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Background and objectives
Background

Integrated Ocean Drilling Program Site U1350 (proposed Site
SRCH-4) on Ori Massif was the fifth and last site completed dur-
ing Expedition 324. This site is on the lower east flank of Ori Mas-
sif (Fig. F1), where it was intended as a comparison site to the
summit of Ori Massif (Site U1349) and sites to the south on Tamu
Massif (Ocean Drilling Program [ODP] Site 1213 and Sites U1348
and U1349) and to the north on Shirshov Massif (Site U1346).
Only one hole, U1350A, was cored at the site, reaching a total
depth of 315.8 meters below seafloor (mbsf). According to the ini-
tial expedition plan, Site U1350 was an alternate site and pro-
posed Site SRSH-8 was planned as the last place to drill during Ex-
pedition 324. Site U1350 was substituted because the scientific
party decided that it was more important to recover cores from
the flank of Ori Massif than to drill another site on Tamu Massif
close to Site 1213, where igneous rocks were cored during Leg 198
(Shipboard Scientific Party, 2002). It was felt that the lower flank
location of Site U1350 would be a good spot to core fresh igneous
rocks in contrast to the highly altered rocks cored at Site U1349
on the Ori Massif summit. Because it was the last site to be ex-
plored during Expedition 324, Site U1350 was cored until time ex-
pired. Nevertheless, a better than average rate of penetration al-
lowed the deepest penetration into igneous basement (172.7 m)
of any Expedition 324 site.

Ori Massif is the second largest volcanic construct within Shatsky
Rise, with a volume of ~0.7 × 106 km3 (Sager et al., 1999). Like
Tamu Massif, it may have formed over a geologically short period
of time (<1 m.y.) with a high effusion rate, but the actual age and
duration are unknown. Because Ori Massif is separated from Tamu
Massif by a narrow, rectangular, faulted basin (“Helios Basin;” see
Fig. F2 in the “Expedition 324 summary” chapter), speculation
that Ori and Tamu massifs formed together and later rifted (Sager
et al., 1999; Nakanishi et al., 1999) has been raised. In the context
of the plume head hypothesis, Ori Massif appears to represent the
eruptions during a transition in volume from plume head (Tamu
Massif) to plume tail (Papanin Ridge).

Magnetic lineations surrounding Ori Massif imply that it formed
on lithosphere of earliest Cretaceous age. Anomaly M16 brackets
the southeast flank, whereas Anomaly M14 crosses the northwest
flank (Nakanishi et al., 1999) (Fig. F3 in the “Expedition 324 sum-
 doi:10.2204/iodp.proc.324.107.2010

../../324.PDF#page=7
324_101.PDF#page=39
324_101.PDF#page=40


Expedition 324 Scientists Site U1350
mary” chapter). According to the geomagnetic polar-
ity timescale (Ogg et al., 2008), the age of the litho-
sphere at Ori Massif is ~142–140 Ma, which may also
be the age for Ori Massif if it formed nearly synchro-
nously with the lithosphere, as implied by isostatic
compensation (Sandwell and McKenzie, 1989). The
northeast and southwest flanks of Ori Massif appear
to be bounded by fracture zones (Nakanishi et al.,
1999) and this bracketing by spreading ridges and
fracture zones, which are orthogonal, may be the
reason that the massif appears subcircular or nearly
square in plan view (Sager et al., 1999).

Like Tamu Massif, Ori Massif has the appearance of a
large central volcano with low flank slopes (Sager et
al., 1999). Too few bathymetry data exist to say
which flanks of this edifice are smooth and which
are faulted, although the shape of the southern mar-
gin implies rifting, whereas the smooth nature of the
eastern flank suggests a volcanic slope (Sager et al.,
1999; Klaus and Sager, 2002). As with other Shatsky
Rise massifs, the rise top is covered with pelagic sedi-
ment reaching a maximum thicknesses of 600–700
m on existing seismic profiles (Sager et al., 1999;
Klaus and Sager, 2002). Ori Massif has volcanic sum-
mit ridges, just like Tamu Massif, but all are buried or
mostly so and thus are not as prominent as the large
ridge (Toronto Ridge) (Sager et al., 1999) atop Tamu
Massif. The origin of these ridges is not known, al-
though they appear to be volcanic constructs and
not fault-bounded ridges (i.e., horsts). Site U1349
was drilled on one of these ridges, recovering igne-
ous rocks that appear to have formed in a subaerial
or shallow-water environment and perhaps represent
a late stage of Ori Massif formation. In contrast, the
smooth, gently sloping eastern flank acoustic base-
ment, where Site U1350 is located, probably repre-
sents lava flows erupted during the main shield-
building phase of Ori Massif eruptions. From pre-
drilling interpretation of the site survey seismic re-
flection profile (Fig. F2), we expected to encounter
157 m of pelagic sediments overlying igneous base-
ment consisting of basaltic lava flows.

Scientific objectives
Sampling the flank of Ori Massif was considered an
important objective because this volcano is a major
edifice within Shatsky Rise. Furthermore, Site U1350
is near the center of a transect of sites along the axis
of Shatsky Rise planned to yield age and geochemical
trends within the plateau, so coring relatively fresh
basalt from Ori Massif was a high priority. As with
most Expedition 324 sites, the operational goal for
the site was to drill through the sediment overbur-
den, core the oldest sediment overlying igneous
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basement, and core as deeply into the igneous for-
mation as possible during the time allowed.

Scientific objectives of all Expedition 324 sites are
similar (for more details and rationale, see the “Ex-
pedition 324 summary” chapter). Coring of igne-
ous rock was planned to determine the age of igne-
ous basement so that the age progression and
duration of volcanism at Shatsky Rise could be con-
strained. A critical objective at Site U1350, and in-
deed all Expedition 324 sites, was to core enough ig-
neous rock of suitable freshness and composition to
allow at least one reliable radiometric date to be es-
tablished. Igneous rocks are critical to geochemical
and isotopic studies whose goals are to establish the
elemental compositions, variations in compositions,
and the isotopic characteristics of the rocks. Such
data are crucial for determining the source of
magma, inferring its temperature and depth of melt-
ing and crystallization, and deducing the degree of
partial melting, as well as tracking its evolution with
time. Operationally, this meant that the goal at Site
U1350 was to core a representative suite of igneous
units that was fresh enough to provide reliable geo-
chemical and isotopic measurements.

