (2004)

HO Globoconella sphericomiozea s.s. (populations >5% weakly keeled) 5.28 5.30 Crundwell (2004)
LO Globoconella pliozea 5.38 5.42 Crundwell (2004)
LO Truncorotalia crassaformis 5.41 5.45 Cooper (2004)
LO Globoconella sphericomiozea s.s. upper-lower Tk proxy (populations >5% unkeeled) 5.53 5.60 Crundwell (2004)

Intra-Kapitean (uTk/lTk boundary) 5.53 5.60 Cooper (2004)

HO Globoconella conomiozea s.s. (populations >5% keeled) 5.53 5.60 Crundwell (2004)
LO Truncorotalia aff. crassaconica 5.57 5.64 Cooper (2004)
LO Globoconella mons 5.84 5.97 Crundwell (2004)
LO Truncorotalia neojuanai 5.84 5.97 Cooper (2004) = Truncorotalia aff. juanai
Top middle Truncorotalia juanai acme 6.86 7.06 Crundwell (2004)
LO Globoconella conomiozea s.s. (populations <10% with <4.5 chambers) 6.87 7.07 Crundwell and Nelson (2007)

Base Kapitean (Tk) Stage 6.87 7.07 Cooper (2004)

HO Globoconella miotumida s.s. (populations >10% with >4.5 chambers) 6.87 7.07 Crundwell and Nelson (2007)
Base middle Truncorotalia juanai acme 7.09 7.21 Cooper (2004)
HO Bolboforma praeintermedia (top BBi Zone) 8.21 8.24 Crundwell and Nelson (2007)
HO Hirsutella cf. ichinosekiensis (non-carinate) 8.24 8.28 Crundwell (2004)
LO Bolboforma praeintermedia 8.25 8.29 Crundwell and Nelson (2007)
HO Bolboforma metzmacheri ornata (BBi/BBm zonal boundary) 8.28 8.32 Crundwell and Nelson (2007)
LO Bolboforma metzmacheri ornata 8.45 8.51 Crundwell and Nelson (2007)
HO Bolboforma metzmacheri s.s. (upper subzone) BBm-593/C 8.78 8.85 Crundwell and Nelson (2007)

Intra-Tongaporutuan (uTt/lTt boundary) 8.88 8.95 Cooper (2004)

HO Globoquadrina dehiscens upper-lower Tt proxy 8.88 8.95 Crundwell and Nelson (2007)
HO Hirsutella cf. ichinosekiensis (weakly carinate) 8.90 8.97 Crundwell (2004)
LO Bolboforma metzmacheri s.s. (upper subzone) BBm-593/C 9.01 9.08 Crundwell and Nelson (2007)
Top Tukemokihi Coiling Zone (TCZ) >20% dextral 9.27 9.36 Crundwell and Nelson (2007)
Top subzone BBm-593/B (small smooth-walled phases) 9.29 9.39 Crundwell (2004)
Base subzone BBm-593/B (small smooth-walled phases) 9.31 9.41 Crundwell (2004)
Base Tukemokihi Coiling Zone (TCZ) 9.31 9.41 Crundwell and Nelson (2007)
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HO Bolboforma metzmacheri s.s. (lower subzone) BBm-593/A 9.34 9.44 Crundwell and Nelson (2007)
Bolboforma metzmacheri s.s. abundance spike (lower subzone) BBm-593/A 9.44 9.53 Crundwell (2004)
LO Bolboforma metzmacheri s.s. (lower subzone) BBm/BBc zonal boundary 9.54 9.62 Crundwell and Nelson (2007)
HO Bolboforma gracilireticulata s.l. 9.61 9.69 Crundwell and Nelson (2007)
LO Bolboforma gracilireticulata s.l. 9.75 9.79 Crundwell and Nelson (2007)
HO Bolboforma pentaspinosa 10.08 10.15 Crundwell and Nelson (2007)
HO Bolboforma capsula 10.13 10.20 Crundwell and Nelson (2007)
LO Bolboforma pentaspinosa 10.15 10.22 Crundwell and Nelson (2007)
LO Bolboforma capsula (BBc/BBg zonal boundary) 10.20 10.27 Crundwell and Nelson (2007)
Top Glomar coiling zone (GCZ) 10.25 10.33 Crundwell (2004)
HO Bolboforma gruetzmacheri 10.31 10.39 Crundwell and Nelson (2007)
HO Hirsutella panda (strongly keeled morphotypes) 10.42 10.50 Crundwell (2004)
LO Bolboforma gruetzmacheri 10.46 10.54 Crundwell and Nelson (2007)
LO Neogloboquadrina pachyderma s.l. 10.48 10.56 Crundwell (2004)
Base Glomar coiling zone (GCZ) 10.48 10.56 Crundwell (2004)
HO Paragloborotalia mayeri s.l. 10.48 10.56 Crundwell (2004)
Top lower Truncorotalia juanai acme 10.50 10.58 Crundwell (2004)
HO Bolboforma subfragoris s.l. = top subzone BBs-593/E (BBg/BBs zonal boundary) 10.50 10.58 Crundwell and Nelson (2007)
Top upper Hirsutella panda acme (>5%) 10.56 10.64 Crundwell (2004)
Top Mapiri Coiling Zone (MCZ) 10.57 10.65 Crundwell (2004)
Base upper Hirsutella panda acme (>5%) 10.58 10.66 Crundwell (2004)
Base Mapiri Coiling Zone (MCZ) 10.60 10.68 Crundwell (2004)
Bolboforma subfragoris s.l. abundance spike (subzone BBs-593/E) 10.61 10.69 Crundwell (2004)
Base Bolboforma subfragoris s.l. subzone BBs-593/E 10.70 10.79 Crundwell (2004)
Top lower Hirsutella panda acme (>5%) 10.73 10.82 Crundwell (2004)
Top Bolboforma subfragoris s.l. subzone BBs-593/D 10.80 10.89 Crundwell (2004)
LO Truncorotalia juanai (base lower Tr. juanai acme)* 10.82 10.91 Crundwell (2004)
Top Kaiti Coiling Zone (KCZ) 10.82 10.91 Crundwell and Nelson (2007)
Base lower Hirsutella panda acme (>5%) 10.82 10.91 Crundwell (2004)
HCO Paragloborotalia mayeri s.l. (>5%) 10.88 10.97 Crundwell (2004)
Base Kaiti Coiling Zone (KCZ) Tt/Sw proxy 10.92 11.01 Crundwell and Nelson (2007)

