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Procedures
Numbering of sites, holes, cores, and samples

Drilling sites are numbered consecutively from the first site
drilled by the Glomar Challenger in 1968. Integrated Ocean Drill-
ing Program (IODP) Expedition 301 began using the prefix “U” to
designate sites occupied by a U.S. Implementing Organization
(USIO) vessel. For all IODP drill sites, a letter suffix distinguishes
each hole drilled at the same site. The first hole drilled is assigned
the site number modified by the suffix “A,” the second hole takes
the site number and the suffix “B,” and so forth. For Expedition
324, each site has only one hole (A).

The cored interval is measured in meters below seafloor (mbsf) ac-
cording to the core depth below seafloor, method A (CSF-A),
depth scale (see IODP Depth Scale Terminology at
www.iodp.org/program-policies/). In general, the depth below
seafloor is determined by subtracting the water depth estimated
from the initial drill pipe measurement to the seafloor from the
total drill pipe measurement. The depth interval assigned to an
individual core begins with the depth below seafloor at which
coring began and extends to the depth that coring advanced.
Each coring interval is generally ~9.5 m, which is the length of a
core barrel; however, coring intervals may be shorter. During Ex-
pedition 324, some of the overlying sediment succession was
drilled without coring. Coring at all sites started ~50–70 m above
the expected basement contact.

During Expedition 324, unless otherwise noted, all core depths
below seafloor were calculated as CSF-A. For ease of communica-
tion of shipboard results, all depths are reported in this volume as
“meters below seafloor” unless otherwise noted.

Cores taken from a hole are numbered sequentially from the top
of the hole downward. Core numbers and their associated cored
intervals are unique in a given hole. Generally, maximum recov-
ery for a single core is 9.5 m of rock or sediment contained in a
plastic liner (6.6 cm internal diameter) plus ~0.2 m (without a
plastic liner) in the core catcher, which is a device at the bottom
of the core barrel that prevents the core from sliding out when
the barrel is being retrieved from the hole. In certain situations,
recovery may exceed the 9.5 m maximum. In soft sediments, this
is normally caused by core expansion resulting from depressuriza-
tion. In hard rock cores, this probably happens when a pedestal of
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rock fails to break off and is grabbed by the next core
barrel.

A recovered core is divided into 1.5 m sections that
are numbered serially from the top. When full recov-
ery is obtained, the sections are numbered 1 through
7, with the last section usually being shorter than 1.5
m. Rarely, an unusually long core may require >7
sections. When the recovered core is shorter than
the cored interval, the top of the core is equated with
the top of the cored interval by convention to
achieve consistency in handling analytical data de-
rived from cores. All pieces recovered are placed im-
mediately adjacent to each other in the core tray.
Samples and descriptions of cores are designated by
distance, measured in centimeters from the top of
the section to the top and bottom of each sample or
interval. By convention, material recovered from the
core catcher is placed below the last section when
the core is described and is labeled with the suffix
“CC.” In sedimentary cores, the core catcher section
is treated as a separate section. The core catcher is
placed at the top of the cored interval in cases in
which material is recovered only in the core catcher.
However, information supplied by the drillers or by
logging may allow more precise interpretation as to
the correct position of core catcher material within
an incomplete recovered cored interval.

A complete identification number for a sample con-
sists of the following information: expedition, site,
hole, core number, core type, section number with
the interval in centimeters measured from the top of
the section, and piece number (assigned only for
hard rock). For example, a sample identification of
“324-U1350A-26R-8 (Piece 1, 4–7 cm)” indicates a 3
cm sample of Piece 1 removed from the interval be-
tween 4 and 7 cm below the top of Section 8 of Core
26 (“R” designates that this core was taken with the
rotary core barrel [RCB]) in Hole A at Site U1350 dur-
ing Expedition 324.

Core handling
Cores recovered during Expedition 324 were ex-
tracted from the core barrel in plastic liners. These
liners were carried from the rig floor to the core pro-
cessing area on the catwalk outside the core labora-
tory, where they were split into ~1.5 m sections.
Liner caps (blue = top, colorless = bottom) were
glued with acetone onto liner sections on the cat-
walk by the curator. Hard rock pieces were pushed to
the top of the liner sections and total rock length
was measured. The length was entered into the data-
base using the Sample Master application as “created
length.” This number is used to calculate recovery.
The 1.5 m sections were transferred to the core split-
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ting room, where the plastic liners were split length-
wise to expose the core.

Oriented pieces of core were marked on the bottom
with a red wax pencil to preserve orientation, either
before they were extracted from the core barrel or
when they were removed from the split core liner. In
some cases, pieces were too small to be oriented with
certainty. Adjacent but broken core pieces that could
be fit together along fractures were curated as single
pieces. The structural geologist on shift confirmed
piece matches and corrected any errors. The struc-
tural geologist also marked the split line on the
pieces, which defined how the pieces were cut in two
equal halves. The aim was to maximize the expres-
sion of dipping structures on the cut face of the core
while maintaining representative features in both ar-
chive and working halves. A plastic spacer was se-
cured to the split core liner with acetone between in-
dividual pieces or reconstructed contiguous groups
of subpieces. These spacers may represent a substan-
tial interval of no recovery. The length of each sec-
tion of core, including spacers, was entered into the
curation database as the curated length. Curated
length commonly differs by a few to several centime-
ters from the created length measured on the cat-
walk. The database then recalculates the assumed
depth of each piece based on the curated length.

Each section was allowed to equilibrate to ambient
room temperature (3 h for hard rock, 4 h for sedi-
ment) and first scanned using the shipboard Whole-
Round Multisensor Logger (WRMSL) (see “Physical
properties”). The whole-round core sections were
next measured with the Natural Gamma Ray Logger
(NGRL) (see “Physical properties”). Each piece of
core was then split with a diamond-impregnated saw
into an archive half and a working half, with the po-
sitions of plastic spacers between pieces maintained
in both halves. Pieces were numbered sequentially
from the top of each section, beginning with num-
ber 1. Separate subpieces within a single piece are as-
signed the same number but were lettered consecu-
tively (e.g., 1A, 1B, 1C). Pieces were labeled only on
the outer cylindrical surfaces of the core. If it was ev-
ident that an individual piece had not rotated
around a horizontal axis during drilling, an arrow
was added to the label, pointing to the top of the
section. The oriented character of the piece was then
recorded in the database using the Sample Master ap-
plication

Digital images of the dry, cut faces of the archive
halves were captured with the Section Half Imaging
Logger (SHIL). Measurements of point magnetic sus-
ceptibility and color reflectance were performed with
the Section Half Multisensor Logger (SHMSL) on the
2
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archive half of the cores. This instrument also in-
cludes a laser calibration system. The data from the
laser (e.g., the location of gaps in the core and rubble
intervals) was used to aid data filtering of multi-
sensor measurements (see “Physical properties”).

The archive half of each core was described for mag-
matic lithology and structural features, and observa-
tions were recorded using the descriptive data cap-
ture application, DESClogik. Specialized templates
and spreadsheets were developed for this application
by the individual descriptive laboratory groups (for
details, see individual disciplinary sections in this
chapter).

Finally, digital color close-up images were taken of
particular features, as requested by individual scien-
tists. During the crossover of both day and night
shifts, a sample meeting was held to discuss the sec-
tions described and to select key intervals for ship-
board analyses sampling.

Samples were taken on working halves for shipboard
physical property, paleomagnetic, thin section, X-ray
diffraction (XRD), and geochemical analyses, as de-
scribed in the sections below. Each extracted sample
was logged into the Sample Master database program
by location, sample type, and intended shipboard
study (e.g., thin section, XRD, etc.). Records of all re-
moved samples are kept by the IODP Curatorial Spe-
cialist. Sampling for personal postcruise research was
delayed until the transit at the end of the expedition.
This allowed for a more careful sample selection be-
cause it was based on the integrated shipboard data
set (e.g., geochemical analyses, thin section descrip-
tions, and other observational or analytical data
stored in the database). At the end of Expedition
324, all cores were transferred from the ship for per-
manent storage at the IODP Gulf Coast Repository in
College Station, Texas (USA).

Authorship of site chapters
The separate sections of the site chapters and meth-
ods chapter were written by the following shipboard
scientists (authors are listed in alphabetical order; no
seniority is implied):

Sedimentology: Littler, Matsubara, Woodard
Paleontology: Ando, Herrmann
Igneous petrology: Almeev, Greene, Koppers, Mi-

yoshi, Natland, Shimizu, Widdowson
Alteration and metamorphic petrology: Delacour, 

Murphy
Structural geology: Hirano, Li
Geochemistry: Heydolph, Ishikawa, Mahoney
Physical properties: Harris, Kang, Prytulak
Paleomagnetism: Carvallo, Ooga, Tominaga
Downhole logging: Evans, Iturrino
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Sedimentology
The lithostratigraphy of sediments recovered during
Expedition 324 was determined using a variety of de-
scriptive and analytical techniques. These included
digital core imaging, color reflectance, magnetic sus-
ceptibility, and sedimentological observations based
on visual (macroscopic) core description, thin sec-
tions, and smear slides. The methods employed dur-
ing this expedition were similar to those used during
Ocean Drilling Program (ODP) Leg 198 (Shipboard
Scientific Party, 2002a), during which sediments
were also drilled on Shatsky Rise. Expedition 324
used the DESClogik application (see link to user
guides at iodp.tamu.edu/tasapps/) to record de-
scriptive data for the Laboratory Information Man-
agement System (LIMS) database, which was first im-
plemented during IODP Expedition 320T
(Expedition 320T Scientists, 2009). Three spread-
sheet templates were customized for Expedition 324
in DESClogik prior to the arrival of the first core. The
spreadsheet templates were used to record macro-
scopic core descriptions, as well as smear slide and
thin section data, which helped quantify the texture
and relative abundance of biogenic and nonbiogenic
components. The locations of all smear slide and
thin section samples taken from each core were re-
corded in the IODP-USIO Sample Master program.
The descriptive data were used to produce the visual
core description (VCD) graphic reports.

Core imaging
After whole cores were split into archive and work-
ing halves, the flat face of the archive half was im-
aged using the SHIL. Images were taken with a line
scan camera at 20 pixel/mm intervals. This process
generated high-resolution digital images that aided
core description, as the high quality of the images
enhances the appearance of some sedimentary fea-
tures.

Visual core descriptions
Cores were examined and the descriptions were en-
tered into the DESClogik sedimentary template,
from where they were uploaded into the central
LIMS database. The data were used to produce VCD
graphic reports (Fig. F1), which include simplified
graphical representations of the cores with accompa-
nying descriptions of the features observed. Depend-
ing on the type of material drilled, two VCDs were
sometimes produced for each core, one to describe
the sediments/sedimentary rocks recovered and the
other for description of igneous features. In contrast
to the igneous VCD, which displays data in terms of
core sections, the sedimentary VCD shows the entire
3
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core. For further information about the igneous
VCDs, see “Igneous petrology.”

Hole, core, and interval (core depth below seafloor)
are given at the top of the VCD, and core depths and
section lengths are indicated along the far left mar-
gin. Physical descriptions of the core correspond to
entries in the DESClogik application and include li-
thology, grain size, sedimentary structures, bioturba-
tion, accessory features, and the types of samples
taken from the core for shipboard studies. Addition-
ally, selected physical property data (gamma ray at-
tenuation [GRA] bulk density, magnetic susceptibil-
ity, and color reflectance) and paleontological
observations are displayed on the sediment VCDs. A
core summary section at the top of the VCD provides
a generalized overview of the lithology and features
of the whole core. The individual columns shown in
the VCD are listed below, followed by an outline of
the lithostratigraphic classification used during Ex-
pedition 324.

Core summary
A brief overview of major and minor lithologies pres-
ent in the core, as well as notable features (e.g., sedi-
mentary structures), are presented in the core sum-
mary text field at the top of the VCD. The summary
includes sediment color determined qualitatively us-
ing the Munsell soil color charts (Munsell Color
Company, Inc., 1994). Because color of the sediment
may evolve during drying and subsequent redox re-
actions, color was described shortly after the cores
were split.

Section
Once on deck each core was cut into sections. The
section number is listed in the far left column of the
VCD along the core image scan and the core depth
in meters.

Core image
The high-resolution scans of each core section made
by the SHIL are compiled to provide a continuous
image of the entire core to the right of the column
listing the core sections. Sedimentary VCDs are cre-
ated only for cores which contain at least a 1 m in-
terval of sediments.

Graphic lithology
The lithology of the core recovered is represented on
the VCD sheet by graphic patterns (Fig. F2). For in-
tervals containing homogeneous mixtures of multi-
ple lithologies, patterns are arranged within the col-
umn from left to right in order of their relative
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abundance. Only components determined to be the
primary lithology of the sediment (most abundant)
are represented in the Graphic Lithology column.
The width of each pattern in the column gives the
relative abundance of that component. Therefore,
the Graphic Lithology column represents an approx-
imate estimate of the sedimentary constituents,
rather than a quantitative characterization. It is im-
portant to note that occasionally other sedimentary
constituents, which comprise >25% (major compo-
nent), are not displayed. We suggest interested par-
ties access the LIMS database (iodp.tamu.edu/
tasapps/) to obtain detailed descriptive information
and a complete characterization of the sedimentary
material recovered.

Gamma ray attenuation bulk density
Where recovery and core length permitted, the bulk
density of the sediments was measured using GRA
(see “Physical properties”). The raw and filtered
data appear in the first column to the right of the
Graphic lithology column.

Magnetic susceptibility
Where recovery and core length permitted, the mag-
netic susceptibility, which roughly indicates sedi-
mentary iron content, was measured (see “Physical
properties”). The raw and filtered data appear beside
the GRA bulk density column.

Color reflectance spectrophotometry
Reflectance of visible light from the archive halves of
sediment cores was routinely measured using a
SHMSL. The SHMSL was equipped with OceanOptics
software for analysis of color reflectance data. Cores
consisting of soft sediment were covered with clear
plastic wrap and placed on the SHMSL. Hard rock
sections were run without the protective plastic
cover. Measurements were taken at 1–2 cm spacing.
The SHMSL is set to skip empty intervals in the core
liner but cannot recognize relatively small cracks,
disturbed areas of core, or plastic section dividers.
Thus, raw SHMSL data may contain spurious mea-
surements that should ideally be edited out of the
data set before use. Therefore, a filter was applied to
the reflective data set (see “Physical properties”).
Both filtered and unfiltered data are shown on the
VCD.

Age
The nannofossil or foraminifer zone which defines
the age of the sediments is listed in the Age column.
4
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Grain size
The Grain size column displays the dominant grain
size of the sediment. Where mixtures of multiple
sedimentary constituents with varying grain sizes oc-
cur, the most prevalent grain size is displayed. Rather
than being plotted by absolute size, sedimentary
grain sizes are represented numerically using a range
from 0 (cryptocrystalline) to 6 (gravel/pebble/lapilli)
(Fig. F2).

Shipboard sample 
Samples taken for shipboard analyses are recorded
here. These samples include toothpick samples and
thin sections, all micropaleontology samples, and
those taken for physical properties measurements. At
least one or two smear slides (or thin sections) were
generated from each core to constrain sedimentary
composition. In addition, coulometric analyses of
carbonate content and carbon-hydrogen-nitrogen-
sulfur (CHNS) analyses of total sedimentary carbon
were performed on discrete samples to aid lithologic
description.

Bioturbation
Degree of bioturbation was determined by observing
how intensely the sediment was altered by the ac-
tion of organisms (Droser and Bottjer, 1986). Degree
of bioturbation was determined based on the follow-
ing parameters: intense (75%–100%), moderate (25%
to <75%), and minor (>0% to <25%). Graphic sym-
bols in the Bioturbation intensity column illustrate
these parameters (Fig. F2).

Fossils
Identifiable trace fossils (ichnofossils) and any major
body fossils or fossil fragments recovered are dis-
played to the right of the Bioturbation intensity col-
umn in the Ichnofossil/Fossil column.

Structures
Structures resulting from physical sedimentary pro-
cesses and those associated with drilling disturbance
are shown in the following columns. 

Sedimentary structure

Structures formed by both physical and biogenic
processes are included. These processes include de-
tailed descriptions of features such as laminations
and cross-bedding, contacts between sediments of
differing lithologies, and any soft-sediment deforma-
tion structures (e.g., flame structures). 
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Lithologic accessories

Nonprimary sedimentary constituents such as authi-
genic or diagenetic minerals are recorded in the Lith-
ologic accessories column. Alteration structures and
postdepositional features (e.g., sedimentary coatings)
also appear here.

Drilling disturbance

The degree to which the core is affected by drilling
disturbance is recorded in this column (e.g., biscuit-
ing) (Fig. F2).

Sediment classification
Lithologic names including sediment composition,
degree of lithification, and/or texture are based on
conventions outlined by Mazzullo et al. (1988) in
the ODP sediment classification scheme. The princi-
pal name is based on the composition of the major
lithology as identified by observation, smear slides,
and so on, and is preceded by major modifiers (in or-
der of increasing abundance) that refer to compo-
nents making up at least 25% of the sediment. Minor
components represent between 10% and 25% of the
sediment and follow the principal name in order of
increasing abundance. Thus a well-indurated sample
containing 70% nannofossils, 25% clay minerals,
and 5% foraminifers would be described as a “clayey
nannofossil limestone.” Only the major lithology is
recorded in the Graphic lithology column, whereas
other major and minor components are available
from the LIMS database.

Size divisions for grains are those of Wentworth
(1922) (Fig. F3). These size and textural qualifiers
were not used in the sediment names (e.g., nanno-
fossil clay implies that the dominant component is
clay minerals rather than clay-sized nannofossils).

Terms that describe lithification are dependent upon
the dominant composition. For sediments derived
predominantly from calcareous organisms (e.g., cal-
careous nannofossils and foraminifers) the terms
“ooze,” “chalk,” and “limestone” are applicable. If
the sediment can be deformed with a finger it is
classed as ooze, if it can be scratched easily by a fin-
gernail it is chalk, and if it cannot be scratched easily
it is limestone.

For sediments derived predominantly from siliceous
microfossils (diatoms, radiolarians, and siliceous
sponge spicules) the terms “ooze,” “radiolarite/spicu-
lite/diatomite,” and “chert” are applicable. If the sed-
iment can be deformed with a finger it is classified as
ooze, if it cannot be easily deformed manually it is
radiolarite/spiculite/diatomite, and if it displays a
glassy luster it is chert. The term “porcellanite” is
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used as defined by Keene (1975) and describes a sili-
ceous limestone/claystone that has a dull luster and
is less hard and compact than chert. Porcellanite
may contain a mix of opal, quartz, clay minerals,
and carbonate. Note that the terms porcellanite and
chert do not imply crystallinity of the silica.

For sediments derived predominantly from siliciclas-
tic material, naming is based on the dominant grain
size rather than the degree of lithification. For indu-
rated material, the lithification suffix “-stone” is ap-
pended to the dominant size classification (e.g.,
“silt” versus “siltstone”).