Expedition 324 also sought to constrain the evolu-
tion of Shatsky Rise by collecting samples for a host
of nongeochemical studies focusing on varied as-
pects of rise geology. Physical volcanologists, struc-
tural geologists, and logging geophysicists will use
cores to infer the eruption style, igneous products,
and physical structure of Shatsky Rise. Given its size
and inferred eruption rate, Ori Massif is likely to be
an example of an unusual volcanic construct whose
development is poorly understood. Shatsky Rise core
samples will also be used to study the submarine al-
teration of igneous rock and its effect on other
analyses. Studies of sediments overlying igneous
basement are planned to better understand the pale-
ontological age of Shatsky Rise sediments and the
processes and rates of Cretaceous sedimentation atop
the rise volcanoes. Although few sediment samples
were cored from Site U1350, sedimentologists will
carefully examine the sparse sediments that were
cored. Sediment types and paleontological environ-
ment data will hopefully indicate the paleodepths of
sediment deposition, information that is important
for understanding the eruption and subsidence his-
tory of the volcanic edifices. Paleomagnetic study of
the samples recovered during Expedition 324 seeks
to determine the magnetic polarity of basement for
comparison with surrounding magnetic lineations
and the geomagnetic polarity timescale, as well as
the paleolatitude of the rise and its plate tectonic
drift. Physical properties of Shatsky Rise core samples
2
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will be measured to better understand the nature of
the rocks that make up the rise and to constrain fun-
damental physical properties that affect geophysical
imaging and remote sensing. Because Site U1350 ig-
neous rocks are relatively fresh, physical property
measurements will be important for determining
rock properties that can be used for geophysical data
interpretation.

Operations
Times in this chapter are given in local ship time.
During transit to Site U1346, shipboard clocks were
advanced 1 h, resetting local ship time to Sydney
Standard Time (Universal Time Coordinated + 10 h).
No further adjustments to the clock were made dur-
ing the expedition.

The 53 nmi transit from Site U1349 to Site U1350
proceeded at an average speed of 10.6 kt. At 0115 h
on 13 October 2009, the vessel was positioned on
the new drill site. The driller tagged the seafloor at
4067.0 m drilling depth below rig floor (DRF)
(4055.9 meters below sea level [mbsl]) (Table T1) at
1030 h. This was 12 m shallower than the corrected
precision depth recorder depth of 4079.0 m DRF.
Hole U1350A was spudded with a wash barrel in
place and drilled to 104.6 m drilling depth below
seafloor (DSF), where rotary coring was initiated at
1115 h. The sediment portion (48.0 m) of the hole
was cored with the usual poor recovery (1.6%) be-
cause of soft ooze and chalk sediments mixed with
chert layers. Igneous basement was reached with
Core 324-U1350A-6R at 143.1 m DSF, which was
slightly shallower than the expected depth of ~ 157
mbsf, calculated from the site survey seismic data.

Rotary coring deepened the hole to a final depth of
315.8 m DSF at 2015 h on 18 October when operat-
ing time expired. The final depth corresponds to a
total penetration of 172.7 m in basement, which was
cored with an average recovery of 43.2% and an av-
erage rate of penetration (ROP) of 2.0 m/h. A total
interval of 211.2 m was cored with an average recov-
ery of 35.6% at an average ROP of 3.5 m/h. When
coring was halted, the bit had accumulated 91.2 ro-
tating hours and was still viable.

In preparation for logging, the hole was flushed with
a 50 bbl mud sweep followed by a wiper trip up to 84
m DSF and back down to 316 m DSF. Following an-
other 50 bbl sweep, the bit was released with the ro-
tary shifting tool and the hole was displaced with 90
bbl of 10.5 ppg heavy mud. The pipe was then pulled
back in the hole with the end of pipe placed at the
logging depth of 117 m DSF (4184 m DRF).
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The first of potentially two logging runs was at-
tempted with the triple combination (triple combo)
tool string, which was deployed at 0640 h on 19 Oc-
tober and lowered at a speed of 2200 m/h to 3600 m
DRF. At this depth, the head tension decreased dra-
matically and the cable speed was reduced to ~90–
120 m/h to avoid potential damage to the wireline.
The slow progress required pumping pressure down
the drill pipe to aid the descent. After making very
slow progress to 4000 m DRF, it was decided to pull
out of the hole to check the tool string and cable for
damage. With the tool string on the rig floor it was
decided to pump down high volumes of water
through the pipe to remove any potential obstruc-
tion. The tool string was deployed a second time
with similar results, reaching 4122 m DRF. As time
was expiring, the weather was progressively deterio-
rating (initial ship heave conditions of ~2 m
changed to ~4 m with wind gusts of up to 56 kt).
Without knowing the cause of the low-tension prob-
lem, it was decided to terminate logging operations.
The tool was recovered at 2330 h, and after the log-
ging equipment was rigged down the drill string was
pulled out of the hole, clearing the seafloor at 0125 h
on 20 October. After securing the drilling equipment
and hydrophones and recovering the beacon, the
vessel departed for its transit to Townsville at 1245 h
on 20 October. The total time at Site U1350 was 7.5
days (Fig. F3). 