Base Tongaporutuan (Tt) Stage 10.92 11.01 Cooper (2004)

Base Bolboforma subfragoris s.l. subzone BBs-593/D 10.97 11.06 Crundwell (2004)
Top Bolboforma subfragoris s.l. subzone BBs-593/C 11.17 11.23 Crundwell (2004)
Base Bolboforma subfragoris s.l. subzone BBs-593/C 11.23 11.29 Crundwell (2004)
Top Bolboforma subfragoris s.l. subzone BBs-593/B 11.29 11.36 Crundwell (2004)
Base Bolboforma subfragoris s.l. subzone BBs-593/B 11.47 11.55 Crundwell (2004)
Top Bolboforma subfragoris s.l. subzone BBs-593/A 11.50 11.58 Crundwell (2004)
LO Bolboforma subfragoris s.l. = base subzone BBs-593/A (base BBs Zone) 11.56 11.64 Crundwell and Nelson (2007)

Base Waiauan (Sw) Stage ~12.7 ~12.8 Cooper (2004)

HO Menardella praemenardii ~12.7 ~12.8 Crundwell (unpubl. data, DSDP Site 593)
HO Paragloborotalia partimlabiata ~12.7 ~12.8 Crundwell (unpubl. data, DSDP Site 593)
HO Bolboforma cf. clodiusi 12.83 12.89 Cooper (2004)
HO Globoconella conica 12.98 Crundwell (unpubl. data, ODP Site 1171)
LO Bolboforma cf. clodiusi 13.06 13.09 Cooper (2004)
LCO Paragloborotalia mayeri s.l. 13.33 Crundwell (unpubl. data, ODP Site 1171)
LO Truncoroalia juanai 13.72 Crundwell (unpubl. data, ODP Site 1171)
LO Orbulina universa (population) 16.53 14.62 Cooper (2004)
HO Fohsella peripheroronda ~14.8 ~14.8 Cooper (2004)
LO Orbulina suturalis (population) ~15.1 ~15.1 Cooper (2004)

Base Lillburnian (Sl) Stage ~15.1 ~15.1 Cooper (2004)

LO Praeorbulina circularis (population) ~15.4 ~15.4 Cooper (2004)
LO Praeorbulina glomerosa (population) ~15.6 ~15.6 Cooper (2004)
LO Praeorbulina curva (population) ~15.9 ~15.9 Cooper (2004)

Base Clifdenian (Sc) Stage ~15.9 ~15.9 Cooper (2004)

Globoconella miozea (coiling transition – 20% dextral threshold) 16.06 16.02 Cooper (2004)
HO Globoconella zealandica 16.7 16.7 Cooper (2004)
LO Globoconella miozea 16.7 16.7 Cooper (2004)
HO Globorotalia praescitula 16.7 16.7 Cooper (2004)
HO Globoconella incognita 18.5 18.3 Cooper (2004)
HO Zeaglobigerina connecta ~18.8 ~18.5 Cooper (2004)
LO Globigerinoides trilobus 19.0 18.7 Cooper (2004)
LO Globoconella praescitula 19.0 18.7 Cooper (2004)

Planktonic foraminiferal datum/New Zealand stage boundary

Age (Ma)

Reference

Berggren 
et al. 

(1995)
GPTS          

(2008)

Table T3 (continued). (Continued on next page.)
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Notes: Modified after Cooper (2004); based on Ogg et al. (2008). GPTS = geomagnetic polarity timescale. LO = lowest occurrence, HO = highest
occurrence, HCO = highest common occurrence, LCO = lowest common occurrence.

Base Altonian (Pl) Stage 19.0 18.7 Cooper (2004)

HO Catapsydrax dissimilis 19.0 18.7 Cooper (2004)
LO Globoconella incognita ~20.2 ~19.8 Cooper (2004)

Base Otaian (Po) Stage 21.7 21.0 Cooper (2004)

HO Chiloguembelina triseriata ~23.5 ~22.7 Cooper (2004)
LO Zeaglobigerina connecta ~23.7 ~22.9 Cooper (2004)
HO Zeaglobigerina euapertura 23.8 23.0 Cooper (2004)
LO Zeaglobigerina woodi ~24.0 ~23.3 Cooper (2004)
HO Globorotaloides testarugosa ~24.0 ~23.3 Cooper (2004)
HO Neogloboquadrina opima ~24.5 ~23.8 Cooper (2004)
HO Zeaglobigerina laibicrassata ~24.5 ~23.8 Cooper (2004)
HO Chiloguembelina cubensis ~24.5 ~23.8 Cooper (2004)
LO Globoquadrina dehiscens 25.2 24.6 Cooper (2004)

Base Waitakian (Lw) Stage 25.2 24.6 Cooper (2004)

HO Tenuitella munda ~25.2 ~24.6 Cooper (2004)
LO Zeaglobigerina brazieri ~25.5 ~24.9 Cooper (2004)
LO Fohsella kugleri ~26.5 ~26.1 Cooper (2004)
LO Streptochilus pristinus ~27.2 ~26.9 Cooper (2004)
LO Globoquadrina tripartita 27.3 27.0 Cooper (2004)