For sediments composed predominantly of fine-
grained volcaniclastic grains the terms “volcanic
ash” and “tuff” are applicable. If the sediment can be
deformed easily with a finger, the interval is de-
scribed as ash and a modifier of “coarse” or “fine” is
given to indicate the grain size range of sand and
silt/clay, respectively. For more consolidated mate-
rial, the rock is called tuff. The term “volcaniclastic
breccia” is used for coarse-grained material (i.e.,
granule and pebble size categories). Discrete pumice
lapilli are noted simply as “pumice.” If a rock is com-
posed of volcanic grains which have obviously expe-
rienced transport and redeposition it may be referred
to as a “volcaniclastic sandstone” or “volcaniclastic
mudstone.” The terms “breccia” and “conglomerate”
are used for rocks which contain many grains >2 mm
in size. If the composition of the majority of the
clasts is igneous, then “volcaniclastic” may be added
to the beginning as a descriptive qualifier. At Site
U1348, the term “hyaloclastite” is used for vitroclas-
tic (i.e., glassy) materials produced by the interaction
of water and hot magma or lava (Fisher and
Schmincke, 1984). Fine-grained hyaloclastite is clas-
sified into “fine hyaloclastite” (clay and silt size cate-
gories) and “hyaloclastite sandstone” (sand size cate-
gories). The terms “granular hyaloclastite” and
“hyaloclastite breccia” are used for rocks that con-
tain many grains 2–4 mm and >4 mm in size, respec-
tively. The use of genetic nomenclature for the volca-
niclastic succession recovered at Site U1348 is based
on the assumption that the material recovered is pre-
dominantly (altered) hyaloclastite (Table T1). This
assumption however, must be verified by further de-
tailed studies.

Paleontology
Calcareous microfossils (nannofossils, planktonic
foraminifers, and benthic foraminifers) were exam-
ined for core catcher samples as well as for additional
section-half samples. Preliminary age assignments
were based on biostratigraphic analyses of calcareous
nannofossils and planktonic foraminifers. Paleoba-
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thymetric interpretations were based on benthic for-
aminifer assemblages. Where possible, the preserva-
tion, abundance, and zonal assignment of each
microfossil group were entered into the LIMS data-
base through the DESClogik software. The timescale
used for this study is that constructed for Leg 198
(Shipboard Scientific Party, 2002a) (Fig. F4). This
timescale is based chiefly on Gradstein et al. (1995)
and Channell et al. (1995) for the Cretaceous part.
For planktonic foraminifer biochronology, modifica-
tions to the Leg 198 timescale were made on the base
of the Leupoldina cabri Zone (120.5 Ma) and the base
of the Rotalipora globotruncanoides Zone (98.9 Ma),
according to Leckie et al. (2002).

Calcareous microfossil datums
Age assignments for Cretaceous calcareous nanno-
fossil and foraminifer datums (FO = first occurrence
or datum base; LO = last occurrence or datum top)
are from Erba et al. (1995), Bralower et al. (1997),
Premoli Silva and Sliter (1999), and Leckie et al.
(2002). Cretaceous datums are graphically presented
in Figure F4 and listed in Tables T2 and T3. The ages
of a few Cenozoic calcareous nannofossil datums are
estimated following Leg 198 (Shipboard Scientific
Party, 2002a).

Calcareous nannofossils
Calcareous nannofossil zonal scheme and 
taxonomy
The zonal schemes of Sissingh (1977; CC zones
[modified by Perch-Nielsen, 1985]) and Burnett
(1998; UC zones) are used for the Late Cretaceous,
and those of Roth (1978, 1983; NC zones) for the
Early Cretaceous. For the Jurassic/Cretaceous bound-
ary interval, subdivisions proposed by Bralower et al.
(1989; NK and NJK zones) are applied. The zonation
used is presented in Figure F4. For consistency with
the results from Leg 198, nannofossil taxonomy fol-
lows Bown (1999). Full taxonomic lists can be found
therein. The zonal scheme of Bukry (1973, 1975
[modified by Okada and Bukry, 1980]) is used for the
few stratigraphic alignments of Cenozoic calcareous
nannofossils.

Methods of study for calcareous nannofossils
Calcareous nannofossils were examined in smear
slides prepared from raw sediment samples. Slides
were observed using standard light microscope tech-
niques, under crossed polarizers, transmitted light,
and phase contrast at 1000× magnification. 

 Estimates of the abundance of calcareous nannofos-
sils are

D = dominant (>100 specimens per field of view).
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A = abundant (>10–100 specimens per field of 
view).

C = common (>1–10 specimens per field of view).
F = frequent (1 specimen per 1–10 fields of view).
R = rare (<1 specimen per 10 fields of view).
B = barren.

Preservation of calcareous nannofossils are

VG = very good (no evidence of dissolution and/or 
recrystallization, no alteration of primary 
morphological characteristics, and speci-
mens identifiable to the species level).

G = good (little or no evidence of dissolution 
and/or recrystallization, primary morpholog-
ical characteristics only slightly altered, and 
specimens identifiable to the species level).

M = moderate (some etching and/or recrystalliza-
tion, primary morphological characteristics 
somewhat altered, and most specimens iden-
tifiable to the species level).

P = poor (severe etching or overgrowth, primary 
morphological characteristics largely de-
stroyed, fragmentation occurred, and speci-
mens often unidentifiable at the species and/
or generic level). 

Foraminifers
Planktonic foraminifer zonal scheme and 
taxonomy
The zonation used for Cretaceous planktonic fora-
minifers (Fig. F4) is based on Caron (1985), Sliter
(1989), Robaszynski and Caron (1995), Premoli Silva
and Sliter (1999), and Leckie et al. (2002). Cretaceous
taxonomic concepts of planktonic foraminifers se-
lectively follow those of Michael (1972), Robaszynski
et al. (1984), Caron (1985), Nederbragt (1991), Boud-
agher-Fadel et al. (1997), Bellier and Moullade
(2002), Moullade et al. (2002), Verga and Premoli
Silva (2003a, 2003b, 2005), and Petrizzo and Huber
(2006).

Benthic foraminifer taxonomy and paleodepth 
estimation
In this study, identification of benthic foraminifers is
made at the genus level. The benthic taxonomic
concepts selectively follow Luterbacher (1973), Sliter
(1977, 1980), Gradstein (1978), Loeblich and Tappan
(1988), Bolli et al. (1994), Widmark (1997), and Hol-
bourn and Kaminski (1997). 

Cretaceous paleodepth interpretation is based on Sli-
ter and Baker (1972), Sliter (1977, 1980), Nyong and
Olsson (1984), Koutsoukos and Hart (1990), Sikora
and Olsson (1991), Jones and Wonders (1992), and
Holbourn et al. (2001). The bathymetric terminology
follows Sikora and Olsson (1991):
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Neritic = ≤200 mbsl.
Upper bathyal = >200–500 mbsl.
Middle bathyal = >500–1500 mbsl.
Lower bathyal = >1500–2500 mbsl.
Abyssal = >2500 mbsl.

Methods of study for foraminifers
Among pelagic carbonate samples (~1–2 cm3), soft
ooze sediments were spray-washed on a 63 µm sieve
without any chemical reaction steps, placed in an ul-
trasonic bath for <1 s, and oven-dried at <50°C.
Chalks and limestones were cut into small pieces,
soaked in a 3% hydrogen peroxide solution, wet-
sieved at 63 µm, sonicated for a few seconds, and
oven-dried at <50°C. Indurated or incompletely dis-
aggregated samples were further processed through
the glacial (=100%) acetic acid technique (Ando et
al., 2009, and references therein) as follows: each
sample was oven-dried at ~80°C, soaked in glacial
acetic acid for a few hours, quickly transferred to a
63 µm sieve, and washed thoroughly with tap water.
The sample was then kept in a beaker full of water
until cessation of the chemical reaction, followed by
screen-washing and oven-drying.

For mudstones (~3–5 cm3), each sample was oven-
dried at ~80°C and soaked in kerosene for a few
hours. After removing excess kerosene, the sample
was immersed in boiling water and wet-sieved at 63
µm.

Foraminifer picking and identification were made on
the >150 µm size fraction under a stereomicroscope.
For pre-Albian samples with smaller planktonic fora-
minifer test sizes and/or low-abundance benthic for-
aminifers, the >125 µm fraction was used. For sam-
ples with high foraminifer abundance, the sieved
fraction was evenly spread on a gridded picking tray,
and both planktonic and benthic foraminifers were
picked together from the grid transect (~200 speci-
mens). Further collection of benthic foraminifers
was made on the entire picking tray. 

The following categories were used for description of
both planktonic and benthic foraminifer abundance:

A = abundant (≥11 specimens).
C = common (6–10 specimens).
F = few (4–5 specimens).
R = rare (2–3 specimens).
T = trace (≤1 specimens).

The preservation status of foraminifers was estimated
as

VG = very good (no evidence of overgrowth, disso-
lution, or abrasion).

G = good (little evidence of overgrowth, dissolu-
tion, or abrasion).
7
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M = moderate (common calcite overgrowth, dis-
solution, or abrasion).

P = poor (substantial overgrowth or infilling, dis-
solution, or fragmentation).

Igneous petrology
Physical volcanology

Previous information regarding the nature of volca-
nism on Shatsky Rise is scant. The best evidence
comes from core recovered during Leg 198 (Hole
1213B), which reveals a series of fine-grained, mas-
sive volcanic units of several meters thickness. These
units were tentatively interpreted as “sills” as a result
of their intercalation with sediment and the pres-
ence of a few associated chill zones. Also present
were rare, smaller volcanic features of <1 m thickness
that resemble small (0.1–0.2 m diameter) glass-
rimmed pillow lava units. However, there remained
considerable speculation regarding the nature of vol-
canism on Shatsky Rise and, at that stage, it was un-
clear whether the volcanism conforms more readily
to eruptive styles typical of either subaerial or sub-
marine volcanism, or possibly a combination of the
two. The combined occurrence of both subaerial and
submarine volcanism in the development of subma-
rine large igneous provinces (LIPs) has been previ-
ously documented in, for example, the Kerguelen
Plateau (Southern Indian Ocean; Frey et al., 2000;
Keszthelyi, 2002) and the accreted Wrangellia Ter-
rane (western North America; Greene et al., 2010).
Accordingly, Expedition 324 to Shatsky Rise aimed
to capture key volcanological elements that would
aid in determining the nature and evolution of suba-
erial and submarine volcanic components in this
largely unstudied LIP.

The procedures for core description outlined here are
similar to those developed by the ODP Leg 197 Ship-
board Scientific Party (2002b), who drilled and cored
the Emperor Seamounts. In our initial description of
each core we used the nongenetic scheme outlined
in Figure F5, but as our knowledge and understand-
ing of Shatsky Rise basement lithostratigraphy im-
proved through description of the core, we evolved a
more relevant genetic volcanic classification based
on the scheme outlined in Figure F6. The emphasis
of our shipboard studies was to produce an inte-
grated picture of the style of volcanism and environ-
mental setting of each site. This was achieved by sys-
tematic rock descriptions and identification of key
effusive, volcaniclastic, and igneous textures that are
known to be diagnostic of specific modern physical
volcanic processes. Accordingly, the physical descrip-
tion of volcanic rocks and deposits recovered during
Expedition 324 required a multistage process. The
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first step involved defining boundaries of lithologic
units by either visual identification of actual litho-
logic contacts, or by inference of the position of such
contacts using observed changes in volcanic charac-
teristics and/or volcaniclastic features (e.g., chill
zones, flow tops, etc.). This was followed by general
description of the lithology, lithologic variation, and
characteristic igneous textures and vesicle distribu-
tions. All of these macroscopic observations were
then combined with those from detailed petro-
graphic microscopy of the key igneous units.

Background
Effusive basaltic volcanism in both the subaerial and
submarine environment produces a range of com-
mon features associated with the development and
inflation of flow lobes of varying sizes. Depending
on the environment, these include pillow lavas, pa-
hoehoe or rubbly flow surfaces and, where lava inter-
acts directly with seawater, hyaloclastites and brec-
cias. Unsurprisingly, the vast majority of research
and literature regarding the evolution of basaltic lava
morphologies relates to those observed on land.
Continental flood basalt provinces (CFBPs) and
other terrestrial eruptions often comprise individual
eruptive units consisting of large, internally massive
inflation sheets of typically 5–30 m thick, or else an
accumulation of numerous stacked flow lobes that
build up into single eruptive units of 5–30 m thick
(commonly termed simple and compound lavas, re-
spectively) (Walker, 1971). Hawaiian and Icelandic
eruptions are also described in terms of surface and
cross-sectional morphologies as either pahoehoe or
a’a; the development of these morphologies is de-
pendent upon endogenic factors (e.g., eruption rates,
viscosity, strain rate, and degree of crystallinity) and
exogenic factors (e.g., degree of inclination and to-
pography of the surface upon which the lava propa-
gates). By contrast, submarine eruptions are domi-
nated by stacks of budding and anastomosing
pahoehoe-like extrusions resulting in piles of
rounded or tubular masses (Batiza and White, 2000),
the most readily recognized component of these is
the “pillow basalt” often referred to as “pillow lava.”
However, large inflation units of several meters
thickness, as well as more laterally extensive extru-
sions, have also been observed; both these types
have much more “sheetlike” morphologies (e.g.,
Lonsdale and Spiess, 1980; Mitchell et al., 2008).

Subaerial lava eruptions
Subaerial mafic lavas are commonly divided broadly
into a’a- or pahoehoe-type flows (Macdonald, 1953,
1967), each displaying fundamentally different in-
ternal and external appearances. The morphological
8
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division is important because the mode of lava em-
placement for a’a and pahoehoe flows is fundamen-
tally different, this often being a response to differ-
ing eruptive environments. A’a flows advance like
the treads on a bulldozer, contain a molten core, and
are typified by thermally inefficient emplacement in
open channels in which solidified lava crusts tend to
become disrupted and mixed with the internal mol-
ten core. By contrast, pahoehoe inflation units (and
their marine equivalent, “pillow lavas”) develop an
outer viscoelastic crust, and their cores are thus insu-
lated during transport so that, prior to stagnation
and cooling, they remain largely molten. The lava is
internally transported by pathways within the prop-
agating flows (or within lava tubes) to the active flow
fronts, where it advances by inflating lobes with a
continuous crust, “buckling,” and then by sequential
lobe-by-lobe emplacement (Walker, 1991; Hon et al.,
1994). A wide range of intermediate flow types exists
between the a’a and pahoehoe end-members. How-
ever, in drill core, these different types of lava can
only be identified if centimeter-scale morphologic
features such as glassy rinds, chill zones, and vesicu-
lation patterns at the flow tops and bottoms are well
preserved, recovered, and can be placed in context.
In both cases, the flow cores are virtually indistin-
guishable from one another. Importantly, a’a-type
flows are uncommon in ocean floor drill core, and
the largest submarine flow types appear to be sheet
flows or laterally extensive pahoehoe-like inflation
units analogous to those found in terrestrial LIPs. 

One feature unique to some subaerial lava stacks, as
opposed to submarine examples, is the development
of flow-top weathering profiles. These are usually ap-
parent through development of oxidative alteration
(reddening) that produces iron and aluminium oxy-
hydroxides. Weathering profiles typically develop
during prolonged volcanic hiatuses or on abandoned
posteruptive surfaces under suitable climatic and
geomorphic conditions.

A’a flows are characterized by angular, spinose clin-
ker at both the flow tops and bottoms (by contrast,
pahoehoe flows are often characterized by smooth
surfaces and sharp contacts between successive and/
or adjacent units). Internal disruption during em-
placement permits efficient degassing, and the crust,
core, and base of a’a flows are therefore typically
sparsely vesicular or nonvesicular. Transitional flow
types (e.g., rubbly, slab, or toothpaste pahoehoe;
Guillbaud et al., 2005) show some of the characteris-
tics of both a’a- and pahoehoe-type flows.

Pahoehoe lavas are usually vesicular, often highly so,
and frequently exhibit bulk porosities in excess of 20
vol% (typical range is from 20 to 60 vol%). Thin pa-
hoehoe lobes (e.g., < 0.5–1 m) are often vesicular
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throughout and exhibit a gradual coarsening in vesi-
cle size from the lobe margins toward the interior
(Wilmoth and Walker, 1993). During development
of pahoehoe lava fields, gas bubbles can frequently
become trapped and entrained in the magma body
as it cools from both above and below. Thus, thicker,
inflated pahoehoe lobes of 5–30 m thickness, such as
those documented in CFBPs, are often characterized
by the threefold structure of a vesicular upper crust,
a dense core, and a thinner vesicular lower crust
(Aubele et al., 1988; Thordarson and Self, 1998; Jer-
ram and Widdowson, 2005).

Subaerial eruptions entering water bodies 
and shallow subaqueous eruptions

Subaqueous lava flows and hyaloclastite associations
have been documented where flows from land-based
eruptions entered water (e.g., into the sea or freshwa-
ter lakes) or else are erupted directly into shallow
submarine settings (e.g., ongoing eruption flowing
from Pu’u ‘O’o, Hawaii; units of the Miocene Colum-
bia River Basalt CFBP, which entered the sea; subma-
rine magmatism associated with the emergence of
the Surtsey eruptions, 1963–1967; and around the
coasts of the Azores). On entering water or soft un-
consolidated (e.g., wet) sediments, the eruptive style
changes fundamentally and, depending on local
conditions, advancement of the lava front typically
generates either pillow basalt, hyaloclastites, peper-
ites, or a combination of all three. Hyaloclastites and
peperites are volcaniclastic sediments that form by
quench fragmentation (Carlisle, 1963). Pillow basalts
are a common product of these environments but
can usually be distinguished from terrestrial pahoe-
hoe inflation units by their much thicker glassy
rinds (a consequence of a more efficient aqueous
quenching process), and by the presence of lacus-
trine or marine sediments preserved in and between
the pillows. Although less frequently documented,
larger subaqueous flows may also be massive and
sheetlike. Overall, the progression from pillow basalt
to massive flow seems largely controlled by local
flow rate, which is itself a function of effusion rate
and topographic slope (Walker, 1992; Gregg and
Fink, 1995).

Submarine lava eruptions
Submarine lavas are important because they repre-
sent the most abundant igneous rock on the surface
of Earth, forming most of the ocean floor. As indi-
cated, a close morphological similarity exists be-
tween pillow lava formed under water and pahoehoe
lava formed on land, though the latter typically
lacks, or has only a relatively thin glassy rind (i.e.,
glassy surface selvage). Submarine pillows occur at a
9
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variety of depths, are the product of a variety of vol-
canic settings (e.g., ocean spreading centers, off-ridge
and isolated seamount edifices, and submarine por-
tions of ocean islands and oceanic plateaus), and ac-
cordingly display a range of extrusive combinations
and forms (Batiza and White, 2000). They are, for
the most part, inaccessible to conventional observa-
tional methods (Lonsdale and Spiess, 1980; Mitchell
et al., 2008) and so, by contrast with their subaerial
counterparts, are relatively poorly documented.

As with subaerial examples, the eruptive styles of
submarine lava flows are largely controlled by effu-
sion rate and the local topography and slope onto
which lava eruption takes place (e.g., Greg and Fink,
1995; Mitchell et al., 2008, and references therein).
Basaltic magma typically erupts at relatively high
temperatures and characteristically is fluid (low vis-
cosity), allowing its relatively high gas content to be
released effectively during lava emplacement. These
gases may be preserved as vesicle layers and pipes
that are often characteristic of submarine basaltic
materials. However, because of increasing hydro-
static pressure with increasing depth of the seafloor,
the degree of vesiculation decreases in deeper water
eruptions (Dixon, 1995; Wallace, 1998). High hydro-
static pressure may also limit the possibility of explo-
sivity from either gas release or steam generation
caused by contact flash-heating of water upon the
nascent lava. At depths deeper than 3 km, the hydro-
static pressure exceeds the critical pressure of water,
effectively preventing steam explosions. Accord-
ingly, pillow basalt formed in the upper 1000 m of
the water column more commonly consists of mod-
erately to highly vesicular lava and may show evi-
dence of gas fracturing or fragmentation, whereas
pillow basalts formed in much deeper water can usu-
ally be distinguished by a significantly lower vesicu-
larity (<5 vol%), less fracturing and, occasionally, by
the presence of pelagic rather than neritic marine
sediment preserved in between the pillows.