Sedimentology
One hole was drilled at Site U1350 on the flank of
Ori Massif, Shatsky Rise (water depth = 4056 mbsl).
Only one purely sedimentary unit was defined at
this site (stratigraphic Unit I) that spanned Cores
324-U1350A-1W through 6R. Although it is likely
Unit I is composed of both chert and calcareous ooze
or chalk, only chert (predominantly black and, less
commonly, red-brown) with minor amounts of por-
cellanite coating was recovered. Well-preserved ra-
diolarians, concentrated around relict burrow fea-
tures, are common in Unit I cherts. Igneous
basement was reached in Core 6R at 143.1 mbsf, but
additional sediments interbedded with the basaltic
strata in stratigraphic Units II and IV were encoun-
tered. These sediments, predominantly fine-grained
carbonates with radiolarians and volcaniclastics,
contained varying quantities of bivalve and brachio-
pod fossils. Sedimentary interbeds were especially
prevalent in Unit IV (Cores 25R through 26R), where
small pillow basalts appear to have intruded carbon-
ate-rich ooze prior to lithification.
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Unit descriptions
The stratigraphy at Site U1350, including basaltic
basement divisions and sedimentary interbeds, is
shown in Figure F4.

• Unit I: chert and porcellanite (104.6–143.1 mbsf).

• Unit II: igneous unit divided into Subunits IIa–IIc.
• Subunit IIa: massive basalt (large inflation 

units) with minor sedimentary interbeds 
(143.1–219.9 mbsf).

• Subunit IIb: massive–pillow basalt transition 
with minor sedimentary interbeds (219.9–240.5 
mbsf).

• Subunit IIc: small pillow basalts with rare sedi-
mentary interbeds (240.5–290.4 mbsf).

• Unit III: hyaloclastite and brecciated basalt
(290.4–296.7 mbsf); no sedimentary beds.

• Unit IV: plagioclase-phyric pillow basalts with
intercalated limestone (296.7–316.0 mbsf).

Unit I
Interval: 324-U1350A-1W through 6R
Depth: 104.6–143.1 mbsf

The recovery of Unit I at Site U1350 was poor and re-
stricted to small isolated pieces of chert in Cores 324-
U1350A-1W and 3R through 6R. No material was re-
covered in Core 2R. Black cherts are the predomi-
nant lithology; however, some reddish brown chert
is present at the top of Core 1W. Many of the pieces
contain relict bedding and traces of bioturbation,
preserved as gray porcellanite patches (Fig. F5). Py-
rite is occasionally seen replacing burrow structures
in the black chert but is absent in the red. Many
chert pieces in this unit are coated by thin (1–2 mm)
pale brownish white porcellanite. Radiolarian fossils
are abundant, well preserved in many of the cherts,
and often concentrated around relict burrow struc-
tures.

Sedimentary interbeds with igneous basement (Units II–
IV)

Several small sedimentary layers were recovered in-
terbedded with the igneous strata at Site U1350 but
were not extensive enough to warrant unit divisions
of their own. See Figure F4 for location of these in-
terbeds, which are denoted by yellow lines in the di-
agram.

Unit II
Interval: 324-U1350A-6R through 24R
Depth: 143.1–290.4 mbsf
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Subunit IIa

Subunit IIa is predominantly composed of massive
flow basalts (see “Igneous petrology”); however,
small sedimentary interbeds were found in Cores
324-U1350A-8R, 9R, 14R, and 15R. Many of these in-
terbeds have blackened outer rims and display a
waxy texture. Sediments are predominantly lime-
stone with altered volcaniclastics. Some of the volca-
niclastic grains altered to clay minerals, which are
more susceptible to weathering and often leave small
cavities within the limestone matrix. Pyrite is occa-
sionally associated with the weathered volcanic
clasts but is not present elsewhere in the limestone.
Pale blue zeolitic minerals were observed in both
hand specimen (Fig. F6) and thin section. Sedimen-
tary rocks in this subunit often contain secondary
calcite as cement or in the form of thin veins. The
few radiolarians observed in thin section were nearly
completely replaced by calcite and poorly preserved.

One small rock fragment (1.5 cm × 2 cm) in Core
324-U1350A-9R contained two different lithologies
distinguished by a sharp color boundary and minor
textural change (Fig. F7). Approximately 60% of the
rock is volcaniclastic silty sandstone and the remain-
der volcaniclastic limestone.

Subunit IIb

This subunit represents the transitional phase be-
tween the aphyric pillow succession in Subunit IIc
and the massive flows of Subunit IIa and spans Cores
324-U1350A-17R through 19R (see “Igneous petrol-
ogy”). Sedimentary interbeds present in Cores 17R
and 18R consist of greenish gray volcaniclastic lime-
stones and dark gray calcite-cemented volcaniclas-
tics. Some of the rocks in this subunit contain vol-
canic glass shards, and alteration is apparent and
likely from contact with hot basaltic material as it
was emplaced nearby.

Intervals 324-U1350A-17R-2, 120–124 cm, and 18R-
1, 11.5–20.5 cm, contain brownish gray altered vol-
caniclastic limestones composed of calcite-ce-
mented palagonitized glass shards. These rocks are
friable, contain clay, and can be easily scratched with
a fingernail.

Subunit IIc

Few sedimentary beds were recovered from Subunit
IIc, which is an aphyric pillow basalt succession (see
“Igneous petrology”). Gray volcaniclastic lime-
stones found in Cores 324-U1350A-20R and 21R
have blackened and cracked margins. Thin sections
reveal that these limestones are primarily micritic
and contain radiolarians that have been replaced by
calcite. Preservation of the microfossils is only poor
4
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to moderate; however, delicate netlike structures are
still visible in some specimens. (Fig. F8).

It is important to note that sedimentary interbeds
were not recovered from the lower part of Subunit
IIc (~265–290 mbsf).

Unit III
Interval: 324-U1350A-24R-3 through 24R-4
Depth: 290.4–296.7 mbsf

Unit III is predominantly composed of hyaloclastite
and brecciated basalt and spans the short interval be-
tween the base of Section 324-U1350A-24R-3 and
the end of Section 24R-4 (see “Igneous petrology”).
No sedimentary interbeds were recovered from this
unit.