Base Duntroonian (Ld) Stage 27.3 27.0 Cooper (2004)

HO Antarcticella zeocenica ~27.3 27.0 Cooper (2004)
LO Globigerinopsis obesa ~29.5 ~29.6 Cooper (2004)
HO Chiloguembelina ototara ~29.5 ~29.6 Cooper (2004)

Intra-Whaingaroan (upper/lower boundary) 30.0 30.1 Cooper (2004)

HO Subbotina angiporoides 30.0 30.1 Cooper (2004)
LO Tenuitella ciperoensis ~30.3 ~30.4 Cooper (2004)
LO Zeaglobigerina euapertura ~30.5 ~30.6 Cooper (2004)
LO Catapsydrax dissimilis ~30.5 ~30.6 Cooper (2004)
HO Zeaglobigerina ampliapertura ~30.5 ~30.6 Cooper (2004)
LO Neogloboquadrina opima ~30.5 ~30.6 Cooper (2004)
LO Globigerina juvenilis ~30.5 ~30.6 Cooper (2004)
LO Zeaglobigerina laibicrassata ~30.5 ~30.6 Cooper (2004)
LO Globorotaloides testarugosa ~31.5 ~31.7 Cooper (2004)
LO Tenuitella munda ~32.7 ~32.9 Cooper (2004)
LO Chiloguembelina cubensis ~33.7 ~33.9 Cooper (2004)

Base Whaingaroan (Lwh) Stage 34.3 34.4 Cooper (2004)

Base Runangan (Ar) Stage 36.0 36.0 Cooper (2004)

Base Kaiatan (Ak) Stage 37.0 36.8 Cooper (2004)

Base Bortonian (Ab) Stage 43.0 42.0 Cooper (2004)

Planktonic foraminiferal datum/New Zealand stage boundary

Age (Ma)

Reference

Berggren 
et al. 

(1995)
GPTS          

(2008)

Table T3 (continued).
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Table T4. Calibrated benthic foraminifer datums used for local correlations with New Zealand stages, Expe-
dition 317. (See table notes.)
Proc. IODP | Volume 317
HO Cibicides victoriensis 15.10 
LO Hopkinsina mioindex 15.10 
LO Uvigerina mioshwageri 15.10 
LO Siphouvigerina notohispida 15.10 
HO Haeuslerella pukeuriensis ~15.10
HO Semivulvulina ihungia 15.10 
HO Uvigerina miozea 15.10 
HO Bolivina punctatostriata 15.87 
HO Bolivinella australis 15.87 
HO Bolivinella bensoni 15.87 
HO Cibicides amoenus 15.87 
HO Discorotalia aranea 15.87 
HO Ehrenbergina marwicki 15.87 
HO Haeuslerella decepta 15.87 
HO Notorotalia biconvexa 15.87 
HO Notorotalia serrata 15.87 
HO Notorotalia spinosa 15.87 
HO Sigmoilopsis compressa 15.87 
HO Spiroloculina novozealandica 15.87 
LO Cibicides victoriensis –18.71
LO Bolivinella australis 18.71 
LO Cibicides thiaracula 18.71 
LO Cibicides amoenus 18.71 
LO Haeuslerella pukeuriensis 18.71 
LO Notorotalia wilsoni 18.71 
LO Rectuvigerina ruatoria 18.71 
LO Semivulvulina ihungia 18.71 
LO Sigmoilopsis compressa 18.71 
HO Gaudryna reussi 18.71 
HO Haeuslerella hectori 18.71 
HO Uvigerina picki 18.71 
LO Bolivina punctatostriata 18.71 
LO Textularia miozea 18.71 
LO Ehrenbergina marwicki 21.03 
LO Notorotalia biconvexa 21.03 
LO Spiroloculina novozealandica 21.03 
HO Bolivinella subrugosa 21.03 
HO Ehrenbergina cf. bicornis 21.03 
HO Semivulvulina waitakia 21.03 
HO Uvigerina maynei 21.03 
LO Bolivinella bensoni 24.58 
LO Ehrenbergina cf. bicornis 24.58 
LO Haeuslerella decepta 24.58 
LO Haeuslerella hectori 24.58 
LO Rectuvigerina ongleyi 24.58 
LO Rectuvigerina rerensis 24.58 
LO Uvigerina miozea ~24.58
LO Uvigerina picki 24.58 
LO Vulvulina pennatula 24.58 
HO Rectuvigerina striatissima 24.58 
HO Semivulvulina capitata ~24.58
LO Notorotalia spinosa 27.04 
LO Quasibolivinella finlayi 27.04 
LO Semivulvulina waitakia 27.04 
LO Vulvulina jablonskii 27.04 
HO Bolivinella interrupta 27.04 
HO Notorotalia stachei 27.04 
HO Vulvulina granulosa 27.04 

Datum
Age
(Ma)
Notes: Modified after Hornibrook et al. (1989) and Cooper (2004); recalibrated to Ogg et al. (2008). HO = highest occurrence, LO = lowest
occurrence. Ages cited for each species relate to calibrated ages of New Zealand stage boundaries, and benthic foraminifer datums may not
necessarily correlate precisely with stage boundaries. Hence ages are only approximate.
Datum
Age
(Ma)