Pillow lavas and massive inflation units
Pillow lavas are subaqueous extrusions resulting
from individual budding, inflation, and separation
of lava “pods” from point sources along an advanc-
ing lava front. They can accumulate in a variety of
styles, depending upon effusion rate, number of
point sources, and internal plumbing architectures
within the growing volcanic edifice. However, pil-
lows typically consist of discrete subrounded units of
relatively small size (from ~0.2 to <1.0 m diameter),
and, characteristically, their exteriors are entirely
bounded by glassy rinds as a result of rapid cooling;
their interiors often display internally radiating vesi-
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cle and joint patterns generated during solidification
by cooling and contraction.

Larger single inflation units (~1–2 m diameter) can
also develop (sometimes termed “lobate flows”) by
the same endogenous inflation process. Although
these extrusions broadly resemble pillow lavas, they
differ in that they have massive, coarser grained, and
sparsely vesicular cores, often with pipe vesicle do-
mains. The larger size permits a slower rate of cool-
ing, more effective degassing, and maturation of the
internal vesicle patterns. Accordingly, vesicle zoning
is more concentrated in the upper regions of these
types of inflation units and often occurs as a series of
vesicle bands that develop through the inward mi-
gration of the cooling front; by contrast, the lower
part of the inflation unit typically contains either
sparse, poorly defined vesicle banding and/or “tear-
drop” shaped vesicles at or just above the basal chill
zone. Rather than having spherical or subspherical
shapes, these “massive inflation units” tend to have
flattened, oblate, or tubular shapes and are most
probably generated as a series of interconnected
semi-adjacent inflation “pods” fed simultaneously
by internal plumbing. Their size and morphology are
considered to be indicative of a higher effusion rate
than that which generates pillow lavas. Individual
units can cover an area of several square meters or
significantly more where adjacent units merge either
through internal plumbing conduits or as a result of
rupture and coalescence. In those instances where
they merge into a single entity, submarine images re-
veal they can develop a continuous lava flow surface
displaying a dominantly botryoidal morphology.

“Massive flows” are thick (several meters or more)
and are often laterally extensive, forming “sheetlike”
and internally massive basalt units (van Andel and
Ballard, 1979). They have a variety of surface features
generated by deformation and disturbance of the so-
lidifying lava crust while in a plastic/semiplastic
state. Dimensions and internal features of massive
flows can resemble those of larger subaerially
erupted flows (e.g., those found in continental flood
basalt provinces). These types of flows may be fed in-
ternally and achieve their size and extent by internal
inflation and/or marginal budding. They often have
texturally uniform massive cores, as thick as several
meters, and are characterized by sparse vesicle layer-
ing and/or vertical vesicle pipes containing late-stage
melt segregation material. Massive or sheetlike flows
are most probably a response to particularly high ef-
fusion rates and/or local slope and other controlling
topographic conditions. In the literature, these unit
types are often termed “sheet flows,” though this
term implies a significant degree of lateral extension
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that cannot be determined readily from core alone.
Nevertheless, in cases where recovered units are sig-
nificantly thicker than that expected for the normal
dimensions of pillow lava or lobate flows (~0.2–2 m)
we prefer the nongenetic term “massive lava unit,”
an appellation that also avoids any confusion with
the term “sheet flow” as employed in the CFBP liter-
ature.

Volcaniclastic deposits
Volcaniclastic deposits include a range of materials
from rubbly, in situ volcanic debris to resedimented
materials such as volcanic sands or tuffs (Figs. F5,
F6). Volcanic materials of all sizes may be the direct
products of eruptive processes (pyroclastic) or accu-
mulations through processes involving transport,
sorting, and (re)deposition (epiclastic). Pyroclastic
material includes hydrovolcanic deposits formed by
explosive interaction between magma and water as
well as nonexplosive quench fragmentation pro-
cesses (e.g., hyaloclastite and peperite). Epiclastic
volcanic sediment forms by redeposition of volcanic
detritus typically produced by erosion and/or trans-
port of volcanic rocks.

Hyaloclastite literally means “glass-fragment rock”
and includes all glassy fragmental debris formed by
eruptions in which water has been involved. Hyalo-
clastite-producing environments of relevance to
Shatsky Rise may include shallow-water phreatomag-
matic eruptions that are generated at newly emer-
gent volcanic islands and, most probably, volcani-
clastic materials associated with the development
and advancement of submarine lavas at greater water
depths (Clague et al., 2009). Phreatomagmatic con-
ditions can result in fragmentation of gas bubbles in-
flated by steam, producing on deposition thick lay-
ers of glass shards (i.e., syneruptive sedimentation).
These shards may be sent into subaerial trajectories,
or else form suspended “plumes” within the water
column. In either case, the shards later settle on the
surrounding land or seafloor, or are transported and
deposited elsewhere (i.e., epiclastic sedimentation).

 Depending on the nature of the eruption, welded
and unwelded volcanic rubble and breccia also occur
in these environments (Fisher and Schmincke,
1984). Submarine lavas are almost invariably associ-
ated with hyaloclastites and a variety of other frag-
mental volcanic debris, including breccias (Staudigel
and Schmincke, 1984; Batiza and White, 2000). Hy-
aloclastite is rare at mid-ocean ridges but more com-
mon at seamounts where it may be the product of
granulation by cooling contraction and surficial
spalling of lava pillows and pods. Those environ-
ments characterized by volcanic breccias are also
commonly associated with mass debris flows at vari-
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ous scales, and especially where the eruption occurs
on significant seafloor topography.

Peperite is a distinct volcanic sediment facies occur-
ring where submarine basaltic lava flows interact
with unconsolidated sediment as they erupt into wa-
ter or, more commonly, onto the seafloor (Skilling et
al., 2002). The mingling of basaltic lavas and wet
sediments produces distinct volcanic textures result-
ing from the physical interaction of lava and sedi-
ment (entrainment, baking, folding, chilling, etc.),
as well as physical and chemical fragmentation and
alteration through steam-rock interaction during
flash heating of the water. Common features include
quenched margins of basaltic lava clasts surrounded
by sediment, as well as basaltic clasts with a variety
of fragment morphologies, including “fluidal” (i.e.,
where fragments remained plastic enough to deform
after deposition) or “jigsaw-fit” (i.e., where cooling
and contracting fragments crack apart in situ). Lava-
sediment interactions include features involving the
mixing or mingling of molten or plastic lava with
soft sediment, creating deformation features where
lava injects or intrudes the seafloor substrate. In
some instances, a lack of bedding or lamination is
observed in sediments adjacent to pillow lavas or in
the materials surrounding lava injections. A likely
explanation is that fluidization of the fine-grained
sediment, attributable to flash heating and vaporiza-
tion of sediment pore water, took place during em-
placement of the lava (Kokelaar, 1982). Such mo-
mentary fluidization causes sediment reconstitution,
localized transport, redistribution, and, hence, the
destruction of any original bedding structures.

Palagonite is a typical alteration product resulting
from the interaction between water and basalt melt
and is commonly associated with peperite volcanic
facies where the small fragments of lava have reacted
with the steam. Accordingly, the presence of peper-
ites and their textures can provide important infor-
mation regarding the nature of the eruptive environ-
ment because their occurrence is taken as evidence
that the volcanism and the affected sedimentary en-
vironment existed contemporaneously.

Definition of lithologic units 
and volcanic successions

Our primary aim was to design an observational
framework that permitted logging and recording of
key data while avoiding nomenclature or terminolo-
gies that might incorrectly imply particular styles of
effusive basaltic volcanism. Most lava type classifica-
tions are derived from land-based observations that
consider both the lateral and vertical variations of
eruptive units as well as their stacking relationships.
Such refined classifications are neither realistic nor
11
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justifiable from core observation alone and may only
become achievable through integration of multiple
data sources alongside the core log description (e.g.,
petrography, downhole logging data, geochemical
and paleomagnetic results, etc.). However, lithofacies
associations provide one such avenue of nongenetic
description that have been successfully applied to
the description of a range of LIP types (e.g., Jerram
and Widdowson, 2005; White et al., 2009) and there-
fore can assist in the interpretation of cored vol-
canics; the Wrangellia LIP is a particularly useful ana-
log for Shatsky Rise (Fig. F7) because this example
contains products of both submarine and subaerial
eruptions, as well as instances where one passes into
the other (Greene et al., 2010). Accordingly, we em-
ploy the term “stratigraphic unit” to describe succes-
sions of similar volcanic facies types such as pillow-
lava stacks, packages of sheet flows, or hyaloclastic
successions. Such lithologic units may often be
petrogenetically or volcanically related, having de-
veloped as part of a single eruptive event. For in-
stance, during advancement of a submarine flow, a
hyaloclastite succession might evolve into a pillow
basalt stack and then sheet flow successions; also,
such facies associations can arise through natural lat-
eral variation of eruption style across a single lava
field. However, in the case of cored basaltic succes-
sions, these types of volcanic and petrogenetic rela-
tionships often become apparent only after consider-
ation of additional petrographic, geochemical, or
downhole logging data. In most instances, core ma-
terial only permits identification of the smaller vol-
canic “lithologic” unit divisions (e.g., pillow unit,
massive flow unit, etc.), so these are necessarily the
basic unit of our descriptions.

Descriptive nomenclature
To aid efficient core description and enable later col-
lation of the observed volcanic units into volcano-
logically meaningful successions (stratigraphic
units), we adopted a simple two-fold numerical hier-
archy. The term “lithologic unit” is adopted to define
smaller features on the basis of criteria including the
presence of lava contacts, chilled margins or identifi-
able flow tops, vesicle distributions, and intercalated
volcaniclastic or sedimentary horizons. When con-
sidered together, these features typically define the
key volcanic cooling or inflation units of various
sizes and scales within the larger eruptive stratig-
raphy. Lithologic units identified during core log-
ging are given consecutive downhole Arabic num-
bers (i.e., lithologic Units 1, 2, 3, etc.), irrespective of
whether they are pillow, sheet, or massive flow types
(i.e., a nongenetic cataloging system).
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The term “stratigraphic unit” is applied where suc-
cessions of consecutive cooling or inflation units of
similar or shared evolutionary characteristics can be
identified. In effect, these stratigraphic units com-
bine similar types of eruptive products and provide a
first step toward considering the volcanic stratig-
raphy in terms of packages of genetically related lith-
ologic units and, ultimately, understanding the evo-
lution of the volcanism. These packages are given
consecutive downhole Roman numbers (i.e., strati-
graphic Units I, II, III, etc.). Although we made every
effort to ensure that the identified stratigraphic unit
boundaries reflect individual lava packages or erup-
tive units, the term should not be considered as syn-
onymous with a single eruptive event, but rather as a
method of dividing the retrieved core into elements
or sections displaying broadly similar volcanic char-
acteristics (i.e., lithofacies type).

The most unequivocal evidence for dividing core
into lithologic units is the presence of flow-to-flow
contacts. Unfortunately, such contacts are not al-
ways common in low recovery sections. Alterna-
tively, the presence of glassy material or fine-grained
chill zones can provide a useful proxy for determin-
ing the presence or estimating the position of unit
boundaries. Of particular use in sections of poor core
recovery, or where the interior-most massive sections
of units are preferentially recovered, are the changes
in vesiculation that occur through inflation or cool-
ing units of all sizes. To identify or estimate the posi-
tion of lithologic unit boundaries using this method,
we paid special attention to vesiculation characteris-
tics by measuring or estimating (1) percentage vol-
ume of vesicles, (2) average vesicle size, (3) vesicle
shape and sphericity, and (4) variations in vesicle
sizes (i.e., fining or coarsening upward), these being
examined at intervals appropriate for the variability
shown by the core (typically across 10–100 cm inter-
vals). The volume fraction of vesicles within the unit
or section under consideration, together with modal
shape and sphericity of vesicle populations, were es-
timated using appropriate comparison charts similar
to those used by sedimentologists for determining
grain size populations (i.e., Wentworth, 1922, classi-
fication scheme). Maximum and modal vesicle sizes
were determined using a hand lens with a submilli-
meter graticule; in fact, it proved impractical to mea-
sure the minimum size since it always proved to be
below the realistic limit of visual resolution.

In order to develop and refine this approach, we ini-
tially employed it for the description of archive core
recovered from the previous Shatsky Rise expedition
(Leg 198, Cores 198-1213B-28R through 33R). These
cores were examined by the Expedition 324 ship-
12



Expedition 324 Scientists Methods
board party immediately prior to commencement of
drilling, and the volcanologic and petrographic ob-
servations were recorded in templates that we de-
signed and collated within the new descriptive data
capture application (see “DESClogik: the new core
description software for descriptive data cap-
ture”). From this application, data were uploaded
into the LIMS database and used to generate hard
rock VCD graphic reports (Figs. F8, F9). As far as pos-
sible, we sought to design the DESClogik templates
(Fig. F10) in a manner that would ensure that the
type of data recorded would be consistent with the
volcanologic logging procedures described for ODP
Legs 183 and 197 (Shipboard Scientific Party, 2000a,
2002b).

Lithology
Porphyritic basaltic rocks were named according to
major phenocryst type, but only in those instances
where the total abundance of phenocrysts was >1%
(e.g., plagioclase basalt or olivine-pyroxene basalt).
Aphyric rocks were not assigned any mineralogical
modifier and retained instead a textural description
(e.g., aphyric basalt). The term “phenocryst” was
used for any crystal that was >1 mm in width and
significantly (typically five times) larger than the av-
erage size of the groundmass crystals and that was
euhedral or subhedral in shape. The term “micro-
cryst” was used for crystals that were larger than the
modal groundmass grain size but <1 mm. Where
macroscopic observation was possible, microcrysts
were also described in the DESClogik database under
a suitable heading in the phenocryst table (Fig.
F10A). The phenocryst abundance descriptors were
further modified by including the names of pheno-
cryst phases in order of increasing abundance. If the
abundance of a particular type of phenocryst was
>5% the mineral name was included without a mod-
ifier, whereas all other phenocryst names included a
modifier; “olivine-bearing,” for example. Thus an ol-
ivine-bearing plagioclase basalt (ol-bearing plag ba-
salt) may contain 10% plagioclase and 1% olivine
phenocrysts.

Volcanic units were identified using the criteria out-
lined above, and appropriate data were entered into
the DESClogik database under the Volcanic Attri-
butes tab (Fig. F10B).

Volcaniclastic deposits
We used “volcaniclastic” as a nongenetic term for
any fragmental aggregate of volcanic parentage con-
taining >60% volcaniclastic grains and <40% other
types of clastic and/or biogenic material. This defini-
tion is necessarily broader than that typically used
for pyroclastic deposits because the term “pyroclas-
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tic” normally applies only to products of explosive
volcanic activity, including hydroclastic deposits
formed by explosive interaction between magma
and water/sediment and nonexplosive quench frag-
mentation (i.e., hyaloclastite and peperite). Our ad-
opted definition also includes the volcanic detritus
produced by erosion and/or transport of volcanic
materials (i.e., epiclastic sediment). Accordingly, the
term “volcaniclastic” does not necessarily imply ac-
tive volcanism at the time of deposition (Fig. F6).

In fragmental lava facies we documented volcani-
clastic textures using standard sedimentologic tech-
niques (such as clast versus matrix modal propor-
tions, clast size, shape, sorting, and lithology) (Fig.
F5). Of particular interest was the presence (or ab-
sence) of features diagnostic of viscous or quench
fragmentation while the lava was hot. These include
clasts engulfing fragments of other (earlier) clasts,
welding, glassy margins surrounding clasts, exten-
sions of the interior of the flow into breccia, en-
trained clasts within the interior of the flow, and the
presence of a basal breccia. We used changes in clast
morphology and crystallinity as well as changes in
vesicle abundance and shape to identify clast types
within breccia.

The subclassification of volcaniclastic sediment fol-
lowed during Expedition 324 differs from the stan-
dard ODP classification (Mazzullo et al., 1988) in
that we adopt a descriptive (nongenetic) terminol-
ogy similar to that employed during Leg 197 (Ship-
board Scientific Party, 2002b). Unless an unequivo-
cally pyroclastic origin for volcanogenic materials
could be determined, we simply described deposits
composed of these materials as being of volcanic
provenance (i.e., volcaniclastic) according to the
classification scheme for clastic sediment, noting the
dominance of volcanic grains. We followed the clas-
tic textural classification of Wentworth (1922) to
separate the various volcanic sediment types and
sedimentary rocks (according to grain size) into vol-
canic gravel (>2 mm), volcanic sand (2–0.0625 mm),
volcanic silt (0.0625–0.0039 mm), and volcanic clay
(<0.0039 mm).

For coarse-grained and poorly sorted volcaniclastic
sediments, including those produced by gravity cur-
rents, we applied the terms “volcanic breccia” (angu-
lar clasts) or “volcanic conglomerate” (rounded
clasts) and used lithologic or structural modifiers for
further description.

Where appropriate and possible, we further classified
volcaniclastic sediment by adding major and minor
modifiers to the designated principal name. The
principal name defines the grain size class (e.g.,
gravel, sand, silt, or clay). Relative proportions of vit-
ric (glass), crystal (mineral), and lithic (rock frag-
13
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ment) components of the sediment are used to deter-
mine additional modifiers in the name and are
placed before the principal name. For example, vol-
canic sand composed of 75% glass, 5% feldspar crys-
tals, and 20% lithic fragments is named vitric-lithic
volcanic sand. Where the evidence for a pyroclastic
origin was compelling, we adopted the classification
scheme of Fisher and Schmincke (1984). In these in-
stances we used the grain size terms volcanic breccia
(>64 mm), lapilli/lapillistone (2–64 mm), and ash/
tuff (<2 mm). Sedimentary structures recorded in
Shatsky Rise volcanic sediments included graded
bedding, cross-bedding, planar laminations, foreset
bedding, dune forms, and ripples (and bioturbation).
However, although these descriptions were entered
into the igneous database, the VCD for sedimentary
rocks was typically employed to record the detail for
core sections consisting predominantly of volcani-
clastic material. This approach ensured efficiency
during the logging and description of newly re-
trieved core material.

Core and thin section descriptions
The first step in describing the recovered core was
the identification of unit boundaries on the basis of
changes in lithology, including color, grain size, the
presence of volcaniclastic or sedimentary intercala-
tions, volcanological features (e.g., presence of con-
tacts or chilled margins), vesicle distribution pat-
terns, changes in primary mineralogy (occurrence
and abundance of plagioclase, pyroxene, olivine,
and oxide minerals), structure, and alteration. Unit
boundaries of volcanic rocks were chosen to reflect
different volcanic cooling or volcaniclastic units (see
“Definition of lithologic units and volcanic suc-
cessions”). In some cases, limited recovery required
interpolation for the placement of unit boundaries.
Of fundamental importance to the core interpreta-
tion was the additional use of digital image printouts
of the archive core halves. During core processing,
these printouts are generated as a matter of course
on the split core using the SHIL. Annotation of the
printouts provides a working record onto which ob-
servation notes, sketches of key features, or an indi-
cation of shipboard sampling or analytical require-
ments may easily be made. In effect, this approach
mimics the type of observation and note-taking that
is familiar to field-based geologists. This visual record
also proved invaluable during the preparation of site
reports because it provided the type of sequential
context and visual cues that help in assembling and
describing broader stratigrahic relationships.
Scanned files of these handwritten records are avail-
able from the Expedition Project Manager/Staff Sci-
entist.
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For thin section descriptions, all minor variations in
texture, grain size, vesicularity, color, and/or miner-
alogy, as well as important volcanic features (e.g.,
chilled margins, concentration of glomeroporphy-
ritic clots, or crystal aggregates) were recorded in the
LIMS database using the DESClogik software inter-
face (see Fig. F11 for an example). The VCDs thus
provide summary information regarding the posi-
tion of igneous unit boundaries and also include a
brief description of each section and associated litho-
logic boundary, if captured.