Unit IV
Interval: 324-U1350A-25R through 26R
Depth: 296.7–315.8 mbsf

Many calcareous sedimentary beds were recovered
intercalated with the plagioclase phyric pillow ba-
salts in Unit IV (see “Igneous petrology”). These
sediments are exclusively limestone with one excep-
tion. Volcaniclastic sandstone composed of dark
gray, laminated, altered hyaloclastite was recovered
spanning 126–142 cm in Section 324-U1350A-25R-1.
The rock appears to be composed of grains of differ-
ent sizes; however, in thin section it is apparent that
the glass shards in the “fine-grained” portion are
more compacted and have less pore space with cal-
citic cement infilling than those in the “coarse-
grained” portion (Fig. F9). This 16 cm long piece
shows signs of postdepositional brittle deformation
in the form of small en echelon microfaults (Fig.
F10).

The remainder of the sedimentary material recov-
ered from Unit IV is micritic limestones, often with a
volcaniclastic component. Many of the limestones
have blackened baked margins and slightly waxy
textures where they are in contact with the pillow
basalts. The pillows themselves often have black
glassy rims and fractured margins, sometimes in-
filled with sediment. Poorly to moderately preserved
radiolarian fossils and radiolarian “ghosts” are com-
mon in the limestones in this unit. Most have been
replaced by calcite or clay but with their delicate
structures preserved; a few siliceous radiolarians were
observed in thin section. Shell fragments are also
present, though not highly abundant (Fig. F11). Clay
minerals are present throughout the rocks, most
likely formed from alteration of volcaniclastic mate-
rial. Sand-sized rounded carbonate grains are present
in thin sections from Section 324-U1350A-26R-3.
Four small brachiopod shells (~1.5 cm) were ob-
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served in this section (26R-3, 69–78 cm). Their shells
are thin and have been completely recrystallized
with a coating of small sparry calcite crystals grow-
ing inside.

Interpretation
Unit I
The black cherts interbedded with softer calcareous
sediments at Site U1350 probably represent the same
broad unit as the stratigraphic Unit I division at both
Sites U1346 and U1347 on Shirshov and Tamu mas-
sifs, respectively. In comparison to Sites U1348 and
U1349 and biostratigraphic indicators (see “Paleon-
tology”), the red and brown chert pieces retrieved
from the wash core (324-U1350A-1W) were likely
formed during the mid-Cretaceous, whereas the
black chert in Cores 3R through 6R is Early Creta-
ceous in age. This unit was probably deposited in a
relatively deep pelagic setting (but above carbonate
compensation depth) where the dominant primary
sediment was likely to have been radiolarian-bearing
nannofossil oozes. Remobilization of biogenic silica
associated with diagenesis is the most reasonable ex-
planation for chert development within the sedi-
ments. The degree of mottling and relict burrow
structures suggest an oxic depositional environment
with an active benthic community. However, the
subsequent pyritization of these biogenic traces indi-
cates reducing conditions and postdepositional alter-
ation.

Sedimentary interbeds within igneous 
basement (Units II–IV)
A significant quantity of sedimentary material was
recovered within the basaltic basement. All of these
sediments have compositions and structures consis-
tent with submarine deposition. The textural fea-
tures in the surrounding igneous strata support this
interpretation (see “Igneous petrology”). The ma-
jority of the sediments are calcareous, mostly lime-
stones or volcaniclastic limestones. The volcaniclas-
tic component in some limestones appears highly
altered, especially in Subunit IIa. Clusters of framboi-
dal pyrite present within the limestone matrix al-
ways occur in association with weathered volcanic
grains and are not present elsewhere in the rock.
This suggests the pyritization took place within the
igneous rocks themselves shortly after the formation
of the basaltic material and prior to its incorporation
into the sediments.

The presence of high amounts of micritic carbonate
indicates a relatively shallow emplacement depth for
both the sediments and the surrounding igneous
units. The maximum depth of deposition must have
5
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been above the lysocline. The consistently high pro-
portion of moderately to poorly preserved calcite-re-
placed radiolarians within the limestones suggests a
high-productivity zone, probably associated with
paleoequatorial upwelling.

The paleodepth and depositional environment is fur-
ther constrained by the presence of macrofossils,
such as brachiopods and bivalves (especially at the
base of Unit IV); these fossils are associated with
shallow-water oxic conditions. The proportion of in-
tercalated sediments to basalt is highest in Unit IV,
where the presence of lithified limestone between
friable pillows has evidently aided drilling recovery.
Distortion of the limestones where they contact ig-
neous rocks suggests the basaltic pillows were ex-
truded into a calcareous ooze prior to lithification,
where the lavas subsequently chilled. This is also evi-
denced by the many chilled (glassy) margins on the
pillow edges, which can be seen throughout this
unit. The intercalated sediments often have cracked,
blackened margins and waxy textures presumably
caused by dehydration and baking upon close con-
tact with the still-cooling basalt.

Other nonlimestone sedimentary rocks are present
in Units II and IV. Although the recovery of these is
generally restricted to isolated pieces, they are typi-
cal of materials deposited near submarine volcanic
eruptions, as the primary composition of the grains
in these calcite-cemented sandstones is volcanic
glass, altered hyaloclasts, or fine ash.

Paleontology
Sediments recovered from Site U1350 include several
pieces of red and black chert (Cores 324-U1350A-1W
to 9R; Unit I and Subunit IIa; see “Paleontology”).
Discrete chert pieces found in the Subunit IIa basalts
are most likely displaced from the upper levels by ro-
tary core barrel (RCB) drilling. Shipboard calcareous
microfossil studies were performed on limestones
that encrusted cherts. In addition, numerous interca-
lated pelagic limestones between pillow lavas in Unit
IV (Cores 25R and 26R) were also investigated.