HO Bolivinita quadrilatera 0.00 
HO Loxostomum karrerianum 0.00 
HO Notorotalia finlayi 0.00 
HO Notorotalia zelandica 0.00 
HO Rotalia wanganuiensis 0.34 
LO Loxostomum karrerianum 0.34 
HO Bolivinita pliozea 0.60 
HO Haeuslerella parri 1.63 
HO Notorotalia briggsi 1.63 
HO Notorotalia taranakia 1.63 
HO Uvigerina pliozea 1.63 
LO Notorotalia zelandica 2.40 
LO Rotalia wanganuiensis 2.40 
HO Haeuslerella pliocenica 2.40 
HO Notorotalia kingmai 2.40–2.99
HO Lenticulina mamilligera 2.99 
HO Cibicides molestus 2.99 
HO Haeuslerella finlayi 3.62 
HO Hopkinsina mioindex 3.62 
HO Siphouvigerina notohispida 3.62 
HO Cibicides finlayi 3.62 
LO Notorotalia finlayi 3.62 
LO Notorotalia briggsi 3.62 
HO Notorotalia hurupiensis 3.62 
HO Haeuslerella morgani 3.62–5.30
LO Notorotalia kingmai 5.30 
LO Uvigerina pliozea 5.30 
LO Haeuslerella parri ~5.30
LO Haeuslerella finlayi ~6.67
LO Haeuslerella pliocenica 6.67 
LO Bolivinita pliozea 6.67–8.95
LO Bolivinella liliei 6.67 
HO Cibicides thiaracuta 6.67 
HO Rectuvigerina ongleyi 6.67 
HO Rectuvigerina pohana 6.67 
HO Vulvulina pennatula 6.67 
HO Textularia miozea 6.67 
HO Bolivinella rugosa 6.67–11.01
HO Vulvulina jablonskii 11.01 
HO Loxostomum truncatum 8.95–11.01
LO Uvigerina peregrina 11.01 
HO Discorotalia tenuissima 11.01 
LO Haeuslerella morgani ~11.01
LO Notorotalia taranakia 11.01 
HO Bolivinella profolium 11.01 
HO Notorotalia wilsoni 11.01 
HO Quasibolivinella finlayi 11.01 
HO Rectuvigerina ruatoria 11.01 
HO Uvigerina mioshwageri 11.01 
LO Bolivinita pohana 11.01 
LO Bolivinita quadrilatera 11.01 
LO Rectuvigerina pohana 11.01 
LO Notorotalia hurupiensis 12.76 
LO Uvigerina rodleyi 12.76 
LO Bolivinella liliei 12.76 
LO Bolivinella profolium 12.76 
LO Loxostomum truncatum 12.76 
HO Rectuvigerina rerensis 12.76 
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Table T5. Adopted abbreviations for phylogenetically based planktonic foraminiferal genera, Expedition 317.
(See table note.)

Note: Modified after Kennett and Srinivasan (1983).

Abbreviation Genus

Cs. Catapsydrax
Fs. Fohsella
Gc. Globoconella
Gd. Globorotaloides
Ge. Globigerinella
Gg. Globigerina
Gp. Globigerinopsis
Gq. Globoquadrina
Gr. Globorotalia
Gs. Globigerinoides
Gt. Globigerinita
Hr. Hirsutella
Mn. Menardella
Nq. Neogloboquadrina
Or. Orbulina
Pg. Paragloborotalia
Pr. Praeorbulina
Sb. Subbotina
Ss. Sphaeroidinellopsis
Te. Tenuitella
Tb. Turborotalita
Tr. Truncorotalia
Zg. Zeaglobigerina
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Table T6. Selected Neogene benthic foraminifers used to estimate paleodepths in New Zealand waters, Expe-
dition 317. (See table note.)

Note: Modified after Hayward et al. (1999) and B.W. Hayward, unpubl. data.

Paleodepth
Water depth

(m) Benthic foraminifer

Estuarine and subtidal 0–20 Ammonia aoteana
Elphidium advenum
Elphidium charlottense
Elphidium crispum
Elphidium exacavatum

Inner shelf, including embayments 0–50 Bolivina striatula
Discorbis dimidiatus
Elphidium novozealandicum
Notorotalia hornibrooki
Notorotalia inornata
Quinqueloculina spp.
Virgrinopsis turris
Zeaflorilus parri

Inner shelf 0–50 Notorotalia aucklandica
Notorotalia depressa
Patellinella inconspicua

Inner to middle shelf 0–100 Bulimina marginata
Ehrenbergina mestateri
Loxostomum karrerianum
Mississippina concentrica
Notorotalia finlayi
Notorotalia zelandica

Middle shelf 50–100 Hoeglundina elegans
Saracenaria italica

Middle to outer shelf 50–200 Anomalinoides sphericus
Lenticulina calcar

Outer shelf 100–200 Globocassidulina canalisutulata
Notorotalia profunda

Uppermost bathyal 200–400 Bolivinita quadrilatera
Cibicidoides neoperforatus
Cibicidoides wuellerstorfi
Fursenkoina complanata
Globocassidulina subglobosa
Karreriella cylindrica
Melonis affinis

Upper bathyal 400–600 Bolivina robusta
Glandulonodosaria spp.
Martinotiella spp.
Nonionella spp.
Orthomorphina spp.
Pleurostomella spp.
Pyrgo murrhina
Siphonodosaria spp.
Trifarina anglosa
Uvigerina spp.

Middle bathyal 600–800 Bulimina truncana
Karreriella bradyi
Quinqueloculina venusta
Sigmoilopsis schlumbergeri
Vulvulina spp.

Deep middle bathyal 800–1000 Cibicidoides robertsonianus
Hopkinsina mioindex
Neugeborina ovicula
Stilostomella spp.
Uvigerina spp. (hispid form)

Lower bathyal 1000–1500 Cibicidoides kullenbergeri

Deep lower bathyal 1500–3500 Laticarinina pauperata
Melonis pompilioides
Tritaxilina spp.
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Table T7. Calibrated Paleogene to recent calcareous nannofossil datums, Expedition 317. (See table notes.)
(Continued on next page.)