Macroscopic visual core description
We used the DESClogik data entry software to docu-
ment each section of the igneous rock cores and to
store the descriptions in the LIMS database. To pro-
vide consistency in approach, the procedure and da-
tabase templates we designed closely follow the
methods for core descriptions from previous IODP
volcanic basement expeditions, including the Ker-
guelen Plateau, Hawaii-Emperor Seamounts, and Su-
perfast Spreading Crust legs (Legs 183 and 197 and
Expedition 309/312; Shipboard Scientific Party,
2000a, 2002b; Expedition 309/312 Scientists, 2006).

VCD graphic reports were automatically generated to
summarize each section of the igneous rock cores
(Fig. F8). The VCD report displays, from left to right, 

1. The core depth in meters; 
2. A scale for core section length of 0–150 cm, or as

appropriate; 
3. The sample piece number; 
4. A scanned digital image of the core archive half; 
5. An arrow indicating the upward direction for

oriented pieces; 
6. The sample type and position of intervals se-

lected for different types of shipboard analytical
study, including locations of thin sections made; 

7. The number of the identified lithologic units; 
8. Symbols summarizing structural information; 
9. Measurements of strike and dip; 
10. A line chart displaying measured and recorded

percent vesicularity; 
11. A stacked line chart displaying phenocryst per-

centage for plagioclase (pl, red line), olivine (ol,
green line), and pyroxene (px, blue line); 

12. A line chart displaying variation in the modal
crystal size of groundmass (in millimeters), with
presence of fresh glass (f) or altered glass (ag) in-
dicated; 

13. A pattern depicting alteration intensity; 
14. A column-measured intensity for point-source

(MS point) and whole-round (MS) magnetic sus-
ceptibility (raw and filtered); and 
14
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15. Line chart displaying recorded point-source
color reflectance with the red line (L*) and blue
line (b*) stacked one on top of the other.

Additionally, the VCD contains written descriptions
to accompany the schematic representation of the
core sections. These include the following informa-
tion:

1. The expedition, site, hole, core, type, and section
number (e.g., 324-U1346A-15R-3) and the top of
the core section measured in meters.

2. The lithologic unit number (numbered consecu-
tively downhole), the piece numbers, and on
which piece or pieces the description was based.

3. The lithology (rock description and name). Rock
description nomenclature was achieved from
hand specimen observation using the eye, hand
lens, and binocular microscope.

4. Volcanic description based upon the type of unit
or part of unit (e.g., pillow lava, massive flow,
etc.). Units were identified using the presence of
glassy margins, groundmass grain size varia-
tions, and vesicle-rich bands. An interval was de-
scribed as massive if there was no evidence of
variation in internal structure.

5. Rock texture (whether the rock was phyric or
aphyric and, if present, phenocryst types).

6. Modal color determined on wetted rock surfaces.
7. Phenocryst content and type based upon miner-

als identifiable by naked eye, hand lens, or bin-
ocular microscope.

8. Groundmass grain size and texture. Categories
are as follows: glassy/cryptocrystalline (<0.1
mm), microcrystalline (0.1–0.2 mm), very fine
grained (0.2–0.5 mm), fine grained (0.5–1 mm),
medium grained (1–2 mm), coarse grained (2–5
mm), and very coarse grained (>5 mm) (Fig. F8).

9. Presence of vesicles. Data entered are (a) the per-
centage volume of vesicles, (b) their shape and
sphericity, and (c) changes in vesicle sizes (i.e.,
fining or coarsening upward) or vesicle patterns
within the unit. Volume fraction, modal shape,
and sphericity of vesicle populations were esti-
mated using amended comparison charts (based
upon Wentworth, 1922).

10. Contact relations and boundaries in the upper
and lower parts of units, as based on the physical
changes observed in the core material (i.e., pres-
ence of chilled margins, changes in vesicularity,
alteration, etc.) and information regarding their
position within the section. “Not recovered” was
entered where no direct contact was recovered
(e.g., if igneous contact was otherwise inferred
using proxy observations such as a chilled mar-
gin or changes in vesicularity).
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11. Presence of alteration. Alteration was based on
estimated percent of alteration products by vol-
ume, and categorized as follows: unaltered
(<2%), slight (2%–10%), moderate (10%–40%),
high (40%–80%), very high (80%–95%), and
complete (95%–100%). This section includes
comments regarding degree and type of vesicle
infilling. See “Alteration and metamorphic pe-
trology” for details.

12. Occurrence and type of mineral filling of veins.
Additional detailed information of vein materi-
als and orientation descriptions are reported in
“Alteration and metamorphic petrology” and
“Structural geology.”

13. A general structural summary statement regard-
ing the volcanic structure and/or comments re-
garding the nature of the igneous contact or
other internal structures not described under
previous headings.

Microscopic visual core description
Thin section analyses of sampled intervals were used
to complement and refine macroscopic core observa-
tions. Typically, at least one thin section was exam-
ined and logged per defined lithologic unit. To cap-
ture the descriptive information, a specialized
DESClogik template was created. For an example of a
thin section description sheet, see Figure F11. As far
as was practically possible, the same terminology
and nomenclature hierarchy employed for the visual
core compositional descriptions was also used for the
thin section descriptions. The textural terms used
were those defined by MacKenzie et al. (1982). Phe-
nocryst assemblages and their modal percentages
and sizes, groundmass, and alteration phases were
determined and textural descriptions constructed.

Alteration and metamorphic 
petrology

Alteration characteristics of cores were described on
the archive halves of the core, using petrographic de-
scription of thin sections and XRD analyses (bulk
rock, veins, and vesicle infillings). Alteration was
then presented as a component of the VCDs.

DESClogik: the new core description 
software for descriptive data capture 

A new software program, DESClogik, first imple-
mented and assessed during Expedition 320T for
core logging, thin section description, and database
compilation, was used during Expedition 324. Prior
to drilling operations, two spreadsheet templates
were constructed and customized in order to record
15
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alteration characteristics. These spreadsheet tem-
plates were based on the methods and guided by the
recorded observations of ODP Leg 192 and IODP Ex-
pedition 304/305 (Mahoney, Fitton, Wallace, et al.,
2001; Blackman et al., 2006). The first of these
spreadsheet templates was used to record alteration
by visual core description (Fig. F12), and the second
template was used to record descriptions of veins
(Fig. F13).

Core logging
Description of alteration of the archive half of the
core provides information on alteration of primary
igneous features including phenocrysts and ground-
mass secondary mineralogy, veins, and infilling ma-
terial in vesicles. Information on the extent of re-
placement of igneous minerals and groundmass by
secondary minerals and, where possible, the nature
and approximate modes of secondary mineral as-
semblages are recorded using DESClogik. The pres-
ence of veins or vesicle infill and their description
and mineralogy are also recorded using DESClogik. 

Visual estimates of alteration degree, type, color, tex-
tures (e.g., halos and patches), abundance (%) of
mineral filling vesicles, and the proportion of altered
groundmass and phenocrysts were recorded in the
alteration and vein logs of DESClogik. Most of the
secondary mineral assemblages were composed of
clays that were difficult to identify macroscopically;
therefore, a general descriptive term such as “brown
clay” was used. 

Alteration degree is defined and reported graphically
on the VCDs according to various ranges of intensity
(Fig. F8): 

Fresh = (<2 vol%). 
Slight = (2–10 vol%). 
Moderate = (10–50 vol%). 
High = (50–95 vol%). 
Complete = (95–100 vol%). 

Alteration color was defined based on Munsell Soil
Color Charts (Munsell Color Company, 1994) and
converted to a more intuitive color name. Precise
color identification using Munsell Soil Color Charts
was recorded in the DESClogik template of the Igne-
ous Petrology group (see “Igneous petrology”).
Quantification of individual mineral modes was esti-
mated by investigating the archive-half core under a
binocular microscope. A distinction was made be-
tween overprinting alteration assemblages and as-
semblages localized by preexisting lithology
changes. For example, a core of altered basalt con-
taining a subinterval with vein halos would be de-
scribed using two rows, one long interval of altered
basalt within the alteration tab of DESClogik (Fig.
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F12) and a shorter subinterval containing the over-
printing vein halo assemblage within the vein tab of
DESClogik (Fig. F13). 

Veins are recorded according to their location, appar-
ent orientation, width, length, and mineralogy (Fig.
F13). Textures were recorded in DESClogik using a
series of codes (Fig. F14) in terms of vein shape
(straight, sigmoidal, irregular, pull-apart, and fault
vein), connectivity (isolated, single, branched, and
network), texture (massive, cross-fiber, slip-fiber,
vuggy, and polycrystalline), structure (simple, com-
posite, banded, haloed, and intravenous), and geom-
etry (en echelon, ribbon, and cross fractures). 

Thin section description
Thin section descriptions were recorded using DES-
Clogik and subsequently uploaded to the database.
Secondary mineral assemblages and replacement re-
lations to primary phases were described, as well as
secondary modes (Fig. F11). Mineralogy of veins and
vesicles, as well as cement when present in basaltic
breccia, was also reported in the database. The modal
estimates of the secondary minerals allowed charac-
terization of alteration intensity.

X-ray diffraction
Phase identification in selected samples of whole-
rock shipboard powders and vein and vesicle mate-
rial was aided by XRD analyses using a Bruker D-4
Endeavor diffractometer with a Vantec-1 detector us-
ing nickel-filtered CuKα radiation. Instrument con-
ditions were 

Voltage = 35 kV. 
Current = 40 mA. 
Goniometer scan (bulk samples) 2θ = 3°–70°. 
Step size = 0.015°. 
Scan speed = 0.2 s/step. 
Divergence slit = 0.3 mm.

Structural geology
Structural geology was an important facet of visual
core description during Expedition 324. The priori-
ties set by the structural geologists were

1. To document all structures in the core and record
evidence for the relative timing of the various
structures and other processes such as magmatic
cooling, tectonic processes, and hydrothermal al-
teration;

2. To record the orientation of all structures on the
core face frame and, where possible, to orient
these in three dimensions in the core reference
frame;
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3. To obtain evidence from the style, geometry,
and microstructure of individual structures that
might bear upon the processes and conditions of
deformation and the finite strain that can be in-
ferred; and

4. To construct plausible models of the tectonic en-
vironment from all of these data.

This section outlines the techniques used for macro-
scopic and microscopic description of structural fea-
tures observed in hard rock basement cores. Conven-
tions for structural studies established during
Expedition 309/312 (Teagle et al., 2006) and ODP
hard rock drilling (Leg 118, Shipboard Scientific
Party, 1989; Leg 131, Shipboard Scientific Party,
1991; Leg 135, Shipboard Scientific Party, 1992c; Leg
140, Shipboard Scientific Party, 1992b; Leg 141,
Shipboard Scientific Party, 1992a; Leg 147, Ship-
board Scientific Party, 1993b; Leg 148, Shipboard Sci-
entific Party, 1993a; Leg 153, Shipboard Scientific
Party, 1995; Leg 176, Shipboard Scientific Party,
1999; Leg 206, Shipboard Scientific Party, 2003b)
were generally followed during Expedition 324.
However, several minor changes in nomenclature
and procedure were adopted.

Graphic symbols and terminology
All material from both working and archive halves
was examined, although the records of the structures
and orientation measurements were made on the ar-
chive half. The most representative structural fea-
tures in the cores recovered during Expedition 324
are summarized on the VCD form (see “Core de-
scriptions”). For some important sections, more de-
tailed structural information is described and
sketched on a separate Structural Geology Descrip-
tion form (Fig. F15). All structural data were entered
in structural spreadsheet logs using DESClogik, with
reference to the structural geology and symbols
checklist (Fig. F8; Table T4).

We used a set of structural feature “identifiers” in or-
der to maintain consistency of core descriptions.
Brittle deformation identifiers include joint, vein,
shear vein, fault, and breccia. Identification of these
features is based on the presence of fractures, filling
phases, and evidence of shear displacement. The ter-
minology adopted generally follows that of Ramsay
and Huber (1987), Twiss and Moores (1992), and
Passchier and Trouw (1996) and is consistent with
the terminology used during Leg 153 for brittle de-
formation (Shipboard Scientific Party, 1995). Some
of the terms (Teagle et al., 2006) and symbols com-
monly used in the structural description are sketched
in Figures F8 and F16:

1. Igneous contacts (demonstrably extrusive or dike
contact),
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2. Lineation (preferred orientational minerals in
the shear zone, oriented minerals in magmatic
foliation, or slickenlines in the fault surface),

3. Magmatic fabric (lineations and foliations, re-
ferred to as magmatic foliation when recognized,
defined by shape-preferred orientation of pri-
mary minerals with no evidence of crystal-plas-
tic deformation),

4. Magmatic foliation (shape-preferred orientation
of primary minerals with no evidence of crystal-
plastic deformation),

5. Shear veins (obliquely opening veins with minor
shear displacement filled with slickenfibers or
overlapping fibers),

6. Veins (extensional open fractures filled with sec-
ondary minerals),

7. Fractures (brittle failure with or without dis-
placement),

8. Joints (fractures where the two sides show no dif-
ferential displacement [relative to the naked eye
or 10× pocket lens] and have no filling material),
and

9. Faults (fractures with kinematic evidence for
shear displacement across the discontinuity or
with an associated cataclasite; we adopted the
term “microfault” when the scale of the offset is
millimetric).

This division of structures does not imply that all
features fall into distinct and exclusive categories.
We prefer to use the term “veins” for all healed frac-
tures, avoiding the usual division based on fracture
width (e.g., Ramsay and Huber [1987] defined veins
as having >1 mm filling material), mainly to be con-
sistent with the DESClogik alteration vein log tem-
plate. Rigid boundaries between the adopted struc-
tural categories do not exist. Where necessary,
details specific of structural features are illustrated
with comments and sketches.

Brecciated core intervals are described in detail in a
separate structural template in DESClogik, in which
the compositional and textural features of the brec-
cias are recorded. Where common types of breccia
can be unambiguously recognized, such as fault-re-
lated, hyaloclastite, or hydraulic breccia, a note was
added in the Comments column. Data on the com-
position and alteration of both veins and breccias
were integrated with the Alteration and Vein Logs
(see “Alteration and metamorphic petrology”).

Geometric reference frame
Structures are measured on the archive half relative
to the core face frame and core reference frame based
on previous ODP/IODP procedures (Leg 141, Ship-
board Scientific Party, 1992a; Leg 206, Shipboard Sci-
entific Party, 2003b; Expedition 309/312 Scientists,
17
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2006). The plane normal to the axis of the borehole
is referred to as the horizontal plane. On this plane, a
360° net is used with a pseudosouth (180°) pointing
out of the archive half and a pseudonorth (0°) point-
ing into the archive half and perpendicular to the
cut surface of the core (Fig. F17). The cut surface of
the core, also called core face or cut face, therefore is
a vertical plane striking 90°–270°.

Apparent dip angles of planar features were mea-
sured on the cut face of the archive half of the core.
To obtain a true dip value, a second apparent dip
reading was obtained where possible in a section per-
pendicular to the core face (second apparent orienta-
tion). The dip and the dip direction with respect to
the archive half of the core are recorded on the
spreadsheet together with second plane measure-
ments. If the feature intersected the upper or lower
surface of the core piece, measurements of the strike
were made directly in the core reference frame and
combined with the apparent dip measurements to
calculate the true dip values. 

However, for the long term we should recover real
orientation of the structures. Therefore, following
the recording of orientation data on the descriptive
sheets as outlined above, it would be desirable to
convert these local orientations to geographical co-
ordinates. The multishot and Formation MicroScan-
ner (FMS) logging techniques allow cores to be ori-
ented with respect to magnetic north and allow the
arbitrary local reference frame to be positioned. A
paleomagnetic approach can be also employed. It is
especially useful for cores obtained by RCB drilling
because these techniques often cause the core to
break into several pieces that rotate independently of
each other within the core liner. To remove these
drilling-induced rotations, FMS data could be gath-
ered from sections of core that were considered to be
structurally continuous.

Thin section description
Thin sections of basement rocks recovered during
Expedition 324 were examined in order to (1) con-
firm macroscopic descriptions of brittle structures;
(2) characterize the microstructure of the rocks; (3)
provide information on the kinematics of brittle and
brittle-ductile deformation; (4) identify time rela-
tionships between deformation, magmatic, and al-
teration processes and the relatively temporal se-
quence between different veins and joints; and (5)
document downhole variations of structured zones.

The microstructural notes were entered into the
DESClogik Thin Section Description template (see
“Igneous petrology” for details of the template). For
the description of microstructures we primarily ap-
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plied the terminology of Passchier and Trouw (1996).
Shipboard thin sections were generally oriented; the
orientation is given relative to the core reference
frame and was marked on each thin section by an ar-
row pointing upward. Digital photomicrographs
were taken during the cruise to document features
described in the thin sections. 

Geochemistry
Sampling and analysis of igneous rocks

Sample preparation
Representative samples of igneous rocks were ana-
lyzed for major and trace element concentrations
during Expedition 324 using inductively coupled
plasma–atomic emission spectroscopy (ICP-AES).
Samples ranging in size from ~3 cm3 for cryptocrys-
talline to very fine grained rocks to as much as 10
cm3 for medium-grained rocks were cut from the
core with a diamond saw blade. If possible, a thin
section billet was taken from the same or adjacent
interval. All outer surfaces were ground on a dia-
mond-impregnated disk to remove altered rinds and
surface contamination from the drill and saw. Each
sample was then placed in a beaker containing trace
metal–grade methanol and washed ultrasonically for
15 min. The methanol was decanted and the sam-
ples were washed in deionized water for 10 min in
an ultrasonic bath. They were then washed for 10
min in Barnstead deionized water (~18 MΩ·cm),
again in an ultrasonic bath. The cleaned pieces were
dried for 10–12 h at 110°C.

The cleaned, dried samples were crushed to <1 cm
chips between two disks of Delrin plastic in a hy-
draulic press. The chips were then ground to a fine
powder in tungsten carbide in a SPEX 8000M mixer/
mill or, for larger samples, a SPEX 8515 Shatterbox;
the smallest samples were hand-ground in an agate
mortar. It should be noted that among the elements
analyzed, contamination from the tungsten carbide
mills is negligible (Shipboard Scientific Party, 2003b).
Some samples were amygdular and, before grinding,
we hand-picked chips under a binocular microscope
in order to obtain material that was as free of amygd-
ules as possible. Hand-picking was also done for sev-
eral clasts separated from the volcaniclastic rocks of
Site U1348. After grinding, a 1000.0 ± 0.5 mg ali-
quant of the sample powder was weighed on a Met-
tler Toledo dual balance system and ignited to deter-
mine weight loss on ignition (LOI). Samples from
Sites U1346–U1349 were ignited at 975°C for 4 h.
Normally, a temperature >1000°C is achieved for LOI
measurements, but the maximum temperature that
the muffle furnace on the ship could reach during
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most of Expedition 324 was 975°C. For the Site
U1350 samples, a temperature of 1025°C was at-
tained, following addition of a step-up transformer
to the furnace (see below). Estimated uncertainty on
LOI values is ~0.2 mg (0.02 wt%).