Calcareous nannofossils from Unit I and Subunit IIa
are frequent to high in abundance and moderately
to poorly preserved. As a whole, the assemblage is in-
dicative of Early Cretaceous age (Hauterivian–Al-
bian). Planktonic and benthic foraminifers are al-
most barren in these two units, with only a few
silica-replaced specimens. Interpillow pelagic lime-
stones of Unit IV are severely recrystallized and do
not yield any calcareous microfossils. A low-diver-
sity, poorly preserved radiolarian assemblage is pres-
ent in the foraminiferal samples of Site U1350.
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Calcareous nannofossils
The calcareous nannofossils in the chert-encrusting
limestones from Site U1350 (Unit I and Subunit IIa)
are frequent to abundant and moderately to poorly
preserved. The sediments recovered below this inter-
val are barren of calcareous nannofossils.

Sample 324-U1350A-1W-1, 5–6 cm, contains Eproli-
thus floralis, Staurolithites siesseri, and Zeugrhabdotus
diplogramus (Table T2), which allows assignment to
Zone NC8 (Albian). The occurrence of Cretarhabdus
striatus and Cruciellipsis cuvillieri together with Haq-
ius curcumradiatus and S. sisseri in Sample 324-
U1350A-1W-1, 9–10 cm, immediately below, implies
a mixture of calcareous nannofossil taxa of the
Lower to mid-Cretaceous (Hauterivian–Albian) (Ta-
ble T2). An almost identical nannofossil assemblage
is recorded from Sample 324-U1350A-3R-1, 5–6 cm.
Beneath, Sample 324-U1350A-4R-1, 18–19 cm, con-
tains C. cuvillieri, Rotelapillius crenulatus, and Speeto-
nia sp., which point to Zone NC4 (Hauterivian).

The calcareous nannofossils from Samples 324-
U1350A-6R-1, 10–11 cm, and 8R-1 (Piece 1, 2–4 cm),
both derived from discrete chert pieces that are most
likely displaced from upper sediments, indicate the
Berriasian to Albian by the presence of Rhagodiscus
asper and Staurolithites crux. Sample 324-U1350A-9R-
1 (Piece 2, 10–11 cm) illustrates a mixed assemblage
of the Lower to mid-Cretaceous by the presence of
Axopodorhabdus albianus, C. cuvillieri, Rhagodiscus an-
gustus, and Zeugrhabdotus erectus.

In summary, the age of studied Unit I and Subunit
IIa is most likely the Berriasian to Albian

Foraminifers
Both planktonic and benthic foraminifers are nearly
barren in the chert-encrusting limestones in Unit I
and Subunit IIa. Individuals encountered are one
hedbergellid specimen (planktonic foraminifer; Sam-
ple 324-U1350A-1W-1, 9–10 cm) and one Dorothia
specimen (benthic foraminifer; Sample 324-U1350A-
5R-1, 4–5 cm), both of which are replaced by silica
and give no information on age or paleowater depth.
Likewise, no foraminifer specimen was retrieved
from intercalated pelagic limestones between pillow
lavas in Unit IV (Cores 324-U1350A-25R through
26R).

Igneous petrology
Stratigraphic unit description

and volcanology
In this site report the stratigraphic units are given
Roman numbering (stratigraphic Units I–IV),
6
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whereas the small-scale lithologic units identified
during core description are given Arabic numbering
(lithologic Units 1–183). We have identified these
lithologic units on the basis of sedimentological
changes or, in the case of volcanological units, crite-
ria including the presence of chilled margins or con-
tacts, identifiable flow tops, vesicle distribution, and
the occurrence of intercalated volcaniclastic or sedi-
mentary horizons. When considered together, these
criteria define the various sizes of individual volcanic
inflation units. Accordingly, in the volcanic context,
the term “stratigraphic unit” is used to combine
smaller consecutive inflation units of similar charac-
ter into lava packages or single eruptive sequences
(see “Igneous petrology” in the “Methods” chap-
ter).

Drilling at Site U1350 penetrated ~143 m of sedi-
ment (Unit I) and ~173 m of volcanic basement
(Units II–IV). Volcanic basement was drilled begin-
ning with Core 324-U1349A-6R at 143.1 mbsf (Figs.
F12, F13). Recovery was relatively high in the vol-
canic basement (15%–96%), but the contact between
the overlying sediment and basement was not recov-
ered. In order of increasing depth, the volcanic base-
ment consists of a series of massive basalt flows in-
tervening with a subordinate proportion of smaller
inflation units that passes down first into a transi-
tional zone of roughly equal proportions of massive
flows and smaller inflation units, and then into a
package dominated by aphyric to sparsely plagio-
clase phyric pillow lavas (Unit II). Below this lies a
layer of hyaloclastite and brecciated basalt (Unit III)
and then a short succession of well-preserved plagio-
clase-phyric pillow lavas set in a matrix of micritic
limestone (Unit IV). Coring in the hole and for Expe-
dition 324 terminated at ~315.8 mbsf (Core 324-
U1349A-26R). Because of technical difficulties, it was
not possible to obtain information using downhole
logging tools. Therefore, interpretation of the cored
succession is based upon observational and analyti-
cal techniques. Unlike other holes drilled during Ex-
pedition 324, it was not possible to corroborate
stratigraphical interpretation with downhole data.