Calcareous nannofossil datum
Age
(Ma)

Zone/
Subzone
(base) Reference

AB Emiliania huxleyi acme 0.08 Lourens et al. (2004)
LO Emiliania huxleyi 0.29 NN21 Lourens et al. (2004)
HO Pseudoemiliania lacunosa 0.44 NN20 Lourens et al. (2004)
HCO Reticulofenestra asanoi 0.91 Lourens et al. (2004)
LR Gephyrocapsa (>4 µm) 1.01 Lourens et al. (2004)
LCO Reticulofenestra asanoi 1.14 Lourens et al. (2004)
HO Gephyrocapsa (>6.5 µm) 1.21 de Kaenel et al. (1999)
HO Gephyrocapsa (>5.5 µm) 1.26 Lourens et al. (2004)
HO Helicosphaera sellii 1.34 Lourens et al. (2004)
LO Pseudoemiliania lacunosa acme 1.34 de Kaenel et al. (1999)
LO Gephyrocapsa (>5.5 µm) 1.56 Lourens et al. (2004)
HO Calcidiscus macintyrei 1.61 Lourens et al. (2004)
LO Gephyrocapsa (>4 µm) 1.69 Lourens et al. (2004)

Pliocene/Pleistocene boundary 1.806 Lourens et al. (2004)

HO Discoaster brouweri 1.93 NN19 Lourens et al. (2004)
LCO Discoaster triradiatus 2.14 Lourens et al. (2004)
HO Discoaster pentaradiatus 2.39 NN18 Lourens et al. (2004)
HO Discoaster surculus 2.49 NN17 Lourens et al. (2004)
HO Reticulofenestra amplus 2.78 Kameo and Bralower (2000)
HO Discoaster tamalis 2.80 Lourens et al. (2004)
HO Reticulofenestra minutula (circular) 3.36 Kameo and Bralower (2000)
HO Sphenolithus spp. 3.54 Lourens et al. (2004)
HO Reticulofenestra pseudoumbilicus 3.70 NN16 Lourens et al. (2004)
LCO Discoaster asymmetricus 4.13 Raffi et al. (2006)
HO Amaurolithus primus 4.50 Raffi et al. (2006)
HO Ceratolithus acutus 5.04 Lourens et al. (2004)
LO Ceratolithus rugosus 5.05 NN13 Lourens et al. (2004)
HO Triquetrorhabdulus rugosus 5.28 Lourens et al. (2004)

Miocene/Pliocene boundary 5.332 Lourens et al. (2004)

LO Ceratolithus larrymayeri 5.34 Lourens et al. (2004)
LO Ceratolithus acutus 5.35 Lourens et al. (2004)
HO Discoaster quinqueramus 5.58 NN12 Lourens et al. (2004)
HCO Nicklithus amplificus 5.98 Lourens et al. (2004)
X Nicklithus amplificus/Triquetrorhabdulus rugosus 6.79 Lourens et al. (2004)
LO Nicklithus amplificus 6.91 Lourens et al. (2004)
LO Amaurolithus spp. 7.36 Lourens et al. (2004)
LO Discoaster berggrenii 8.29 Lourens et al. (2004)
HO Catinaster calyculus 9.67 Lourens et al. (2004)
HO Discoaster hamatus 9.69 NN10 Lourens et al. (2004)
HO Catinaster coalitus 9.69 Lourens et al. (2004)
LO Discoaster hamatus 10.55 NN9 Lourens et al. (2004)
LO Catinaster calyculus 10.76 Lourens et al. (2004)
LO Catinaster coalitus 10.89 NN8 Lourens et al. (2004)
HO Coccolithus miopelagicus 11.02 Raffi et al. (2006)
HCO Discoaster kugleri 11.58 Lourens et al. (2004)
LCO Discoaster kugleri 11.86 NN7 Lourens et al. (2004)
HO Coronocyclus nitescens 12.12 Lourens et al. (2004)
HO Calcidiscus premacintyrei 12.45 Lourens et al. (2004)
HCO Cyclicargolithus floridanus 13.33 Lourens et al. (2004)
HO Sphenolithus heteromorphus 13.53 NN6 Lourens et al. (2004)
HO Helicosphaera ampliaperta 14.91 NN5 Lourens et al. (2004)
AE Discoaster deflandrei 15.66 Raffi et al. (2006)
LO Discoaster signus 15.70 Raffi et al. (2006)
LCO Sphenolithus heteromorphus 17.71 Lourens et al. (2004)
HCO Sphenolithus belemnos 17.95 NN4 Lourens et al. (2004)
HO Triquetrorhabdulus carinatus 18.28 NN3 Lourens et al. (2004)
LO Sphenolithus belemnos 19.03 Lourens et al. (2004)
LO Helicosphaera ampliaperta 20.43 Lourens et al. (2004)
X Helicosphaera euphratis/Helicosphaera carteri 20.92 Lourens et al. (2004)
HCO Triquetrorhabdulus carinatus 22.09 Raffi et al. (2006)
LO Sphenolithus disbelemnos 22.76 Lourens et al. (2004)

Oligocene/Miocene boundary 23.03 Lourens et al. (2004)

HO Sphenolithus delphix 23.11 Lourens et al. (2004)
LO Sphenolithus delphix 23.21 Lourens et al. (2004)
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Notes: Based on Ogg et al. (2008). AB = acme beginning, LO = lowest occurrence, HO = highest occurrence, HCO = highest common occur-
rence, LR = lowest entrance, LCO = lowest common occurrence, X = crossover event, AE = acme end.

Table T8. Replicate analyses of a carbonate sample to establish typical precision of carbonate analyses, Expedi-
tion 317. 