ODP Technical Note 29 (Murray et al., 2000) describes
in detail the shipboard procedure for digestion of
rocks and ICP-AES analysis of samples. The following
protocol is an abbreviated form of this procedure
with minor modifications. After determination of
LOI, 100.0 ± 0.2 mg aliquots of the ignited whole-
rock powders were weighed and mixed with 400.0 ±
0.5 mg of LiBO2 flux that had been preweighed on
shore. Standard rock powders and full procedural
blanks were included with unknowns in each ICP-
AES run. All samples and standards were weighed on
the Cahn C-31 microbalance (designed to measure
on board) with weighing errors estimated to be ±0.05
mg under relatively smooth sea-surface conditions.

Ten milliliters of 0.172 mM aqueous LiBr solution
was added to the mixture of flux and rock powder as
a nonwetting agent to prevent the cooled bead from
sticking to the crucible. Samples from Sites U1346–
U1349 were then fused individually in Pt-Au (95:5)
crucibles for ~12 min at a maximum temperature of
1050°C in an internal-rotating induction furnace
(Bead Sampler NT-2100). Because of a breakdown of
this instrument late in the cruise, the Site U1350
samples were fused in the muffle furnace. Addition
of a step-up transformer allowed the muffle furnace
to reach a temperature of 1025°C. The furnace was
heated to 900°C, 6–12 samples were inserted to-
gether, and the furnace temperature was increased as
rapidly as possible to 1025°C. After 5 min at 1025°C,
the samples were removed; the total time in the fur-
nace at temperatures above 900°C was ~30 min.

After cooling, beads were transferred to high-density
polyethylene (HDPE) bottles and dissolved in 50 mL
of 10% (by volume) HNO3; dissolution was aided by
shaking with a Burrell wrist-action bottle shaker for 1
h. Following digestion of the bead, the solution was
passed through a 0.45 µm filter into a clean 60 mL
wide-mouth HDPE bottle. Next, 2.5 mL of this solu-
tion was transferred to a plastic vial and diluted with
17.5 mL of 10% HNO3 to bring the total volume to
20 mL. The final solution-to-sample dilution factor
was ~4000. For standards, stock standard solutions
were placed in an ultrasonic bath for 1 h prior to fi-
nal dilution to ensure a homogeneous solution.

Analyses
Major (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P) and
trace (Ba, Sr, Zr, Y, V, Sc, Cu, Zn, Co, Cr, and Ni) ele-
ment concentrations of standards and samples were
determined with a Teledyne Leeman Labs Prodigy
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ICP-AES instrument. Wavelengths used for sample
analysis during Expedition 324 are provided in Table
T5. For several elements, measurements were made
at two wavelengths (e.g., Si at 251.611 and 288.158
nm).

The plasma was ignited at least 30 min before each
run of samples to allow the instrument to warm up
and stabilize. A zero-order search was then per-
formed to check the mechanical zero of the diffrac-
tion grating. After the zero-order search, the me-
chanical step positions of emission lines were tuned
by automatically searching with a 0.002 nm window
across each emission peak using basalt laboratory
standards BAS-140 (Bach et al., 1996) or BAS-206
(Shipboard Scientific Party, 2003b) in 10% HNO3.
During the initial setup, BAS-140 was used to select
an emission profile for each peak to determine peak-
to-background intensities and set the locations of
background levels for each element. The Prodigy
software uses these background locations to calculate
the net intensity for each emission line. Photomulti-
plier voltage was optimized by automatically adjust-
ing the gain for each element using BAS-140.

The ICP-AES data presented in the “Geochemistry”
sections of the site chapters were acquired using the
Gaussian mode of the Prodigy software. This mode
fits a curve to points across a peak and integrates the
area under the curve for each element measured.
Each sample was analyzed three times from the same
dilute solution (i.e., in triplicate) within a given sam-
ple run. For elements measured at two wavelengths,
we either used the wavelength giving the better cali-
bration line in a given run or, if the calibration lines
for both wavelengths were of similar quality, used
the data for both and reported the average concen-
tration.

A typical ICP-AES run (Table T6) included

• A set of 9 certified rock standards (BCR-2, BHVO-
2, BIR-1, JA-3, JGb-1, JR-2, NBS-1c, SCO-1, and
STM-1), analyzed at the beginning of each run;

• As many as 23 samples (unknowns) analyzed in
triplicate;

• A drift-correcting standard (BHVO-2) analyzed in
every fifth sample position and at the beginning
and end of each run;

• Blank solutions, analyzed near the beginning and
end of each run and, in the longer runs, at
another point in the middle of the sequence; and

• Two “check” standards (BAS-140 and BAS-206)
run as unknowns, each analyzed in triplicate at
least twice during a run.

A 10% HNO3 wash solution was run for 90 s between
each analysis.
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Data reduction
Following each run of the instrument, the measured
raw-intensity values were transferred to a data file,
corrected for instrument drift, and then corrected for
the procedural blank. Drift correction was applied to
each element by linear interpolation between the
drift-monitoring solutions run every fifth analysis.
After drift correction and blank subtraction, a cali-
bration line for each element was calculated using
the results for the certified rock standards. Element
concentrations in the samples were then calculated
from the relevant calibration lines.

Replicate analyses of the basalt “check” standards
BAS-140 and BAS-206 were used to estimate preci-
sion and provide an idea of accuracy for both major
and trace elements. Table T7 summarizes the results
and compares them with published data. For most
elements, the Expedition 324 averages agree well
with previously published values. However, our val-
ues for Cr in BAS-206 are considerably and consis-
tently higher (135 ± 10 versus 83.7 ppm). At present,
we have no explanation for this discrepancy, but we
note that our Cr values for BAS-140 agree within er-
ror with published values (191 ± 9.7 and 186 ppm,
respectively).

Individual analyses of both check standards and
samples produced total major element weight per-
centages that vary from 100 wt% by as much as sev-
eral percent. Probable causes include errors in weigh-
ing the sample (particularly in rougher seas) and/or
flux powders and the relatively low temperature of
ignition for most of the samples. To facilitate com-
parison of the Expedition 324 results with each other
and with data from the literature, we normalized the
measured major element values to 100 wt% totals.

Sedimentary carbon and carbonate analysis
Sediment and sedimentary rock samples were
scraped to remove surface contamination, then
freeze-dried to remove water and powdered to ensure
complete homogenization. Carbonate content was
determined by acidifying ~10 mg of bulk powder
with 2 M HCl and measuring the CO2 evolved. A
UIC coulometer was employed for the measurement.

We determined total carbon content for the same
samples by combustion of the sample at an initial
temperature of 900°C in a Thermo Electron Corpora-
tion CHNS analyzer (Flash EA 1112 Series). The total
carbon value was then used to calculate weight per-
cent of total organic carbon by subtraction (i.e., the
weight percent of carbon in the carbonate measured
by coulometric analysis was subtracted from the to-
tal carbon content obtained with the CHNS ana-
lyzer).
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Physical properties
Shipboard measurements of physical properties were
performed to provide preliminary information char-
acterizing the recovered material. The primary objec-
tive of Expedition 324 was to recover hard rock,
which necessitated a modified approach compared
with expeditions focusing on sedimentary coring.
Sedimentary material was recovered, but it was dis-
turbed by the exclusive use of RCB drilling except for
most volcaniclastic sediments, which are relatively
consolidated. The descriptions herein relate specifi-
cally to hard rock material. Sedimentary material
was treated in the same manner despite more limited
discrete sampling.

Once recovered, whole-round cores were first al-
lowed to thermally equilibrate to ambient room tem-
perature (3 h for hard rock, 4 h for sedimentary ma-
terial). Core sections with continuous intervals
longer than 8 cm were run through the WRMSL for
measurement of GRA density and magnetic suscepti-
bility. Magnetic susceptibility and GRA data from
gaps and cracks between pieces were filtered out of
the data sets using a MATLAB routine (written by A.
Harris during Expedition 324) as described below in
“Data filtering.” The filtered data were then visually
double-checked against images of the core section
halves. Sections longer than 50 cm were measured
with the NGRL. The WRMSL also incorporates a
compressional wave velocity sensor (PWL) and a
noncontact resistivity detector (NCR). The PWL was
used only in a few rare cases where sedimentary sec-
tions filled most of the core liner; even then suffi-
cient contact with the rock could not always be
made. The NCR was not employed during this cruise
because of the same unfilled core liner problem,
which is common in hard rock recovery. 

After measurements with the WRMSL and NGRL, the
cores were split into archive and working halves. The
archive half of the core was passed through the
SHMSL for measurement of point magnetic suscepti-
bility and color reflectance. The SHMSL also uses a
laser to record piece heights, which yields informa-
tion about the location of gaps and cracks between
pieces of the core. This information was used to aid
data filtering of whole-round and split-half measure-
ments (see “Data filtering”). 

Thermal conductivity was measured on either the ar-
chive or working half of the split cores, depending
on availability of suitable material. The thermal con-
ductivity sensors experienced technical difficulties at
the end of Hole U1349A; therefore, there are no
measurements for Hole U1350A. 

Lastly, discrete samples were taken from the working
half at intervals of ~1–2 per core. Discrete samples
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were used for compressional wave velocity measure-
ments in three directions and moisture and density
(MAD) measurements including bulk density, dry
density, grain density, water content, void ratio, and
porosity. A comprehensive discussion of methodolo-
gies and calculations used in the R/V JOIDES Resolu-
tion physical properties laboratory is presented in
Blum (1997).

Whole-Round Multisensor Logger 
measurements

GRA bulk density and magnetic susceptibility were
measured nondestructively with the WRMSL. To op-
timize WRMSL performance, sampling intervals and
measurement integration times were the same for all
sensors. Sampling intervals were set at 2 cm with an
integration time of 5 s for each measurement. These
sampling intervals are common denominators of the
distances between the sensors installed on the
WRMSL (30–50 cm) and allow sequential and simul-
taneous measurements. Quality assurance/Quality
control (QA/QC) was monitored by passing a single
core liner filled with fresh water through the WRSML
after every core. 

The primary objective of Expedition 324 was the re-
covery of hard rock. In general, measurements are
most effective with a completely filled core liner
with minimal drilling disturbance. Consequently,
the diameter of the core liner (66 mm) is assumed for
the core diameter, even though the liner is often
<100% filled. In addition, hard rocks are often recov-
ered in pieces, rather than continuous core, which
compounds the diameter discrepancy that is already
introduced by the drilling process. Therefore, GRA
bulk density and magnetic susceptibility measure-
ments tend to underestimate true values. Data were
filtered to remove anomalously low values associated
with gaps and cracks in the core (see “Data filter-
ing”). 

Gamma ray attenuation bulk density
The GRA densiometer on the WRMSL operates by
passing gamma rays from a 137Cs source through a
whole-round core into a 75 mm × 75 mm sodium io-
dide detector situated directly below the core. The
gamma ray peak has a principal energy of 0.662 MeV
and is attenuated as it passes through the core. The
attenuation of gamma rays, mainly by Compton
scattering, is related to the material bulk density.
Therefore, for a known thickness of sample the
gamma ray count is proportional to density. Calibra-
tion of the GRA densiometer was performed using
core liners filled with seawater and aluminum den-
sity standards. Recalibration was performed as
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needed if the freshwater QA/QC standard after every
core deviated significantly (more than a few percent)
from 1 g/cm3. The spatial resolution of the GRA den-
sitometer is <1 cm. 

Magnetic susceptibility
Magnetic susceptibility, k, is a dimensionless mea-
sure of the degree to which a material can be magne-
tized by an external magnetic field:

k = M/H,

where M is the magnetization induced in the mate-
rial by an external field strength H. Magnetic suscep-
tibility responds to variations in the type and con-
centration of magnetic grains, making it useful for
the identification of compositional variations. Mate-
rials such as clay (e.g., from the alteration of igneous
materials) have a magnetic susceptibility several or-
ders of magnitude lower than magnetite and other
iron oxides that are common constituents of igneous
material. Water and plastics (core liner) have a
slightly negative magnetic susceptibility.

The WRMSL incorporates a Bartington Instruments
MS2 meter coupled to a MS2C sensor coil with a di-
ameter of 8.8 cm and operates at a frequency of 565
Hz. The sensor output can be set to centimeter-gram-
second (cgs) units or SI units, with the IODP stan-
dard being the SI setting. The core diameter is
smaller than the aperture through which it passes to
be measured. Therefore, a volume correction factor
must be applied to the data offline. Assuming a core
diameter of 66 mm and using the coil aperture of 88
mm, the correction factor simply entailed multiply-
ing the ×10–5 SI units by a factor of 0.68 (Blum,
1997). 

The MS2C coil is calibrated with a homogeneous
mixture of magnetite and epoxy in a 40 cm long
piece of core liner to an accuracy of ±5% (factory pre-
set). The resolution of the method is ±4 cm; there-
fore, core material that is not continuous over an 8
cm interval will underestimate magnetic susceptibil-
ity. Data collected near gaps or pieces smaller than 8
cm were removed by a filter (see “Data filtering”)
and shown as grayed out points in report figures.

Natural Gamma Radiation Logger
The Natural Gamma Radiation Logger (NGRL) in-
stalled on the JOIDES Resolution was designed and
built at IODP-Texas A&M University (TAMU) from
2006 to 2008. NGR occurs primarily as a result of the
decay of 238U, 232Th, and 40K isotopes. Data generated
from this instrument are used to augment geologic
interpretations.
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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 8 cm of lead shielding.
In addition, lead separators (~7 cm of low-back-
ground lead) are positioned between the NaI detec-
tors. Half of the lead shielding closest to the NaI de-
tectors is composed of low-background lead, whereas
the outer half is composed of regular (virgin) lead. In
addition to passive lead shielding, the NGR detector
unit employs a plastic scintillator to suppress the
high-energy gamma and muon components of cos-
mic radiation by producing a veto signal when these
charged particles pass through the plastic scintilla-
tors. The NGR detector unit was calibrated using
137Cs and 60Co sources and identifying the peaks at
662 and 1330 keV, respectively. Calibration materials
were from Eckert & Ziegler Isotope Products, Valen-
cia, California (USA).

For presentation purposes, the counts were summed
over the range of 100–3000 keV to be comparable
with data collection from previous cruises and for di-
rect comparison with downhole logging data. Back-
ground measurements of an empty core liner
counted for 20,000 s (5 h) were made upon arrival at
each site. Over the 100–3000 keV integration range,
background counts averaged 4–5 cps and contrib-
uted <0.5% to the overall signal of the measured
core.

A single measurement run consisted of two eight-
measurement sets (20 cm between each of the eight
sensors). The first set was measured at one position
and the second set was measured at a another posi-
tion shifted 10 cm from the first (for a total of 16
measurements, each 10 cm apart, over a 150 cm long
section of core). The quality of the energy spectrum
measured in a core depends on the concentration of
radionuclides in the sample but also on the counting
time, with higher times yielding a more clearly de-
fined spectra. The available count time in each posi-
tion depended on how fast and how much core was
recovered. In general, we had the opportunity to
count for longer times, yielding statistically signifi-
cant energy spectra because the rate of hard rock core
recovery from drilling averaged 1 core every 2–3 h.
Count times ranged between 1800 and 5400 s for
each position, resulting in total count times of 1–3 h
per section. Improved spectral resolution allows quali-
tative identification of the main contributors to the
energy spectra (i.e., products of the 40K, 232Th, or 238U
decay chains). Building a database of well-resolved
spectra works toward the aim of separation of 40K,
232Th, and 238U contributions and eventual quantifica-
tion of concentrations of the radionuclide daughters.
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Section Half Multisensor Logger 
measurements

The SHMSL measures spectral reflectance and mag-
netic susceptibility on core section halves. The ar-
chive half of the split core is placed on the core
track. An electronic platform moves along a track
above the core section, recording the sample height
using a laser sensor. The laser establishes the location
of the bottom of the section, then the platform re-
verses the direction of movement, moving from bot-
tom to top making measurements of point magnetic
susceptibility and spectral reflectance data at 2 cm
intervals.

Color reflectance spectrometry
Reflectance is measured from 171 to 1100 nm wave-
length at 2 nm intervals using a halogen light
source, covering a wavelength from ultraviolet
through visible to near infared. The scan of the en-
tire wavelength range takes ~5 s per data acquisition
offset. The data are generated using the L*a*b color
system, in which L* is luminescence, a* is the blue +
green values, and b* is the red + green values. The
color reflectance spectrometer calibrates on two
spectra, pure white (reference) and pure black (dark).
Color calibration was conducted approximately ev-
ery 12 h.

Point magnetic susceptibility
The point magnetic susceptibility is measured using
a contact probe with a flat 15 mm diameter sensor
operating at a frequency of 0.580 kHz. The sensor
takes and averages three measurements at 0.1 attenu-
ation for each offset to an accuracy of 5%. The spa-
tial resolution of the magnetic susceptibility point
instrument is 20 mm, making it advantageous over
whole-round magnetic susceptibility for cores con-
sisting of broken pieces <8 cm (the spatial resolution
of whole-round magnetic susceptibility). Units are
reported in dimensionless SI units on a volume basis.
The point magnetic susceptibility meter was cali-
brated by the manufacturer before installation on
the ship. The probe is zeroed in air before each mea-
surement point, and a background magnetic field is
measured (influence from metal track, etc.) and re-
moved from the data before being output. The in-
strument is calibrated so that the value output is
measured assuming the probe is buried in the sam-
ple; however, because the probe is only in contact
with the upper, flat surface, a correction factor of 2×
was applied after the data were collected (note that
the data stored in LIMS have not had this correction
applied).
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Thermal conductivity
Thermal conductivity is the rate at which heat flows
through a material and is dependent on composi-
tion, porosity, and structure. Thermal conductivity
was measured by transient heating on the archive
half of split core with a known heating power and a
known geometry. The changes in temperature with
time after an initial heating were recorded using a
TK04 system. The temperature of the superconduc-
tive probe has a linear relationship with the natural
logarithm of the time after the initiation of heat
(Blum, 1997).

Thermal conductivity was measured on the archive
half of the split core with the probe in half-space
mode (Vacquier, 1985). These half-space determina-
tions were made with a needle probe embedded in
the surface of an epoxy block with a low thermal
conductivity (Vacquier, 1985). Samples need to be
smooth to ensure adequate contact with the heating
needle. Visible saw marks were removed when neces-
sary by grinding and polishing the split face using
120–320 gauge silicon carbide powder (most samples
did not require polishing). Because measurements
were sometimes performed on the archive half of the
core, we avoided the use of silicon gel, which can be
employed to improve sample/needle contact.

Samples equilibrated to room temperature in a sea-
water vacuum saturator for 4 h, and sample and sen-
sor needle were equilibrated together in a cooler in-
sulated with styrofoam for at least 15 min prior to
measurement. Isolation of the sample and sensor
needle eliminated the effect of rapid but small tem-
perature changes introduced by air currents in the
laboratory. The instrument internally measures drift
and does not begin a heating run until sufficient
thermal equilibrium is attained. Cores were mea-
sured at irregular intervals (one sample per section)
depending on the availability of homogeneous and
relatively vein/crack-free pieces long enough to be
measured without edge effects (pieces at least 7 cm
long; i.e., longer than the instrument needle). Mea-
surements were made at room temperature and pres-
sure, and were not corrected for in situ conditions. 

A MACOR ceramic standard with a certified thermal
conductivity of 1.637 ± 0.033 W/(m⋅K) was run at
each site, and the results are summarized in Table
T8. Unfortunately, the puck and embedded sensor
needle experienced irrevocable technical difficulties
at the end of Hole U1349A, and as a result thermal
conductivity measurements were not conducted on
samples from Hole U1350A.
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Discrete samples
Cubic samples were cut from the working halves of
split cores at an interval of ~1–2 samples per core.
Collection of these ~7 cm3 samples aimed to best
represent the general variation and lithologies of the
core. The purpose of these samples is two-fold. First,
they are used for physical property measurements of
compressional wave velocity and MAD measure-
ments (explained below). Second, discrete samples
were shared with paleomagnetists to minimize core
depletion. 