The basalts of Unit II (Fig. F12) consist of aphyric ba-
saltic lavas ranging in thickness from a few large 3–6
m units with homogeneous nonvesicular cores to
smaller 1–2 m pillowlike units readily identifiable
from their glassy rinds, thick chilled upper and lower
margins, and rare instances of flow-to-flow contacts.
Overall, Unit II is a progression from predominantly
thick flow units with repeated occurrences of inter-
calated sedimentary horizons in the top of this suc-
cession to a densely packed pillow lava stack at the
base of this unit lacking any sedimentary horizons.
In the absence of other information, including
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downhole logging data, this volcanic succession is
arbitrarily divided into three subunits based on the
type and relative importance of different flow units
and the associated frequency of sedimentary interca-
lations. The topmost 77 m (Subunit IIa) consists pre-
dominantly of larger, internally homogeneous infla-
tion units, the middle ~21 m is of both massive and
pillowed inflation units (Subunit IIb), and below this
is a ~50 m stack of 0.2–0.9 m thick, aphyric to
sparsely plagioclase-phyric pillow lava units (Subunit
IIc). These pillow units lie above ~6 m of hyaloclas-
tite (Unit III) with a black, fine-grained matrix con-
taining gravel- to sand-sized glassy material, hy-
alobasalt fragments, and/or small pods (~5–15 cm) of
aphyric basalt (Sections 324-U1350A-24R-3 through
25R-1). The basalt in the small pods of Unit III is
very similar to that of Unit II above, but occurs in a
hyaloclastite facies interpreted as having formed by
cooling-contraction granulation, mass wasting, and/
or autobrecciation. The contact between the base of
Unit III and the volcanic succession beneath was not
recovered. The lowermost ~19 m is composed of a
thick succession (Unit IV) in two high-recovery
(>90%) cores (Cores 324-U1350A-25R and 26R) that
preserve, in great detail, a stack of ~0.1–0.5 m thick
plagioclase-phyric pillow lavas. This pillow stack in-
cludes many good examples of thick chilled margins,
internal vesiculation patterns, pillow/pillow con-
tacts, and pillow/sediment contacts with intervening
zones of thermal alteration. The sediment consists of
a micritic limestone that in many instances encase
pillow units, which, together with a lack of bedding
structure, indicates that these pillow lavas were ex-
truded onto, or into, an unconsolidated or fluidized
micritic sediment substrate.

Upper massive basalt flows and lower pillow 
lavas (stratigraphic Unit II, lithologic Units 2–
90)
The upper part of the volcanic basement (Subunit
IIa) consists of a ~77 m thick sequence of massive
aphyric basalt inflation units (Cores 324-U1350A-6R
through 16R) (Fig. F14). Recovery through this se-
quence was 15%–66%, with recovered sections of
these massive units ranging between ~1.5 and 4 m
thick. These massive basalt flows have glassy subhor-
izontal margins, horizons of vesicle accumulation in
the upper parts of the flow, pipe vesicles, associated
vertical and horizontal segregation features within
the homogeneous flow cores, and little evidence of
internal jointing or fracturing. These features are
best preserved in the 3.0 and 5.4 m thick flows of
lithologic Units 10 and 11 (recovered in Sections
324-U1350A-9R-1 through 10R-2). In addition, this
upper part of the volcanic basement is sparsely inter-
7
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calated with thin limestones containing recrystal-
lized microfossils, comminuted shell debris, and al-
tered volcaniclastic (glassy) particles. The lowermost
of the major lavas in Subunit IIa is a 2.5 m thick lava
flow (lithologic Unit 27), below which the first read-
ily identifiable pillow lava occurs (lithologic Unit 29)
in Section 324-U1350A-17R-1. This pillow lava com-
prises the top of the transition succession of Subunit
IIb.

Subunit IIb is a ~21 m thick zone representing a
changeover from thicker basalt units to dominantly
pillow-type basalts (Sections 324-U1350A-17R-1
through 18R-3). It contains five larger lava units (~1–
2.5 m thick) intercalated with smaller pillowlike in-
flation units (<0.5–1 m thick) or intervals of frag-
mentary pillow lava (i.e., hyaloclastite) material. The
smaller inflation units display chilled margins, glassy
contacts, and typical pillowlike radial vesicle distri-
bution patterns, together with sparse sedimentary
intercalations similar in composition and content to
those fragments in Subunit IIa. The limited recovery
of these materials makes any further interpretation
regarding the original thickness or internal structure
of these sediment intercalations difficult.

Subunit IIc is a ~50 m succession of 0.2–0.9 m thick
aphyric and sparsely phyric pillow lavas (Sections
324-U1350A-19R-1 through 24R-2) with dimensions
and internal structures (e.g., subvertical pipe vesicles
and segregation pipes) similar to those observed in
cores from Holes U1346A and U1347A. The first
well-preserved evidence of a more continuous pillow
lava stack occurs in Section 324-U1350A-19R-2 (lith-
ologic Unit 41) and contains several folds in glassy
crust and small lava pods interspersed with brecci-
ated pillow material. The top of this ~50 m succes-
sion contains three ~1–1.5 m thick, more homoge-
neous lava flow units and minor sedimentary
material typically preserved as a lava/sediment con-
tact.

The lowermost ~23 m of Subunit IIc contains no sed-
imentary material and is a continuous sequence of
pillow lavas displaying millimeter-sized, sparsely
scattered amygdules, curvilinear glassy rinds with
microvesicular bands with tube- and drop-shaped
vesicles, and interpillow tension cracks with chilled
margins and jointing patterns (Fig. F15). Plagioclase
phenocrysts (up to 2%) are sparsely distributed
throughout the basaltic material within this pillow
stack. This lowermost pillow lava stack correlates
well with an interval of low magnetic susceptibility
(see “Physical properties”), which may itself be a re-
sult of the presence of plagioclase phenocrysts, a
finer grain size, and/or an increased degree of altera-
tion.
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Hyaloclastite and pillow breccia (stratigraphic 
Unit III, lithologic Unit 91)
A distinct horizon of hyaloclastite and pillow breccia
was recovered in Sections 324-U1350A-24R-3
through 25R-1 (Fig. F16); it is ~6 m thick and con-
sists of a mixture of poorly sorted angular glass
shards and spalled pillow material (0.2–5.0 cm), pla-
gioclase crystal fragments, and globular basaltic lava
inclusions (or pods) (5–15 cm). No internal bedding
or grading can be discerned in this unit. A dull black
glassy matrix constitutes the bulk (>50%) of the de-
posit, and the greenish glass shard fragments them-
selves consist of partially devitrified material, vitric
black clasts, and sparse plagioclase phenocrysts (<2–
5 mm in size). The breccia is monomict (i.e., it only
contains fragments of quenched basaltic material)
and is clast or matrix supported, depending upon
the relative proportions of fine to coarse constitu-
ents. The isolated globular inclusions of lava are in-
ternally highly fractured, moderately vesicular, and
also contain sparse plagioclase phenocrysts. The
larger pods of basaltic material have rudimentary
chilled margins and glassy rims, indicating that they
were incorporated or intruded into the deposit while
in a near molten state. Like the immediately overly-
ing pillow lava unit, the fine-grained basaltic inclu-
sions and glass fragments are sparsely plagioclase-
phyric, sparsely vesicular basalt, suggesting that the
two are petrogenetically related. The hyaloclastite
succession is likely to represent the onset of the mag-
matism that initially produced the overlying pillow
lava stack of Subunit IIc.