HO Sphenolithus ciperoensis 24.4 NN1 Blaj et al. (2009)
X Triquetrorhabdulus longus/Triquetrorhabdulus carinatus 24.7 Blaj et al. (2009)
HO Sphenolithus distentus 26.8 NP25 Blaj et al. (2009)
HO Sphenolithus predistentus 26.9 Blaj et al. (2009)
LO Sphenolithus ciperoensis 27.1 NP24 Blaj et al. (2009)
LO Sphenolithus distentus 30.0 Blaj et al. (2009)
HO Reticulofenestra umbilicus (>14 µm) 32.0 NP23 Blaj et al. (2009)
HO Isthmolithus recurvus 32.5 Villa et al. (2008)
HO Coccolithus formosus 32.9 NP22 Blaj et al. (2009)

Eocene/Oligocene boundary 33.8 Pälike et al. (2006b)

HO Discoaster saipanensis 34.4 NP21 Blaj et al. (2009)
HO Discoaster barbadiensis 34.8 Blaj et al. (2009)
HO Reticulofenestra reticulata 35.2 Backman (1987)
LO Isthmolithus recurvus 36.6 NP19 Backman (1986)
LO Chiasmolithus oamaruensis 37.0 NP18 Berggren et al. (1995)
HO Chiasmolithus grandis 37.1 Backman (1987)
LO Dictyococcites bisectus (>10 µm) 38.0 Berggren et al., 1995
HO Chiasmolithus solitus 40.4 NP17 Berggren et al., 1995
LO Reticulofenestra reticulata 42.0 Berggren et al., 1995
HO Nannotetrina spp. 42.3 Backman (1987)
LO Reticulofenestra umbilicus (>14 µm) 42.5 Backman (1987)
HO Nannotetrina fulgens 43.4 Backman (1986)
HO Chiasmolithus gigas 44.0 NP15c Backman (1986)
LO Sphenolithus furcatolithoides 45.8 Jovane et al. (2007)
LO Chiasmolithus gigas 46.1 NP15b Agnini et al. (2006)

Analysis
no.

Sediment mass
(g)

CaCO3
(wt%)

Inorganic 
carbon
(wt%)

1 7.92 65.2 7.83
2 8.74 66.5 7.99
3 10.6 66.8 8.02
4 12.93 67.7 8.13
5 12.88 66.2 7.95
6 10.63 67.8 8.13
7 11.86 65.2 7.83
8 9.58 68.5 8.23
9 8.72 65.6 7.88
10 9.74 66.1 7.93
11 13.07 64.9 7.79

Mean: 66.4
Standard deviation: 1.19

Coefficient of variation: 0.018

Calcareous nannofossil datum
Age
(Ma)

Zone/
Subzone
(base) Reference

Table T7 (continued).
Proc. IODP | Volume 317 62



Expedition 317 Scientists Methods
Table T9. Replicate analyses of a rock standard to establish typical precision of total carbon, total nitrogen, and
total sulfur contents of sediment samples, Expedition 317. (See table note.)

Note: Rock standard from Weatherford Laboratories (#99986; PWDR5).

Analysis
no.

N
(wt%)

C
(wt%)

S
(wt%)

1 0.533 3.60 1.56
2 0.644 3.68 1.65
3 0.536 3.55 1.58
4 0.577 3.67 1.63
5 0.585 3.61 1.62
6 0.601 3.71 1.60
7 0.581 3.62 1.65
8 0.597 3.64 1.63
9 0.599 3.60 1.58
10 0.593 3.67 1.65

Mean: 0.58 3.64 1.62
Standard deviation: 0.032 0.046 0.032

Coefficient of variation: 0.06 0.01 0.02
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sh typical precision of source rock analyzer (SRA) parameters, Expedition 317. (See table

ecification, lower and upper limits, and tolerance are as specified by Weatherford Laboratories. HC = hydrocarbon,
 S2)/10], production index = [S1/(S1 + S2) x 100].

Tmax
(°C)

TOCSRA
(wt%) 

Hydrogen index
(mg HC/g TOC) 

 Oxygen index
(mg C/g TOC) Pyrolysis carbon Production index

418 3.11 270.4 12.5 0.71 1.87
413 2.33
423 3.89

5 25

415.8 3.07 275.6 12.7 0.72 2.20
415.3 3.13 268.1 11.8 0.71 2.44
413.3 3.06 273.5 12.1 0.71 2.22
413.6 2.97 282.5 13.1 0.71 2.10
416.0 3.02 276.8 12.3 0.71 2.11
413.6 2.94 283.7 12.9 0.71 2.11
417.3 2.86 298.6 15.7 0.72 1.95
418.5 2.82 298.6 15.2 0.71 1.98

415.4 2.98 282.2 13.2 0.71 2.14
1.89 0.11 11.26 1.46 0.005 0.15
0.005 0.036 0.040 0.110 0.007 0.072
Table T10. Replicate analyses of a rock standard to establi
notes.)

Notes: Rock standard from Weatherford Laboratories (#99986; PWDR5). Sp
TOCSRA = total organic carbon from SRA. Pyrolysis carbon = [0.83 x (S1 +

Rock standard
S1

(mg HC/g rock) 
S2

(mg HC/g rock) 
S3

(mg HC/g rock) 

Specification: 0.16 8.41 0.39
Lower limit: 0.08 7.15 0.29
Upper limit: 0.24 9.67 0.49

Tolerance (%): 50 15 25

Analysis no.
1 0.19 8.46 0.39
2 0.21 8.39 0.37
3 0.19 8.37 0.37
4 0.18 8.39 0.39
5 0.18 8.36 0.37
6 0.18 8.34 0.38
7 0.17 8.54 0.45
8 0.17 8.42 0.43

Mean: 0.18 8.41 0.39
Standard deviation: 0.013 0.065 0.030

Coefficient of variation: 0.071 0.008 0.077
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sediment samples, Hole U1351A. (See table notes.)