Moisture and density
Several basic rock quantities of interest (water con-
tent, bulk density, dry density, porosity, and void ra-
tio) are found most accurately through mass and vol-
ume determinations on discrete samples. MAD data
are also used for comparison with GRA bulk density
data from the WRMSL. The shipboard MAD facility
for hard rock coring on the JOIDES Resolution con-
sists of a vacuum water saturator, a dual balance sys-
tem, and a hexapycnometer.

Vacuum water saturator
Determination of a precise and accurate wet mass of
sparsely porous material requires that the pore space
of the sample be completely saturated. To maintain
this saturation, we used a vacuum pump system. The
system consisted of a plastic chamber filled with sea-
water into which the samples were placed. A vacuum
pump then removes air from the chamber, essen-
tially forcing seawater into the sample pore spaces.
The samples are kept under vacuum for at least 24 h.
During this time, the vacuum is checked at 2–3 h in-
tervals to ensure a stable underpressure. After re-
moval from the saturator, the cubes are stored in
sample containers filled with seawater to help pre-
vent evaporation of pore water. Next, the cube sur-
faces are lightly patted with a paper towel to remove
water clinging to outer surfaces and wet mass is im-
mediately determined using the dual balance system.

Dual balance system 
The dual balance system was used to measure both
wet and dry masses. The two analytical balances
(Mettler-Toledo XS204) compensate for ship motion;
one acts as a reference and the other measures the
unknown (sample). A standard weight of similar
value to the sample was placed upon the reference
balance to increase accuracy. The default setting of
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the balances is 300 measurements (taking ~1.5 min
to measure). However, when in transit we found that
a greater number of measurements (400–1000), and
therefore a longer measurement time (depending on
sea state), were required. On site, however, averages
of 300 measurements were indistinguishable from
averages of 500 measurements. We investigated the
effect that matching the reference and sample
weight had by repeatedly measuring a basaltic mini-
core sample with different reference masses. Overall,
for this test sample an error of as much as 0.3%
could be introduced if the samples were mismatched
with their reference weight by as much as 50%. With
reference weight matching to within ~10%, preci-
sion of 0.005 g was readily attainable. Precisions
were recorded on the hard copies of data log sheets,
which are stored at TAMU. 

Hexapycnometer system
The hexapycnometer system measures dry sample
volume using pressurized helium-filled chambers. At
the start of the expedition, and whenever the helium
gas tank was changed, shipboard technicians per-
formed a calibration using stainless steel spheres of
known volume. A batch of samples consisted of four
cells with unknowns and one cell with two stainless
steel spheres (3 and 7 cm3). The spheres were cycled
through the cells to identify any systematic error
and/or instrument drift. Spheres are assumed to be
known within 1% of their total volume. Individual
volume measurements were preceded by three
purges of the sample chambers with research grade
(99.995% or better) helium heated to 280°C, fol-
lowed by three data acquisition cycles. 

Moisture and density calculations
Measurement of wet mass and dry mass by the dual
balance system along with a dry volume measured
by the hexapycnometer allows for the determination
of a number of MAD properties. During this expedi-
tion, we employed MAD method “C.” Method “D,”
where wet mass is determined by caliper rather than
saturation, is only appropriate for samples that are
too vesicular to adequately saturate.

The MAD method C program uses physical measure-
ment data (dry mass, wet mass, and dry volume) to
calculate the quantities of interest shown in Table
T9. For more details on physical property MAD
methods, see Blum (1997).

Compressional wave velocity
Compressional wave (P-wave) velocity measure-
ments of hard rock samples were performed on the
same discrete cube samples that were used for MAD
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and paleomagnetism determinations. P-wave mea-
surements were performed on seawater-saturated
samples directly after wet mass determinations were
made. Measurements used the x-axis caliper-type
contact probe transducers on the P-wave velocity
gantry. Oriented samples were rotated manually to
measure y- and z-axis velocities with the same instru-
ment. The system uses Panametrics-NDT Microscan
delay line transducers, which transmit at 0.5 MHz.
To maximize contact with the transducers, deionized
water was applied to sample surfaces. 

The signal received through the sample was recorded
by the computer attached to the system, and the
peak (P-wave arrival) was chosen with autopicking
software. The complete waveform is stored with the
data if reanalysis is deemed necessary; however, ship-
board visual checks of the picks appeared satisfac-
tory. The distance between transducers was mea-
sured with a built-in linear voltage displacement
transformer (LDVT).

Calibration was performed each day before measure-
ments were made with a series of acrylic cylinders of
differing thicknesses and a known P-wave velocity of
2750 ± 20 m/s. The determined system time delay
from calibration was subtracted from the picked ar-
rival time to give a traveltime of the P-wave through
the sample. The thickness of the sample (calculated
by LDVT in meters) was divided by the traveltime (in
seconds) to calculate P-wave velocity in meters per
second.

Data filtering
Gaps and cracks in the core can cause anomalously
low readings of magnetic susceptibility and bulk
density. Reflectance and color readings for gaps and
cracks are not relevant to this study. Including mean-
ingless data from gaps can hinder interpretation, es-
pecially of actual low readings of magnetic suscepti-
bility and bulk density. Therefore, these data
(magnetic susceptibility, GRA density, L*, b*, and
magnetic susceptibility point) were filtered using
height measurements, which were collected with the
laser attached to the SHMSL. Laser heights were used
to identify cracks between pieces and gaps where
plastic spacers were inserted. Data corresponding to
locations of gaps and cracks, as well as data near the
edges of pieces, were then removed from each data
set (often plotted as gray points on color plots). 

Filtering program details 
A series of parameters (including gradient threshold,
minimum detectable gap width, minimum piece
length, and instrumentation edge effect) were used
to filter data. Whereas the user of the filter has some
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flexibility in choosing parameters, most are predeter-
mined by the resolution and specifications of the in-
strumentation. 

To determine the edges of pieces, the gradient of the
laser height was calculated. The relatively flat sur-
faces of continuous section-half pieces have a small
gradient. However, the sharp contrast between piece
height and the height of an empty core liner results
in a large gradient. Using this relationship, a thresh-
old parameter for the gradient was set (±5 mm/cm)
and used to determine the locations of piece edges.
The lateral resolution of laser height measurements
was 0.2 cm. With the gradient threshold set at ±5
mm/cm, this means any change in height >1 cm be-
tween subsequent measurements would indicate a
piece edge or gap/crack. This threshold is set so that
data for pieces with heights ranging from 1 to 3.3 cm
(a full section-half radius) are kept and data for
pieces with heights shorter than 1 cm are removed
by the filter. Data associated with <1 cm pieces are
likely to be underestimated, similar to data associ-
ated with cracks/gaps. 

The minimum detectable gap width is directly re-
lated to the lateral resolution of the laser height mea-
surements. Gaps <0.2 cm (the lateral resolution of
the laser measurements) are undetectable, unless, by
chance, a measurement lands within the small gap.
The minimum detectable gap width could be de-
creased by increasing lateral resolution of the laser
measurements, but this is likely unnecessary because
cracks <0.2 cm should have a small effect on mea-
sured data. 

The length of the “zone of influence” (the amount of
core material that influences data readings) is deter-
mined by individual instrument specifications,
which in turn determines both the minimum piece
length and instrumentation edge effect parameters.
The minimum piece length is exactly equal to the
length of the zone of influence (assuming a full core
liner). The edge effect parameter is the distance away
from a gap or crack a measurement must be to be un-
affected by the empty space. The edge effect parame-
ter is exactly equal to half of the length of the mini-
mum piece length. A list of the minimum piece
length and edge effect parameters for each instru-
ment is listed in Table T10. 

Data points that were filtered out still appear in
physical property plots and figures (e.g., VCDs) as
grayed out points, whereas data that passed these
sets of criteria described above are plotted with col-
ored points according to the legend/key. For exam-
ple, GRA bulk density measurements that were at
least 1 cm away (edge effect parameter) from a 0.2
cm or larger crack (minimum detectable gap) and
that were measured on pieces that were at least 2 cm
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long (minimum piece length) pass through the filter.
For magnetic susceptibility and magnetic susceptibil-
ity point data, correction factors of 0.68× and 2×
were applied to LIMS output data, respectively (even
for grayed out points), because these corrections are
due to instrumentation design and measurement
technique and not related to the filtering process. 

The major benefit of filtering data from GRA density
and magnetic susceptibility measurements is that ac-
tual lows can be discerned from data trends. How-
ever, caution should be used, as this is the first at-
tempt at choosing appropriate parameters and we
have tried to err on the side of allowing more data
through the filter than not. Data that are filtered out
are underestimates of real values. Where the lowest
values are often the target of the filtering, even high
values may be filtered out if they are near gaps in
material. In reality, these high values should be even
higher given a continuous piece of core. 

In the future, the potential exists for the laser
heights to be used for a volume correction instead of
merely a filter. Then trends may be easier to discern
from the physical property data and may more
closely correspond with other, independent data sets
(e.g., logging bulk density). The NGR whole-round
data were not filtered because of already low sample
densities. 

Paleomagnetism
During Expedition 324, we conducted routine de-
magnetization measurements of discrete samples
from working-half sections. At each site, a set of sam-
ples was treated by alternating-field (AF) demagneti-
zation and another set was treated by thermal de-
magnetization. We also measured bulk magnetic
susceptibility on discrete samples after each tempera-
ture step during thermal demagnetization to deter-
mine whether the carrier of characteristic remanent
magnetization (ChRM) of a sample remains intact or
undergoes any alteration caused by the repeated
heating steps.

Magnetometer
Usual shipboard paleomagnetic measurements are
carried out with the automated pass-through cryo-
genic magnetometer with a direct-current supercon-
ducting quantum interference device (2G Enterprises
model 760-R) in order to demagnetize and measure
remanent magnetization. The magnetometer is
equipped with an inline AF demagnetizer (2G Enter-
prises model 2G600) capable of producing peak
fields of 80 mT with 200 Hz frequency. The magne-
tometer is run and data are acquired by a program
called Remanent Magnetism Determination (SRM
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version 3.23) written by D. Hornbacher (IODP-
TAMU) in LabView (version 8.5) programming lan-
guage.

However, during transit to the first site, preliminary
measurements allowed us to detect some problems
in the AF demagnetizing by the 2G magnetometer.
We found that samples would behave as if they were
acquiring an anhysteretic remanent magnetization
(ARM) in the course of the AF demagnetization
when the demagnetizing field was larger than ~20
mT (Fig. F18). This ARM causes a bias of the mea-
sured paleomagnetic inclination, which is critical to
our study. Unfortunately, the critical threshold
above which ARM was detected varied for each sam-
ple. Moreover, the AF fields required to demagnetize
basalt samples are usually much higher than 20 mT.
After numerous pilot tests using half-cores and dis-
crete samples, we communicated to 2G and con-
cluded that the aging degausser coil may be malfunc-
tioning. However, the 2G magnetometer was used to
measure weak magnetization samples (such as some
volcaniclastic samples).

As a result, the magnetization measurements were
usually carried out with a Molspin Minispin magne-
tometer. This magnetometer is a slow-speed spinner
fluxgate device in which the samples are spun at 6
Hz about a vertical axis in a fluxgate surrounded by a
mu-metal shield. To obtain the three components of
the magnetization vector, it is necessary to perform a
sequence of measurements with the specimen in
four orientations.

Core orientation
The standard IODP paleomagnetic coordinate sys-
tem was used. In this system, +x is perpendicular to
the split core surface and into the working half, +z is
downcore, and +y is orthogonal to x and z in a right-
hand sense (i.e., it points left along the split-core sur-
face when looking upcore at the archive half) (see
“Structural geology”).

Magnetic overprints
Several types of secondary magnetization were ac-
quired during coring, which sometimes hampered
interpretation. The most common secondary magne-
tization was a steep downward-pointing overprint
attributed to the rotating drill string. This was also
seen as a bias for 0° declinations in archive-half sec-
tions, which has been observed during many previ-
ous cruises (e.g., Leg 206, Shipboard Science Party,
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2003a) and has been interpreted as a radially inward
overprint.

Working-half (discrete sample) 
measurement

During the expedition, oriented discrete samples
representative of the lithology were taken from the
working halves of selected sections. Cubic samples
with a volume of ~7 cm3 were collected (typically
one or two per section) for shipboard magnetic anal-
ysis. We drew an arrow on the split-core face point-
ing uphole (z-axis) and used the rock saw to cut the
sample. The same samples were also used for physi-
cal property measurements. We carried out AF de-
magnetizations on approximately one-third to one-
half of the samples and thermal demagnetizations
on the remaining samples.

Susceptibility measurements
In addition to standard paleomagnetic measure-
ments, bulk magnetic susceptibilities were deter-
mined for all the discrete samples using the Kappa-
bridge KLY 4S (Geofyzika Brno). Values have been
corrected for the true cubic sample volume. Bulk
magnetic susceptibilities were also measured after
each heating step in order to track possible magneto-
mineralogical changes that could happen because of
the repeated heating.

Thermal demagnetizations
Discrete samples from the working-half sections
were progressively demagnetized using a Schonstedt
Thermal Demagnetizer (model TSD-1) in steps of 50°
or 25°C for the higher temperature steps, up to a
temperature usually between 500° and 600°C. The
temperature steps were adjusted as a function of the
unblocking temperature spectra of each batch of
samples. Each batch consisted of an ensemble of 6–
12 individual samples. After each demagnetization
step, samples were cooled in a low–magnetic field
environment and the remaining magnetic intensity
and orientation were measured with the Molspin
Minispin magnetometer (or the 2G magnetometer
for weak samples).

For a few samples, the thermal demagnetization pro-
cedure was preceded by AF demagnetization at 10
mT to partly remove the drilling overprint, with the
hope that it would remove the viscous component
before the thermal procedure and increase the suc-
cess rate of thermal demagnetizations. Because this
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was usually not the case, this procedure was not used
routinely.

Alternating-field demagnetizations
As we could not use the 2G magnetometer to per-
form AF demagnetizations, we used the D-Tech de-
magnetizer. Samples were demagnetized in three or-
thogonal directions by the application of an
alternating field with a decay rate of 0.01 mT per
half-cycle. The maximum field intensity was 150 mT.
Demagnetizations were carried out in field steps of 2
or 3 mT up to 15 mT, then 5 mT up to 30 mT, then
10 or 20 mT up to 80–150 mT, depending on the co-
ercivity spectrum of each sample. The remaining
magnetization was measured after each demagneti-
zation step with the Molspin Minispin magnetome-
ter (or the 2G magnetometer for weak samples).

Data analysis
During Expedition 324, ChRM was estimated by
principal component analysis (PCA) (Kirschvink,
1980) of three or more of the stable endpoint direc-
tions. PCA analysis was conducted using the
Progress08 program written by H. Shibuya. The qual-
ity of the fit is quantified with the maximum angular
deviation, which measures how consistently the de-
magnetization data fit a line. This parameter is rou-
tinely used as a quality index for the calculated
ChRM. Maximum angular deviation values >8° were
typically considered to signify an ill-defined mean
direction, and therefore such samples were rejected
from further analysis.

Downhole logging
Downhole logs are used to determine physical,
chemical, and structural properties of the formation
penetrated by a borehole. The data are rapidly col-
lected, continuous with depth, and measured in situ;
they can be interpreted in terms of the stratigraphy,
lithology, 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 complement
one another and may be interpreted jointly.

Downhole logs are sensitive to formation properties
on a scale that is intermediate between those ob-
tained from laboratory measurements on core sam-
ples and geophysical surveys. They are useful in cali-
brating the interpretation of geophysical survey data
(e.g., through the use of synthetic seismograms) and
provide a necessary link for the integrated under-
standing of physical properties on all scales.
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Wireline logging
During wireline logging, the logs were made with a
variety of Schlumberger logging tools combined into
several tool strings, which were run down the hole
after coring operations were completed. Three wire-
line tool strings were used during Expedition 324
(Fig. F19; Table T11): the triple combination (gamma
ray, density, porosity, and electrical resistivity), the
FMS-sonic (gamma ray, microresistivity image of the
borehole wall, and compressional- and shear-wave
velocities), and the Ultrasonic Borehole Imager (UBI;
transit times, amplitudes, and borehole radii). Each
tool string also contained a telemetry cartridge for
communicating through the wireline to the Schlum-
berger data acquisition system on the drillship.

In preparation for logging, the boreholes were
flushed of debris by circulating viscous drilling fluid
through the drill pipe to the bottom of the hole. De-
pending on hole conditions, the viscous drilling flu-
ids used during Expedition 324 were either attapulg-
ite mixed with seawater (approximate weight = 8.9
ppg or 1.07 g/cm3) or drilling mud containing barite
mixed with seawater (approximate weight = 10.5 ppg
or 1.26 g/cm3). The drill bit was released (using the
mechanical bit release) and the bottom-hole assem-
bly was pulled up. The tool strings were then low-
ered downhole by a seven-conductor wireline cable
during sequential runs. A new wireline heave com-
pensator was employed to minimize the effect of
ship’s heave on the tool position in the borehole (see
below). During each logging run, incoming data
were recorded and monitored in real time on the
MCM MAXIS logging computer. The tool strings
were then pulled up at constant speed, typically
250–550 m/h, to provide continuous measurements
as a function of depth of several properties simulta-
neously.

Logged sediment properties and tool 
measurement principles

The logged properties and the methods that the
tools use to measure them are briefly described be-
low. The main logs taken by the tools are listed in Ta-
ble T12. 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), Robinson et al. (2008),
Schlumberger (1989, 1994), and Serra (1984, 1986,
1989).

Natural radioactivity
The Hostile Environment Gamma Ray Sonde
(HNGS) uses two bismuth germanate scintillation
detectors and five-window spectroscopy to deter-
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mine concentrations of 40K, 232Th, and 238U. The iso-
topes 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
measurement accuracy.

Density and photoelectric effect
Formation density was determined with the Hostile
Environment Litho-Density Sonde (HLDS). The
sonde contains a radioactive cesium (137Cs) gamma
ray source (622 keV) and far and near gamma ray de-
tectors mounted on a shielded skid, which is pressed
against the borehole wall by a hydraulically acti-
vated eccentralizing arm. Gamma rays emitted by
the source undergo Compton scattering, which in-
volves the transfer of energy from gamma rays to the
electrons in the formation through elastic collision.
The number of scattered gamma rays that reach the
detectors is directly related to the density of elec-
trons 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 the gamma rays occurs when their energy is
reduced below 150 keV after being repeatedly scat-
tered by electrons in the formation. Because PEF de-
pends on the atomic number of the elements in the
formation, it also varies according to the chemical
composition of the minerals present. Good contact
between the tool and borehole wall is essential for
good HLDS logs; poor contact results in underesti-
mation of density values. The use of drilling mud
containing barite can significantly affect the PEF
measurements.