Lower pillow lavas with interpillow sediment 
(stratigraphic Unit IV, lithologic Units 92–183)
The lowermost ~19 m thick volcanic succession
(Unit IV) consists of two consecutive cores (324-
U1350A-25R and 26R). These cores preserve a stack
of ~0.1–0.5 m thick plagioclase-phyric pillow lavas in
great detail, including the sedimentary material be-
tween the individual small inflation units. Excep-
tional recovery of drill core in the lower pillow lava
Unit IV (93%–96%) provides a nearly complete se-
quence of pillow lavas. Accordingly, the lower unit
of pillow lavas is remarkable for its preservation of
pillow lava structures and glassy chilled margins and
their relationships with surrounding sediment and
associated alteration effects on the sediment. The de-
tails of some of the best preserved features are shown
in Figures F17, F18, and F19.

Almost all of the glassy rinds and chilled margins are
preserved intact, and pillow/pillow contacts as well
as pillow/sediment contacts are abundant through-
out these cores. For instance, the cores show exam-
8
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ples of otherwise rarely preserved delicate features,
such as in situ spalling of pillow rim material, frac-
tured and fragmented jigsaw-fit textures of chilled
basalt, and marginal cracking of the pillow. Cracking
patterns resulting from cooling and contraction can
been seen to have ruptured the crust and penetrated
through the inner chill boundaries into the pillows
cores themselves, which would have permitted fur-
ther cooling through the penetration of water along
the neoformed joints (McPhie et al., 1993). Many of
these preserved features are likely to have formed as
a result of in situ cooling, cracking, and contraction
and indicate that relatively little transport or com-
paction occurred after emplacement.

The topmost sedimentary intercalation within this
pillow stack is a single, thin (~15–25 cm) horizon,
which, in its upper part consists of fine-grained hya-
loclastite sand (interval 324-U1350A-25R-1, 126–149
cm) and preserves complex structural detail. The
finer grained portion of this hyaloclastite comprises
densely packed glass shards that have been com-
pacted and lithified before being deformed; the lami-
nations within it are fractured and intruded by fin-
gers of melt. The coarser beds are composed of more
porous glass shard material with voids filled by car-
bonate cement. The remainder of the sedimentary
intercalations in the pillow stack below this horizon
is fine-grained micritic limestone containing com-
mon radiolarian tests entirely replaced by carbonate
and shell debris. The limestone is homogeneous and
contains no discernable sedimentary structure, with
the exception in some instances of fine laminations
of volcanic particles that may indicate post-eruptive
sedimentary draping of the lava pillows (interval
324-U1350A-26R-5, 90–130 cm).

Preliminary assessment
The cored volcanic basement at Site U1350 is an en-
tirely marine volcanic succession but exhibits two
different styles of seafloor basaltic volcanism. The
initial (basal) lava succession (Unit IV) consists of
small but complete pillow lavas erupted into a ma-
rine environment in which there was an abundant
supply of micritic sediment. The second lava succes-
sion (Unit III followed by Unit II) begins with the
production of hyaloclastite before building into a se-
ries of larger pillowlike inflation units. These latter
units were either erupted sufficiently rapidly to pre-
vent any significant accumulation of interpillow sed-
iment, or else they were erupted into a sediment-
starved environment. The presence of pillow/pillow
contacts (Sections 324-U1350A-22R-4 and 22R-5)
could indicate merging of adjacent eruptive pods. It
may also indicate a multiple-pod inflation mecha-
nism that produces eruptive units that are laterally
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more extensive and which can exhibit relatively
slow cooling characteristics. The slow cooling, for
example, may explain their internally homogeneous
texture, together with well-developed pipe vesicles
and degassed cores observed in many of the inflation
units.

The different types of pillow lavas that form Unit IV
as compared with those at the base of Unit II require
further explanation. The lower pillow stack of Unit
IV consists of small, rounded pillow lavas displaying
most of the typical structures (e.g., chilled zones,
vesicle patterns, and internal structure). The thick,
well-formed glassy rinds indicate each pillow was
erupted and cooled as an individual entity. However,
those pillow lavas that constitute Subunit IIc differ
in that they are larger, the glassy contact margins are
thinner, and their chilled margins are less well devel-
oped. In Subunit IIc, the tube- and drop-shaped vesi-
cles characteristic of the marginal chill zones are of-
ten restricted to a narrow, sparsely vesicular zone
immediately inward of the contact, and the well-de-
veloped concentric vesicle bands indicative of both
significant internal degassing and progressive cool-
ing are absent. Moreover, internal cooling cracks and
associated radiating vesiculation patterns are also
noticeably absent in the larger pillowlike eruptive
units. It is reasonable to conclude that these two pil-
low stacks represent subtly different eruptive styles
and, presumably, different magma gas contents.