 (TC), total nitrogen (TN), and total sulfur (TS) from elemental analysis of sediments. TOCDIFF =
m source rock analyzer pyrolysis (see Table T18 in the “Site U1351” chapter). Tmax = pyrolysis

IFF (original data) and TOCdecarbonated TC (decarbonated data).

S1
g HC/g rock)

S2
(mg HC/g rock)

S3
(mg CO2/g rock)

Tmax
(°C)

Hydrogen index
(mg S2/g TOC)

Oxygen index
(mg S3/g TOC)

0.27 1.13 1.25 429.7 86.3 95.4
0.22 1.01 1.16 422.0 73.7 84.7
0.22 1.05 1.19 422.5 77.8 88.1
0.05 0.20 0.23 416.4 24.1 27.7
0.05 0.21 0.29 419.4 19.6 27.1
0.10 0.52 0.71 421.1 49.5 67.6
0.04 0.15 0.25 401.6 15.0 25.0
0.10 0.57 0.94 423.1 40.1 66.2
0.07 0.35 0.69 413.7 34.7 68.3
0.06 0.36 0.69 425.7 36.7 70.4

0.42 1.32 0.70 417.5 140.4 74.5
0.40 1.27 0.76 421.2 123.3 73.8
0.37 1.07 0.36 415.0 107.0 36.0
0.12 0.22 0.05 405.3 32.4 7.4
0.11 0.21 0.05 402.4 47.7 11.4
0.26 0.61 0.18 416.7 81.3 24.0
0.11 0.16 0.04 416.7 50.0 12.5
0.33 0.73 0.21 411.2 78.5 22.6
0.11 0.26 0.13 414.7 42.6 21.3
0.20 0.43 0.12 414.7 62.3 17.4
Table T11. Source rock and elemental analysis data for 10 decarbonated 

Notes: Inorganic carbon (IC) from coulometric measurement of acid-evolved CO2. Total carbon
total organic carbon from difference between TC and IC. TOCSRA = total organic carbon fro
temperature at which the evolution rate of S2 is at a maximum. Difference is between TOCD

 Core, section, 
interval (cm) 

 Depth 
CSF-A (m)

IC
(wt%)

TC
(wt%)

TN
(wt%)

TS
(wt%)

TOCDIFF 
(wt%)

TOCSRA
(wt%) (m

317-U1351A-
Original data

1H-1, 11 0.11 3.51 4.22 0.53 0.04 0.71 1.31
1H-1, 25 0.25 3.32 4.06 0.61 0.06 0.74 1.37
1H-2, 43 1.92 1.68 2.49 0.54 0.26 0.81 1.35
2H-3, 98 6.68 0.29 0.67 0.52 0.37 0.38 0.83
2H-4, 50 7.70 1.70 0.99 0.53 0.48 –0.71 1.07
3H-2, 77 14.47 1.77 2.32 0.48 0.23 0.55 1.05
4H-2, 127 20.97 0.95 1.23 0.43 0.17 0.28 1.00
4H-3, 76 21.96 3.54 3.95 0.60 0.26 0.41 1.42
5H-2, 34 26.94 3.70 3.81 0.61 0.08 0.11 1.01
5H-2, 54 27.14 3.76 4.04 0.56 0.06 0.28 0.98

Decarbonated data Difference
1H-1, 11 0.11 — 0.88 0.35 0.42 –0.17 0.94
1H-1, 25 0.25 — 0.95 0.38 0.40 –0.21 1.03
1H-2, 43 1.92 — 0.77 0.32 0.69 0.04 1.00
2H-3, 98 6.68 — 0.31 0.39 0.53 0.07 0.68
2H-4, 50 7.70 — 0.30 0.34 0.73 –1.01 0.44
3H-2, 77 14.47 — 0.53 0.33 0.69 0.02 0.75
4H-2, 127 20.97 — 0.18 0.00 0.50 0.10 0.32
4H-3, 76 21.96 — 0.62 0.35 1.05 –0.21 0.93
5H-2, 34 26.94 — 0.29 0.30 0.55 –0.18 0.61
5H-2, 54 27.14 — 0.36 0.35 0.56 –0.08 0.69



Expedition 317 Scientists Methods
Table T12. Replicate analyses of an interstitial water sample to establish typical precision of Dionex ICS-3000
Ion Chromatograph for a typical anion (chloride) and cation (sodium), Expedition 317.

Table T13. Nominal concentrations and acceptable 2% limits in IAPSO seawater for sodium, potassium, mag-
nesium, calcium, chloride, and sulfate by ion chromatography, Expedition 317.

Table T14. Replicate analyses of elemental concentrations of IAPSO seawater standard to establish typical pre-
cision of the Teledyne Prodigy high-dispersion ICP-AES, Expedition 317. (See table notes.) 

Notes: Data set 1 was run on 5 December 2009; data set 2 was run on 13 December 2009. Expected values are as published in Burton (1996).
The Ba content of seawater is essentially zero (Murray et al., 2000), so it is uncertain why the measured Ba values in IAPSO seawater are
slightly higher than this, as well as higher than some interstitial water samples analyzed during Expedition 317.

Analysis
no.