Porosity
Formation porosity was measured with the Accelera-
tor Porosity Sonde. The sonde incorporates a mini-
tron neutron generator that produces fast (14.4
MeV) neutrons and five neutron detectors (four epi-
thermal and one thermal) positioned at different dis-
tances from the minitron. The tool’s detectors count
neutrons that arrive at the detectors after being scat-
tered and slowed by collisions with atomic nuclei in
the formation. Each of the five detectors provides a
special feature to enhance the overall measurement.
The near detector is centered in the tool and is used
to normalize the count rates for differences in the
minitron source. The remaining detectors are eccen-
tered, and neutron backshielding is used to focus
them toward the formation to minimize the effect of
the borehole environment.
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Neutrons leaving the tool travel through the sur-
rounding borehole and formation and interact pri-
marily with hydrogen atoms present in the common
formation fluids. Since neutrons and hydrogen at-
oms have about the same mass, successive collisions
rapidly reduce the energy of the neutrons to the
thermal energy level of the formation (0.025 eV).
Since water contains about the same quantity of hy-
drogen per unit volume, the detector count-rate ra-
tios can be calibrated in terms of liquid-filled poros-
ity in clean formations. However, because hydrogen
bound in minerals such as clays or in hydrocarbons
also contributes to the measurement, the raw poros-
ity value is often an overestimate.

A mineral’s ability to absorb thermal neutrons is de-
fined as its capture cross section (Σf). Formations and
formation fluids containing chlorine atoms are the
most effective capturers of thermal neutrons. Thus,
the rate of thermal neutron decay in the formation
can be measured and used to differentiate between
hydrocarbons in the pore space and salt water. Sigma
is measured in capture units (cu). Higher values of Σf
equate to a greater ability to capture thermal neu-
trons.

Electrical resistivity
The phasor dual induction–spherically focused resis-
tivity tool (DITE-SFL) was used to measure electrical
resistivity. The DITE-SFL provides three measures of
electrical resistivity, each with a different depth of
investigation into the formation. The 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, pro-
portional to the conductivity of the formation,
which is measured by the receiving coils. The mea-
sured conductivities are then converted to resistivity
(in ohm-meters). For the shallow penetration resis-
tivity, the current necessary to maintain a constant
drop in voltage across a fixed interval is measured.
This is a direct measurement of resistivity. Typically,
igneous minerals found in crustal rocks are electrical
insulators, whereas sulfide and oxide minerals as
well as ionic solutions like pore water are conduc-
tors. Electrical resistivity, therefore, can be used to
evaluate porosity using Archie’s law (Archie, 1942,
1950) and fluid salinity.

Acoustic velocity
The Dipole Sonic Imager (DSI) measures the transit
times between sonic transmitters and an array of
eight receivers. It combines replicate measurements,
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thus providing a direct measurement of sound veloc-
ity through sediments that is relatively free from the
effects of formation damage and an enlarged bore-
hole (Schlumberger, 1989). Along with the mono-
pole transmitters found on most sonic tools, the DSI
also has two crossed-dipole transmitters that allow
the measurement of orthogonal shear wave veloci-
ties in addition to the compressional wave velocity,
even in the slow formations typically encountered
during IODP expeditions.

Formation MicroScanner
The FMS provides high-resolution electrical resistiv-
ity–based images of borehole walls. The tool has 4
orthogonal arms and pads, each containing 16 but-
ton electrodes that are pressed against the borehole
wall during the recording. The electrodes are ar-
ranged in two diagonally offset rows of 8 electrodes
each. A focused current is emitted from the button
electrodes into the formation, with a return elec-
trode near the top of the tool. Resistivity of the for-
mation at the button electrodes is derived from the
intensity of current passing through the button elec-
trodes. Processing transforms these measurements
into oriented high-resolution images that reveal the
geologic structures of the borehole wall. Further
analysis can provide measurements of dip and direc-
tion (azimuth) of planar features in the formation.

The development of the FMS tool has added a new
dimension to wireline logging (Luthi, 1990; Lovell et
al., 1998; Salimullah and Stow, 1992). Features such
as bedding, fracturing, slump folding, and bioturba-
tion can be resolved; the fact that the images are ori-
ented means that fabric analysis can be carried out
and bed orientations can be measured.

The maximum extension of the caliper arms is 38.1
cm (15 inches). In holes with a diameter larger than
38.1 cm, the pad contact will be inconsistent and the
FMS images may appear out of focus and too con-
ductive. Irregular (rough) borehole walls will also ad-
versely affect the images if contact with the wall is
poor.

Ultrasonic Borehole Imager
The UBI features a high-resolution transducer that
provides acoustic images of the borehole wall. The
transducer emits ultrasonic pulses at a frequency of
250 or 500 kHz (low and high resolution, respec-
tively), which are reflected at the borehole wall and
then received by the same transducer. The amplitude
and traveltime of the reflected signal are determined.
A continuous rotation of the transducer and the up-
ward motion of the tool produce a complete map of
the borehole wall. The amplitude depends on the re-
flection coefficient of the borehole fluid/rock inter-
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face, the position of the UBI tool in the borehole, the
shape of the borehole, and the roughness of the
borehole wall. Changes in the borehole wall rough-
ness (e.g., at fractures intersecting the borehole) are
responsible for the modulation of the reflected sig-
nal; therefore, fractures or other variations in the
character of the drilled rocks can be recognized in
the amplitude image. The recorded traveltime image
gives detailed information about the shape of the
borehole, which allows calculation of one caliper
value of the borehole from each recorded traveltime.
Amplitude and traveltime are recorded together with
a reference to magnetic north by means of a General
Purpose Inclinometer Tool (GPIT), permitting the
orientation of images. If features (e.g., fractures) rec-
ognized in the core are observed in the UBI images,
orientation of the core is possible. The UBI orien-
tated images can also be used to measure stress in the
borehole through identification of borehole break-
outs and slip along fault surfaces penetrated by the
borehole (i.e., Paillet and Kim, 1987). In an isotropic,
linearly elastic rock formation that is subjected to an
anisotropic stress field, drilling a subvertical bore-
hole causes breakouts in the direction of the mini-
mum principal horizontal stress (Bell and Gough,
1983).

Borehole inclination and magnetic field 
measurement
Three-component acceleration and magnetic field
measurements were made with the GPIT. The pri-
mary purpose of this tool, which incorporates a
three-component accelerometer and a three-compo-
nent magnetometer, is to determine the acceleration
and orientation of the FMS-sonic and UBI tool
strings during logging. Thus, the FMS and UBI im-
ages can be corrected for irregular tool motion
caused by the vessel’s heave, which allows for more
accurate determination of the dip and direction (azi-
muth) of features.

Log data quality
The principal influence on log data quality is the
condition of the borehole wall. If the borehole diam-
eter is variable over short intervals resulting from
washouts during drilling or ledges caused by layers
of harder material, the logs from those tools that re-
quire good contact with the borehole wall (i.e., FMS,
density, and porosity tools) may be degraded. Deep
investigation measurements such as resistivity and
sonic velocity, which do not require contact with the
borehole wall, are generally less sensitive to borehole
conditions. Very narrow (“bridged”) sections also
cause irregular log results. The quality of the bore-
hole is improved by minimizing the circulation of
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drilling fluid while drilling, flushing the borehole to
remove debris, and logging as soon as possible after
drilling and conditioning are completed.

The quality of the depth determination depends on
a series of factors. The depth of the wireline-logged
measurement is determined from the length of the
logging cable played out at the winch on the ship
and a calculation of cable stretch. The seafloor is
identified on the natural gamma log by the abrupt
reduction in gamma ray count at the water/sediment
boundary (mudline). Discrepancies between the
drillers depth and the wireline log depth occur be-
cause of core expansion, incomplete core recovery,
incomplete heave compensation, and drill pipe
stretch in the case of drillers depth. In the case of log
depth, discrepancies occur because of incomplete
heave compensation, incomplete correction for ca-
ble stretch, and cable slip. Tidal changes in sea level
also have an effect. To minimize the wireline tool
motion caused by ship heave, a hydraulic wireline
heave compensator adjusts for rig motion during
wireline logging operations (Goldberg, 1997).

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 are refer-
enced to the rig floor (wireline depth below rig floor
[WRF]). After logging was completed, the data were
shifted to a seafloor reference (wireline depth below
seafloor [WSF]) based on the step in gamma radia-
tion at the sediment/water interface. These data were
made available to the science party.

The data were transferred onshore to Lamont-Do-
herty Earth Observatory, where standardized data
processing took place. The main part of the process-
ing is depth matching to remove depth offsets be-
tween data from different logging runs, which re-
sults in a new depth scale, wireline matched depth
below seafloor (WMSF). Also, corrections are made to
certain tools and logs, documentation for the logs
(with an assessment of log quality) is prepared, and
the data are converted to ASCII for the conventional
logs and GIF for the FMS images. Schlumberger Geo-
Quest’s GeoFrame software package is used for most
of the 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

Measurements such as NGR and density are taken
both downhole and on cores. They can be correlated
using Correlator software, which allows shifting of
the core depths onto the wireline depth.
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Core-log-seismic integration
GeoFrame’s IESX seismic interpretation software
package was used during Expedition 324 to display
site survey seismic sections acquired precruise. Veloc-
ity and density logs, together with the equivalent
measurements made on core in the physical prop-
erty laboratory, were used to create synthetic seismo-
grams. The depth-traveltime relation was adjusted
until the features in the synthetic seismogram
matched the features in the seismic section. In this
way, lithostratigraphic units in the core are corre-
lated with reflectors and sequences in the seismic
section.
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Figure F1. Example of sedimentary VCD graphic report.
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Major: Dark grayish brown (2.5Y 4/2),  calcareous mudstone with glauconite, volcaniclastics and shell fragments.  Gray (N5) to dark gray (5Y 4/1) silty limestone with 
volcaniclastics and shell fragments. 

Minor: Light gray (2.5Y 7/2) clayey limestone with glauconite and shell fragments. Olive gray (5Y 5/2) clayey limestone with glauconite and volcaniclastics. Black (5Y2.5/1) chert. 
Core contains mixture of clayey limestones and calareous mudstones. Clay-rich limestones tend to be darker olive brown color while "cleaner" limestones are gray in color. 
Volcaniclastics (including plagioclase crystals), glauconite and shell fragments are abundant throughout. Bioclasts include bivalves, echinoderms, gastropods and benthic foraminifera. 
Flame structure observed at the top of a gray limestone piece (109 cm). One broken chert fragment, likely fall-in from drilling, appears near top of core.  Parts of the core are affected 
by drilling disturbance (brecciation and slurry texture).
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Figure F2. Symbols and nomenclature used in sedimentary VCD graphic reports.
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Figure F3. Table of grain size classification (Wentworth, 1922).
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Figure F4. Cretaceous timescale used for Expedition 324 with calcareous nannofossil and planktonic fora-
minifer zones and datums. B = base, T = top. A. 65–110 Ma. (Continued on next page.)
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Figure F4 (continued). B. 102–147 Ma.
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Figure F5. Nongenetic classification of volcanic rocks. Modified after the classification used by Shipboard Sci-
entific Party (2002b), ODP Leg 197 (Emperor Seamounts).
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Figure F6. Genetic classification of volcanic rocks derived from effusive and explosive processes and associated
volcaniclastic (pyroclastic, syneruptive, and epiclastic) sediments, Expedition 324. Classification modified after
Shipboard Scientific Party (2002b), ODP Leg 197 (Emperor Seamounts). Italicized text denotes process in-
volved.

Mode of volcanism

Explosive volcanismEffusive volcanism

Subaqueous flows Subaerial flows

Pillow
 lava

Massive
 lava flow

Sheet
flow

Pillow
 breccia

Hyaloclastite Pahoehoe
 lava

A‘a
 lava

Transitional
lava

Primary
volcanic
packets

Syneruptive
depositional

packets

Pyroclastic
 flow

Pyroclastic 
surge

Pyroclastic 
fall

Resedimented volcanic deposit

Posteruptive
(epiclastic)

depositional
packets

Mass flow Traction SuspensionMass wasting

Mass flow Traction SuspensionMass wasting

Volcanogenic sedimentary deposit

Lava eruption Ash, scoria, hyalooclastite eruption

Resedimentation
(e.g., weathering, erosion, etc.)

Sedimentation

Hydrovolcanic
material
Proc. IODP | Volume 324 42



Exp
ed

itio
n

 324 Scien
tists

M
eth

o
d

s

Proc. IO
D

P | Volum
e 324

43

 in the accreted Wrangellia Terrane
ssive submarine flows, (B) shallow-
 growth, and (D) waning eruption

Shallow
water

one lenses

tic pillow
basalts
Figure F7. Likely four-stage evolution of the Shatsky Rise through analogy with the complete volcanic LIP series
(Greene et al., 2010). Volcanic facies associations reveal (A) initial deep water eruptive phase of pillowed and ma
water flow emplacement with increasing proportion of volcaniclastics, (C) emergent (subaerial) stage of plateau
stage.

Deeper water

Pillowed flows 

Massive
submarine
flows 

Pillow breccia/
Hyaloclastite

Interflow limest

Mafic intrusions
Sediment-sill
complex

A B

C
D

Subaerial flows 

Picri

Sills

Interbedded hyaloclastites 



Expedition 324 Scientists Methods
Figures F8. Example of igneous VCD graphic report. 

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

220.5

220.0

219.5

111

222

333

444

555

666

777

888

999

7020

85
45

60

55

45

60

62

60

20

45

90

70
20

70

4040

6015

30

60

175115

175
90

32

175

40

45

170

65

130

120

125

10
55

175

165165

160150

155

150

15

16

17

18

Description60
00

50
00

40
00

30
00

20
00

10
00

0-1
00

0

Magnetic
susceptibilty

(x105 SI)
(MS, MS Point - raw;

MS, MS Point - filtered)

A
lte

ra
tio

n

DipStrikeS
tru

ct
ur

e

Li
th

. u
ni

t

S
hi

pb
oa

rd
st

ud
ie

s

O
rie

nt
at

io
n

S
ca

nn
ed

im
ag

e

P
ie

ce
 n

um
be

r

D
ep

th
 (m

)

324-U1347A-18R-5, Top of Section: 219.46 CSF-A (m)

Reflectance
(L*, b* - raw;

L*, b* - filtered)
Groundmass

grain size
(mm)

S
tru

ct
ur

al
 

m
ea

su
re

m
en

ts

20100-1
0

-2
0

10
0

7550250

Vesicularity

0.
95

0.
70

0.
45

0.
20

-0
.0

5
0.

00 2520151050 50403020100

C
or

e 
le

ng
th

 (c
m

)

% Phenocrysts
(pl., ol., px.)

UNIT: 15 
PIECES: 1 (based on piece 1)
LITHOLOGY: Sparsely plagioclase-phyric basalt 
VOLCANIC DESCRIPTION: Thin inflation unit 
TEXTURE: Sparsely plagioclase-phyric. 
Numerous tiny infilled, irregular-shaped vesicles
COLOR: Gray
PHENOCRYSTS: sparsely phyric plagioclase (5%), subhedral.
GROUNDMASS: microcrystalline to very fine grained
VESICLES: low vesicularity (<5 %), low to moderate sphericity, 
subrounded, 100 % filled.
UPPER CONTACT: Fresh glassy chilled margin at 0 cm, 18R - 5
LOWER CONTACT: Not recovered
ALTERATION: Slightly to moderately altered basalt (10-20%) to 
white clays. Vesicles are filled by green clays and calcite. 
VEINS: Calcite veins.
STRUCTURE: massive structure with several veinlets. The top is 
thin chilled margin.

UNIT: 16
PIECES: 2 (based on piece 2)
LITHOLOGY: Sparsely plagioclase-phyric basalt 
VOLCANIC DESCRIPTION: Thin inflation unit
TEXTURE: Sparsely plagioclase-phyric. 
Numerous tiny infilled, irregular-shaped vesicles
COLOR: Gray
PHENOCRYSTS: sparsely phyric plagioclase (5%), subhedral.
GROUNDMASS: very fine gained to microcrystalline
VESICLES: low vesicularity (<7 %), moderate sphericity, 
subrounded, 100 % filled.
UPPER CONTACT: Fresh glassy chilled margin at 31 cm, 18R - 5
LOWER CONTACT: Not recovered
ALTERATION: Slightly to moderately altered basalt (10-20%) to 
white clays. Vesicles are filled by green clays and calcite. 
VEINS: Veins of calcite, green clay, and pyrite.
STRUCTURE: massive structure with several joints. The top is 
thin chilled margin.

UNIT: 17 
PIECES: 3-7 (based on all pieces)
LITHOLOGY: Sparsely plagioclase-phyric basalt
VOLCANIC DESCRIPTION: Upper to middle part of massive flow
TEXTURE: Sparsely plagioclase-phyric.
Tiny infilled, irregular-shaped vesicles
COLOR: Gray
PHENOCRYSTS: sparsely phyric plagioclase (5%), subhedral.
GROUNDMASS: microcrystalline to very fine grained
VESICLES: low vesicularity (<10 %), high and low sphericity, 
rounded, subrounded to subangular, 80-100 % filled.
UPPER CONTACT: Fresh glassy chilled margin at 59 cm, 18R - 5
LOWER CONTACT: Not recovered
ALTERATION: Slightly to moderately altered basalt (10-20%) to 
white clays. Vesicles are filled by green clays and calcite. 
VEINS: Veins of calcite and green clays.
STRUCTURE: massive structure. The top is thin chilled margin.

UNIT: 18 
PIECES: 8-9 (based on all pieces)
LITHOLOGY: Sparsely plagioclase-phyric basalt
VOLCANIC DESCRIPTION: Thin massive flow
TEXTURE: Sparsely plagioclase-phyric.
Tiny infilled, irregular-shaped vesicles
COLOR: Gray
PHENOCRYSTS: sparsely phyric plagioclase (5%), subhedral.
GROUNDMASS: microcrystalline to very fine grained
VESICLES: low vesicularity (<10 %), high and low sphericity, 
rounded, subrounded to subangular, 80-100 % filled.
UPPER CONTACT: Chilled margin at 59 cm, 18R - 5
LOWER CONTACT: Fresh glassy chilled margin at 144cm
ALTERATION: Moderately altered basalt (20-25%) to white clays. 
Vesicles are filled by green clays and calcite. 
VEINS: Veins of calcite and green clays.
STRUCTURE: massive structure with one veinlet. The top and 
bottom are chilled margins.
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Figure F9. Symbols and nomenclature used in igneous VCD graphic reports. ICP-AES = inductively coupled
plasma–atomic emission spectroscopy.
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Figure F10. DESClogik data entry software templates for (A) volcanologic and petrographic observations and
(B) description of volcanic features. Data are uploaded from DESClogik into the LIMS database and used to de-
velop the VCD graphic report.
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 petrographic observation. Data are uploaded from DESClogik into the LIMS
Figure F11. DESClogik data entry software template for thin section
database and used to develop a thin section report. 
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Figure F12. Example of alteration log template.
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Figure F13. Example of vein log template.
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Figure F14. Vein classification used in the DESClogik vein log.
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Figure F15. Example of the structural description form.
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Figure F16. Vein morphology and fiber growth examples commonly found during Expedition 324. Partially
redrawn from Ramsay and Huber (1987) and ODP Leg 206 (Shipboard Scientific Party, 2003b).
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Figure F17. Conventions used for measuring azimuths and dips of structural features in core and the tech-
niques adopted for measuring structural planes in three dimensions in the core reference frame. A. Working-
half reference frame. B. Archive-half reference frame. C. Clinometer measurements. D. Measurement of true
orientation of structural features. Examples of orientation measurements with the protractor-based device are
shown (Leg 206, Shipboard Scientific Party, 2003b).
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Figure F18. 2G magnetometer test results, Hole U1347A. Variation of the inclination with the demagnetizing
field: green = sample demagnetized and measured by 2G magnetometer; red = sample demagnetized by 2G
magnetometer, measured by Molspin Minispin magnetometer; blue = sample demagnetized by Dtech demag-
netizer, measured by 2G magnetometer; pink = sample demagnetized by Dtech demagnetizer, measured by
Molspin Minispin magnetometer.
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Figure F19. Wireline tool strings used during Expedition 324. HNGS = Hostile Environment Natural Gamma
Ray Sonde, HLDS = Hostile Environment Litho-Density Sonde, APS = Accelerator Porosity Sonde, GPIT =
General Purpose Inclinometry Tool, DITE = Dual Induction Tool model E, DSI = Dipole Sonic Imager, FMS =
Formation MicroScanner, UBI = Ultrasonic Borehole Imager.