Chloride
(mM)

Sodium
(mM)

1 326.9 278.8
2 327.7 278.4
3 326.3 279.4
4 327.4 279.3
5 327.9 277.9
6 327.1 279.3
7 326.5 278.0

Mean: 327.1 278.7
Standard deviation: 0.611 0.649

Coefficient of variation: 0.002 0.002

Analyte
Concentration 

(mM)

2% error 
acceptable range 

(mM)

Sodium 480 470.4–489.6
Potassium 10.44 10.23–10.65
Magnesium 54 52.92–55.08
Calcium 10.55 10.34–10.76
Chloride 559 547.82–570.18
Sulfate 28.9 28.32–29.48

Analysis
no.

 Li
(µM)

B
(µM)

Si
(µM)

Sr
(µM)

Ba
(µM)

Data set 1
1 22.9 397.2 142.8 80.1 1.8
2 23.8 412.8 152.3 86.4 1.8
3 24.9 417.8 159.0 86.9 2.0
4 26.7 433.6 169.0 92.5 2.2
5 25.2 426.5 159.7 91.2 1.9
6 26.6 432.4 163.0 93.3 2.1
7 24.8 421.6 152.4 91.1 1.8

Mean: 25.0 420.3 156.9 88.8 1.9
2σ: 2.7 25.4 17.0 9.3 0.3

Data set 2
1 27.1 418.6 152.2 89.3 1.6
2 26.2 411.8 148.0 88.7 1.5
3 26.7 415.8 148.9 88.9 1.6
4 26.4 410.1 148.1 88.8 1.5
5 27.1 410.0 150.5 88.7 1.7

Mean: 26.7 413.2 149.6 88.9 1.6
2σ: 0.8 7.6 3.5 0.4 0.1

Expected values: 25.9 431 103 93.3 0.106
Proc. IODP | Volume 317 66



Expedition 317 Scientists Methods
Table T15. Artificial salt solution used as the basis for all enrichment media, Expedition 317. (See table note.)

Note: The trace element solution and vitamin mixture was described by Widdel et al. (1983).

Table T16. Culture media used for cultivations at 70°C, Expedition 317. (See table note.) 

Note: SS = artificial salt solution.

Table T17. Downhole measurements made by wireline tool strings, Expedition 317. (See table notes.)

Notes: All tool names are trademarks of Schlumberger. Sampling interval is based on optimal logging speed. NA = not applicable. For definitions
of tool acronyms, see Table T18.

Component Concentration

Distilled water 1000 mL
NaCl 30 g/L
KBr 0.09 g/L
CaCl2·2H2O 1.47 g/L
MgCl2·6H2O 5.67 g/L
KCl 0.6 g/L
MgSO4·7H2O 5.62 g/L
Tris 1.20 g/L
SrCl2·6H2O 0.02 g/L

The pH was adjusted to 7.5 with 1M HCl
After autoclaving, the following were added from sterile stock solutions:

NH4Cl (1M) 4.67 mL/L
KH2PO4 (1M) 1.5 mL/L
Trace element solution 1.0 mL/L
Vitamin mixture 1.0 mL/L

Medium Components Concentration Comments

317-1: Methanogen medium (hydrogenotrophy) Na2S 0.1% (wt/vol) SS prepared under 5% H2, 5% N2, 90% N2 (biogas) headspace

317-2: Methanogen medium Na2S 0.1% (wt/vol) SS prepared under 5% H2, 5% N2, 90% N2 (biogas) headspace
Ethanol 0.5% (vol/vol)
Methanol 0.5% (vol/vol)

317-3: Methanogen medium (methylotrophy) Na2S 0.1% (wt/vol) SS prepared under 5% H2, 5% N2, 90% N2 (biogas) headspace
Methilamine 0.01M

317-4: Medium for heterotrophic sulfate-reducers Na2S 0.1% (wt/vol) SS prepared under 5% H2, 5% N2, 90% N2 (biogas) headspace
Pyruvate 0.01M
Succinate 0.01M

317-5: Medium for fermenters Na2S 0.1% (wt/vol) SS prepared under 5% H2, 5% N2, 90% N2 (biogas) headspace
Peptone 0.05% (wt/vol)
Yeast 0.05% (wt/vol)

Tool string Tool Measurement
Sampling

interval (cm)

Approximate
vertical

resolution (cm)

Triple combination HNGS Spectral gamma ray 15 20–30
GPIT Tool orientation 3.8 15
HLDS Bulk density 2.5 and 15 38
DIT Resistivity 15 240/180/92
APS Porosity 5 and 15 36

Formation MicroScanner-sonic HNGS Spectral gamma ray 15 20–30
GPIT Tool orientation 3.8 15
FMS Microresistivity 0.25 0.5
DSI Acoustic velocity 15 107

Versatile Seismic Imager SGT Total gamma ray 5 and 15 30
VSI Acoustic travel time Stations at 20 m NA
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Table T18. Acronyms and units used for downhole wireline tools and measurements, Expedition 317. (See
table note.)

Note: For the complete list of acronyms used in IODP and for additional information about tool physics and use, consult IODP-USIO Science Ser-
vices, LDEO, at iodp.ldeo.columbia.edu/TOOLS_LABS/tools.html.

Tool Output Description Unit

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

DIT Dual Induction Tool
IDPH Deep induction resistivity Ωm
IMPH Medium induction resistivity Ωm
SFLU Spherically focused resistivity Ωm

DSI Dipole Sonic Imager
DTCO Compressional wave slowness (Δt) µs/ft
DTSM Shear wave slowness (Δt) µs/ft

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

HLDS Hostile Environment Litho-Density Sonde
RHOM Bulk density g/cm3

PEFL Photoelectric effect barns/e–

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

HNGS Hostile Environment Natural 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

SGT Scintillation Gamma Ray Tool 
GR Total gamma ray gAPI
ECGR Environmentally corrected gamma ray gAPI
EHGR High-resolution environmentally corrected gamma ray gAPI

VSI Versatile Seismic Imager
Acoustic travel time ms
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