Triple combination

Formation MicroScanner-sonic

HNGS
(natural gamma ray)

Cablehead

Telemetry

DSI
(acoustic velocity)

FMS
(resistivity image)

GPIT
(acceleration,
inclinometry)

Caliper

APS
(porosity)

HLDS
(density)

HNGS
(natural gamma ray)

Cablehead

Telemetry

GPIT
(acceleration,
inclinometry)

0.46 m

8.90 m

26.73 m

32.59 m

34.39 m

Tool zero

9.52 m

10.74 m

18.96 m

24.84 m

28.41 m

30.21 m

DITE
(resistivity)

HNGS
(natural gamma ray)

GPIT
(acceleration,
inclinometry)

Rotating sub

Ultrasonic Borehole Imager

15.47 m

16.36 m

UBI
(ultrasonic image)
Proc. IODP | Volume 324 55



Expedition 324 Scientists Methods
Table T1. Classification for consolidated volcaniclastic rock. (See table notes.)

Notes: Modified from Fisher (1961). Genetic nomenclature was used only for hyaloclastics at Site U1348.

Grain size 
(mm) Nongenetic nomenclature Genetic nomenclature 

<1/16 Volcaniclastic mudstone Fine hyaloclastite
1/16–2 Volcaniclastic sandstone Hyaloclastite sandstone

2–4 Volcaniclastic conglomerate/
Volcaniclastic breccia

Granular hyaloclastite
4–64 Hyaloclastite breccia
>64
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Table T2. Calcareous nannofossil datums. (See table notes.)

Notes: FO = first occurrence, LO = last occurence. 1 = Erba et al., 1995; 2 = Sissingh,1977; 3 = Burnett, 1999; 4 = Roth, 1973; 5 = Bralower et al.,
1997; 6 = Bralower et al., 1989.

Species event
Zone/Subzone 

(base) Age (Ma) References

FO Micula prinsii 65.4 1
FO Nephrolithus frequens CC26 65.8 1, 2
FO Micula murus 66.2 1
FO Lithraphidites quadratus UC20 67.5 1, 3
LO Reinhardtites levis CC25/UC19 69.2 1, 2, 3
LO Tranolithus orionatus CC24/UC18 69.6 1, 2, 3
LO Uniplanarius trifidum 71.3 1
LO Aspidolithus parcus UC17 74.6 1, 3
LO Eiffellithus eximius CC23/UC16 75.3 1, 2, 3
FO Uniplanarius trifidum CC22 76 1, 2
FO Uniplanarius sissinghii CC21 77 1, 2
FO Ceratolithoides aculeus CC20 78.5 1, 2
FO Misceomarginatus pleniporus UC15 79.5 1, 3
LO Marthasterites furcatus CC19 80.6 1, 2
FO Ceratolithoides verbeekii 82 1
FO Aspidolithus parcus constrictus 82.5 1
FO Aspidolithus parcus CC18/UC14 83.4 1, 2, 3
FO Arkhangelskiella cymbiformis UC13 83.5 1, 3
FO Calculites obscurus CC17 84 1, 2
LO Lithastrinus septenarius UC12 84.7 1, 3
FO Lucianorhabdus cayeuxii CC16 84.8 1, 2
FO Reinhardtites anthophorus CC15/UC11 85.5 1, 2, 3
FO Micula decussata CC14/UC10 87.2 1, 2, 3
FO Lithastrinus septenarius UC9 88.8 1, 3
FO Marthasterites furcatus CC13 89.3 1, 2
FO Eiffellithus eximius CC12/UC8 91 1, 2, 3
FO Quadrum gartneri CC11/UC7 93.2 1, 2, 3
LO Helenea chiastia UC6 93.4 1, 3
LO Lithraphidites acutus UC5 94 1, 3
FO Cylindralithus biarcus UC4 94.1 1, 3
FO Lithraphidites acutus CC10/UC3 96.8 1, 2, 3
FO Gartnerago segmentatum UC2 97 1, 2, 3
FO Corollithion kennedyi NC10b/UC1 97.6 3, 4, 5
FO Eiffellithus turriseiffelii NC10a 101.7 4, 5
FO Eiffellithus monechiae NC9b 105 4, 5
FO Axopodorhabus albianus NC9a 106.1 4, 5
FO Tranolithus orionatus NC8c 107.3 4, 5
FO Hayesites albiensis NC8b 112.5 4, 5
FO Prediscosphaera columnata NC8a 112.6 4, 5
FO Rhagodiscus achlyostaurion NC7c 115.2 4, 5
LO Micrantholithus hoschulzii NC7b 117.3 4, 5
FO Eprolithus floralis NC7a 119 4, 5
LO Conusphaera rothii NC6b 119.5 4, 5
FO Hayesites irregularis NC6a 121.1 4, 5
FO Flabellites oblongus 121.1 1, 4
LO Calcicalathina oblongata NC5d–NC5e 125.1 1, 4
LO Lithraphidites bollii NC5c 126.3 1, 4
FO Cruciellipsis cuvillieri NC5a–NC5b 128.3 1, 4
FO Lithraphidites bollii NC4b 129.6 1, 4
LO Tubodiscus verenae NC4a 131.2 1, 4
FO Eiffellithus striatus 132.2 1, 6
FO Tubodiscus verenae NK3b 133.1 1, 6
LO Rucinolithus wisei 133.1 1, 6
FO Eiffellithus windii 134.2 1, 6
FO Calcicalathina oblongata NK3a 135.1 1, 6
FO Percivalia fenestrata NK2b 136.4 1, 6
FO Cretarhabdus angustiforatus NK2a 137.7 1, 6
FO Nannoconus steinmannii steinmannii NK1 140 1, 6
FO Nannoconus steinmannii minor NJKd 141.5 1, 6
FO Rotelapillus laffittei NJKc 142.3 1, 6
FO Umbria granulosa NJKb 142.7 1, 6
FO Helenea chiastia NJKa 144.6 1, 6
FO Conusphaera mexicana mexicana 145.6 1, 6
FO Polycostella beckmannii NJ20b 146.3 1, 6
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Table T3. Cretaceous planktonic foraminifer datums. (See table notes.)

Notes: LO = last occurrence, FO = first occurrence. 1 = Sliter, 1989; 2 = Premoli Silva and Sliter, 1999; 3 = Caron, 1985; 4 = Erba et al., 1995; 5 =
Leckie et al., 2002.

Species event
Zone
(base)

Age
(Ma) References

LO Abathomphalus mayaroensis 65.0
FO Abathomphalus mayaroensis A. mayaroenesis 68.6 1, 2
FO Racemiguembelina fructicosa R. fructicosa–C. contusa 69.6 2
FO Contusotruncana contusa R. fructicosa–C. contusa 69.6 2
FO Gansserina gansseri G. gansseri 72.8 1, 3, 4
FO Globotruncana aegyptiaca G. aegyptiaca 73.8 1, 3, 4
LO Radotruncana calcarata G. havanensis 75.2 1, 3, 4
FO Radotruncana calcarata R. calcarata 75.7 1, 3, 4
FO Globotruncana ventricosa G. ventricosa 79.5 1, 3, 4
LO Dicarinella asymetrica G. elevata 83.0 1, 3, 4
FO Dicarinella asymetrica D. asymetrica 85.4 1, 3, 4
FO Contusotruncana fornicata 88.0 2
FO Dicarinella concavata D. concavata 89.5 1, 3, 4
LO Helvetoglobotruncana helvetica M. sigali 90.7 1, 3, 5
FO Helvetoglobotruncana helvetica H. helvetica 93.0 1, 3, 5
LO Rotalipora cushmani W. archaeocretacea 94.0 1, 3, 5
FO Rotalipora cushmani R. cushmani 96.6 1, 3, 5
FO Rotalipora reicheli R. reicheli 96.8 1, 3, 5
FO Rotalipora globotruncanoides R. globotruncanoides 98.9 1, 3, 5
FO Planomalina buxtorfi 100.1 5
FO Rotalipora appenninica R. appenninica 100.4 1, 3, 5
FO Rotalipora ticinensis R. ticinensis 101.7 1, 3, 5
FO Rotalipora subticinensis 102.4 1, 3, 5
FO Biticinella breggiensis B. breggiensis 105.0 1, 3, 5
FO Ticinella primula T. primula 109.5 1, 3, 5
LO Ticinella bejaouaensis “H. planispira” 112.4 1, 3, 5
LO Planomalina cheniourensis 112.6 1, 3, 5
FO Ticinella bejaouaensis T. bejaouaensis 114.3 1, 3, 5
LO Globigerinelloides algerianus H. trocoidea 115.2 1, 3, 5
FO Globigerinelloides algerianus G. algerianus 117.1 1, 3, 5
LO Leupoldina cabri G. ferreolensis 118.2 1, 3, 5
FO Leupoldina cabri L. cabri 120.5 1, 3, 5
FO Globigerinelloides blowi G. blowi 124.0 2
FO Hedbergella similis H. similis–H. kuznetsovae 125.1 2
FO Globigerinelloides spp. H. sigali–H. delrioensis 131.9 2
FO Hedbergella sigali–Hedbergella aptica H. sigali–H. aptica 134.9 2
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Table T4. Structural geology checklist for core descriptions.

Identifier/Term Description/Explanation

Veins
Average width 
Morphology Planar

Curved/Sigmoid
Irregular

Color of filling minerals White
Black
Grayish black
Yellow
Green
Others

Fabric of filling minerals Massive
Cross-fiber
Slip fiber
Polycrystalline
Vermicular
Vuggy
Magmatic flow

Array En echelon/Reidel
Parallel
Conjugate
Anastomosing
Network
Splayed/Y-shaped
Stepped

Abundance Vein numbers in interval
Orientation
Crosscutting relationship

Faults
Offset/displacement
Morphology Planar

Curved
Irregular

Types Dextral
Sinistral
Normal
Reverse
Microfault

Array En echelon/Reidel
Parallel
Conjugate
Anastomosing
Network
Splayed/Y-shaped
Stepped

Orientation
Crosscutting relationship
Gouge type Breccia

Cataclasite

Joints
Density Joint numbers in interval
Morphology Planar

Curved
Irregular

Types Dextral
Sinistral
Tensional
Reverse

Array En echelon/Reidel
Parallel
Conjugate
Anastomosing
Network
Splayed/Y-shaped
Stepped

Orientation
Crosscutting relationship

Breccia/Cataclastite
Clast shape Angular

Subangular
Subrounded
Rounded

Clast size Min-max average size
Clast percent Volume%
Clast type
Matrix composition
Matrix percent Volume%
Origin Fault-related

Hydraulic

Shear zones
Offset/displacement
Morphology Planar

Curved
Irregular

Shear sense Dextral
Sinistral

Mylonite type
Clast type δ -type

θ-type
φ-type

Clast mineral
Clast percent Volume%
Lineation type
Lineation mineral
Matrix composition
Matrix percent Volume%
Width of shear zone
Orientation of mylonitic foliation
Crosscutting relationship

Identifier/Term Description/Explanation
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Table T5. Wavelengths used for rock measurements by ICP-AES, Expedition 324. (See table notes.)

Notes: For elements listed with two wavelengths, concentrations derived from both measurements were averaged if calibration lines for each
wavelength were of similar quality. Otherwise, the wavelength yielding the best calibration line was used.

 Element 
 Wavelength

(nm)

Major:
Si 250.690 251.611
Ti 337.280
Al 308.215 396.152
Fe 239.563
Mn 257.610
Mg 280.271 285.213
Ca 317.933
Na 588.995 589.592
K 769.897
P 214.914

Trace:
Ba 493.409
Sr 407.771 421.552
Zr 339.198 343.823
Y 360.073
V 292.401
Sc 361.383
Cu 324.754
Zn 213.856
Co 228.615
Cr 283.563
Ni 231.604
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Table T6. Typical sequence of analyses in ICP-AES run. (See table notes.) 

Notes: STD = calibration standard. Check = check standard. DRIFT = standard used for drift correction.

Analysis 
number Identifier/Type

1 DRIFT 1 (BHVO-2)
2 BLANK - 1
3 BHVO-2 STD
4 BIR-1 STD
5 BCR-2 STD
6 DRIFT 2 (BHVO-2)
7 JGB-1 STD
8 JA-3 STD
9 SCO-1 STD
10 JR-2 STD
11 DRIFT 3 (BHVO-2)
12 STM-1 STD
13 NBS-1C STD
14 BAS-140 Check
15 BAS-206 Check
16 DRIFT 4 (BHVO-2)
17 Sample
18 Sample
19 Sample
20 Sample
21 DRIFT 5 (BHVO-2)
22 Sample
23 Sample
24 Sample
25 Sample
26 DRIFT 6 (BHVO-2)
27 Sample
28 Sample
29 Sample
30 Sample
31 DRIFT 7 (BHVO-2)
32 BLANK - 2
33 BAS-140 Check
34 BAS-206 Check
35 Sample
36 DRIFT 8 (BHVO-2)
37 Sample
38 Sample
39 Sample
40 Sample
41 DRIFT 9 (BHVO-2)
42 BAS-140 Check
43 BAS-206 Check
44 BLANK - 3
45 DRIFT 10 (BHVO-2)
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Table T7. Check-standard data for ICP-AES analysis, Expedition 324. (See table notes.)

Notes: * = values published by Sparks and Zuleger (1995). † = values published by Leg 206 Shipboard Scientific Party (2003). ‡ = values reported
by Expedition 309/312 Shipboard Scientific Party (2006). BAS-140 and BAS-206 are laboratory standards. Mean values of 16 analyses are
indicated. Uncertainties are listed as ±2σ. Fe2O3

T = total iron calculated as ferric oxide. BD = below detection.

Table T8. MACOR ceramic standards for thermal conductivity.

Table T9. Moisture and density variables, units, and calculations.

 BAS-140  BAS-206 

Element  Mean (N = 16) 2σ  Published*  Mean (N = 16) 2σ Published† 

Major (wt%):
SiO2 50.46 1.73 50.50 48.85 1.99 49.53
TiO2 1.04 0.04 0.98 2.05 0.05 2.04
Al2O3 14.62 0.52 14.60 14.08 0.49 14.22
Fe2O3

T 10.94 0.87 11.10 14.32 0.42 14.30
MnO 0.18 0.01 0.19 0.25 0.01 0.22
MgO 8.04 0.25 8.15 6.73 0.24 6.77
CaO 12.91 0.73 12.40 9.78 0.54 9.70
Na2O 1.86 0.09 1.84 2.87 0.11 2.78
K2O BD 0.22 0.01 0.10 0.18 0.18
P2O5 0.07 0.07 0.08 0.18 0.03 0.16

Trace (ppm):
Ba 12 18.4 2‡ 51 11.3 49.9
Sr 39 6.5 44 109 28.5 112
Zr 47 11.2 49‡ 118 8.1 127
Y 28 2.3 24 50 16.7 43.8
V 332 18.7 333‡ 452 17.5 461
Sc 45 1.7 43 49 2.4 47
Cu 79 15.7 81 52 14.3 60‡

Zn 80 7.1 80 126 11.2 103‡

Co 46 2.4 55 54 2.3 48‡

Cr 191 9.7 186 135 10.1 83.7
Ni 86 9.0 85 51 22.9 53.5

Site Standard 2σ
Number of

measurements

U1346 1.615 0.017 8
U1347 1.617 0.012 8
U1348 No measurements 
U1349 1.609 0.019 6

Quantity and variable Unit Value or calculation

Density salt, ρsalt g/cm3 2.22
Density pore water, ρPW g/cm3 1.024
Mass ratio (salinity correction) None 0.965
Wet mass, MW g Measured
Dry mass, MD g Measured
Dry volume, VD cm3 Measured
Mass pore water, MPW g (MW – MD)/mass ratio
Volume pore water, VPW cm3 MPW/ρPW

Mass salts, Msalt g MPW – MW + MD

Volume salts, Vsalt cm3 Msalt /ρsalt 
Wet volume, VW cm3 VD – Vsalt + VPW

Mass of solids, Msolids g MW – MPW

Volume solids, Vsolids cm3 VW – VPW

Porosity, φ None VPW/VW

Wet density, ρW g/cm3 MW/VW

Dry density, ρD g/cm3 Msolids/VW

Grain density, ρgrain g/cm3 Msolids/Vsolids

Void ratio None VPW/Vsolids
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Table T10. Filter parameters. (See table note.)

Note: GRA = gamma ray attenuation, L* = reflectance parameter, b* = red/green color parameter.

Table T11. Wireline tool string downhole measurements, Expedition 324. (See table notes.)

Notes: All tool and tool string names are trademarks of Schlumberger. Sampling interval based on optimal logging speed. Acoustic imaging
approximate vertical resolution is at 500 kHz. NA = not applicable. For definitions of tool acronyms, see Table T12.

Data
Minimum detectable gap 

(cm)
Minimum piece length 

(cm)
Edge effect 

(cm)

GRA density 0.2 2 1
Magnetic susceptibility 0.2 8 4
Magnetic susceptibility point 0.2 3 1.5
L* 0.2 3 1.5
b* 0.2 3 1.5

Tool string Tool Measurement

Sampling 
interval

(cm)

Approximate 
vertical 

resolution (cm)

Triple combination HNGS Spectral gamma ray 15 51
GPIT Tool orientation 0.25 and 15 NA
APS Porosity 5 and 15 43
HLDS Bulk density 2.5 and 15 38/46
DITE Resistivity 15 200/150/76

Formation MicroScanner-
sonic

HNGS Spectral gamma ray 15 51
GPIT Tool orientation 0.25 and 15 NA
FMS Microresistivity imaging 0.25 0.5
DSI Acoustic velocity 15 107

Ultrasonic Borehole Imager UBI Acoustic imaging 0.15 0.51
GPIT Tool orientation 0.25 and 15 NA
HNGS Spectral gamma ray 15 51
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Table T12. Acronyms and units used for downhole wireline tools and measurements. (See table notes.)

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

Tool Output Explanation Unit

APS Accelerator Porosity Sonde
APLC Near array porosity (limestone calibrated) %
SIGF Formation capture cross-section (Σf) Capture units
STOF Tool standoff (computed distance from borehole wall) Inch

DITE Dual Induction Tool model E
IDPH Deep induction resistivity Ωm
IMPH Medium induction resistivity Ωm
SFLU Spherically focused resistivity Ωm

DSI Dipole Sonic Imager
DTCO Compressional wave delay time (Δt) µs/ft
DTSM Shear wave delay time (Δt) µs/ft
DTST Stoneley wave delay time (Δt) µs/ft

FMS Formation MicroScanner
C1, C2 Orthogonal hole diameters Inch
P1AZ Pad 1 azimuth °
 Spatially oriented resistivity images of borehole wall  

GPIT General Purpose Inclinometry Tool
DEVI Hole deviation °
HAZI Hole azimuth °
Fx, Fy, Fz Earth’s magnetic field (three orthogonal components) Oe
Ax, Ay, Az Acceleration (three orthogonal components) m/s2

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

PEFL Photoelectric effect b/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

UBI Ultrasonic Borehole Imager
TTAV Transit time average µs
AWAV Amplitude average db
BRAC Radii average Inch

Spatially oriented acoustic images of borehole wall
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