In general, only a small proportion of pillow units
that form in typical pillow lava fields and stacks con-
sists of self-contained and separate erupted entities.
Most pillow lavas form through a processes of inter-
nal inflation, expansion, and rupture; eventually
lava will break out from the chilled crust through a
process of “budding” to form a new, magmatically
interconnected lobe or pillow. As this process contin-
ues it eventually forms networks of interconnected
tubes and lobes that together make up the pillow
lava field (Moore, 1975; Yamagishi, 1985; Walker,
1992). Walker (1992) suggested that the nature of
the lobe expansion (i.e., the production of multiple
or discrete entities) is influenced by lava viscosity.
Crust rupturing is more common in the more vis-
cous basalt lavas, and hence internal cooling is aug-
mented through penetration of water along frac-
tures; more viscous basalt leads to the development
of discrete pods or pillows rather than an intercon-
nected network. Low-viscosity lavas have more elas-
tic, hence largely unbroken, crusts and together with
slower cooling rates produce pillows with smoother
surfaces and an anastomosing, interconnected mag-
matic plumbing between the inflation units. Other
variables that control the morphology of submarine
lava flows include effusion rate, flow velocity, and
9
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local or regional slope of the seafloor (e.g., Batiza
and White, 2000; Gregg and Smith, 2003). The rela-
tively thin glassy rind and chill zones, together with
the absence of interpillow sedimentary material in
Subunit IIc, could be interpreted as rapid accumula-
tion of interconnected low-viscosity lava pods, each
remaining hot while the adjacent one budded and
erupted. Pillowed lava units of Unit IV display char-
acteristics of higher viscosity lavas and a more rapid
cooling, including the complex internal fracture pat-
terns and thick well-developed glassy rinds and
chilled zones. Moreover, the pillow lavas from Unit
IV are distinct in that they are distinctly more plagi-
oclase-phyric, a factor which is known to signifi-
cantly increase lava viscosity (Jerram et al., 2003).

Finally, during the development of pillowed lava
flows, interaction with preexisting sediments can oc-
cur under a wide range of physical conditions. If the
eruption encroaches in an area of previous seafloor
sedimentary deposition, the nature of the interac-
tion of the pillows with these sediments will depend
upon the physical nature of the substrate and its
grain size (i.e., whether they are muds, sands, or peb-
bles/breccia and whether it is consolidated, ce-
mented, or unlithified). The contact between (wet)
sediment and lava in Unit IV is, in most cases, well
defined and marked by 1–2 cm zones of baking/alter-
ation. In addition, the contacts between the pillow
lavas and sediment also exhibit more complex rela-
tionships. Interpenetration and occurrences of fine-
grained carbonate sediment mixed with basaltic
lava, or irregular enclaves of deformed and altered
sediment, can be observed in the contacts between
some pillows (Fig. F19). There is a lack of any bed-
ding or lamination in the sediment, and some of the
pillows are entirely encased or “suspended” within a
sediment envelope. A likely explanation of these pil-
low lava-sediment relationships is fluidization of the
fine-grained sediment occurred, attributable to flash
heating and vaporization of sediment pore water
during emplacement of the pillow lava (Kokelaar,
1982). Such momentary fluidization causes sediment
reconstitution, the destruction of any inherent bed-
ding structures, and localized transport of the mate-
rial. It thus is likely that the pillow lavas of Unit IV
were emplaced into unconsolidated fine-grained
micritic sediment that was fluidized, mobilized, and
either injected, squeezed, or otherwise redeposited
between individual close-packed pillows to produce
the observed intricate pillow lava/sediment contacts.

Petrography and igneous petrology
The petrography in Hole U1350A is described ac-
cording to the volcanological divisions described
above (Units II–IV). The glassy and finely spherulitic
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margins occurring around both pillows and flows
show that plagioclase and clinopyroxene, both sepa-
rately and intergrown, occur in tiny stellate aggre-
gates as quench minerals. Olivine is present as a mi-
crophenocryst. No spinel occurs. Some of the rocks
have moderate abundances of large tabular plagio-
clase microphenocrysts, phenocrysts, and glomero-
crysts. The glomerocrysts reveal complex crystalliza-
tion and cooling histories for the plagioclase and can
have skeletal interiors with inclusions that were for-
merly glass but that are now darkened by spherulitic
crystallization and alteration. With the exception of
Unit IV, the fluctuations of phenocrysts do not ap-
pear to delimit different compositions of basalt (Ta-
ble T3). The rocks of Units II and III pertrographi-
cally resemble the moderately to strongly
differentiated rocks of Hole U1347A. A summary ta-
ble of thin section descriptions of the volcaniclastic
rocks is given in 324GLASS.XLS and the contacts be-
tween lithologic units are described in 324UNIT.XLS
in LOGS in “Supplementary material.”

Upper massive flow succession (stratigraphic 
Subunit IIa, lithologic Units 2–27)
The petrography of the upper massive basalt lava
flow units of Subunit IIa (Cores 324-U1350A-6R
through 16R) is described on the basis of observa-
tions on 24 thin sections from 18 inflation units.
These lavas are typically sparsely vesicular (~1%–
15%) and aphyric to sparsely plagioclase phyric
(<1%), with individual phenocrysts as large as 2.0
mm. Plagioclase microphenocrysts are usually pres-
ent as glomerocrysts. Plagioclase phenocryst and mi-
crophenocryst abundances (Fig. F20) within units of
the lower part of Subunit IIa are slightly elevated
(~1%) with respect to those of upper part (trace). In
addition, traces of olivine and clinopyroxene occur
as small phenocrysts and/or microphenocrysts near
the bottom of Subunit IIa. Olivine phenocrysts
sometimes occur in skeletal forms (<1.2 mm) and are
typically pseudomorphed by brown clay (see “Alter-
ation and metamorphic petrology”). Clinopyrox-
ene phenocrysts or microphenocrysts usually subo-
phitically enclose acicular microcrysts of plagioclase
or form glomerocrystic aggregates with tabular plagi-
oclase. Groundmass textures in the interiors of the
upper massive flows are predominantly intersertal,
intergranular, spherulitic, and variolitic. The size of
groundmass minerals ranges from microcrystalline
near margins of the flow units to very fine grained at
the interior part of relatively thick flows (>2 m),
where crystallinity is also high (up to ~70%). Occa-
sionally, fresh glass is preserved as patches within
spherulites in some chilled margins.
10
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Transitional succession (stratigraphic Subunit 
IIb, lithologic Units 28–38)
The petrography of massive flows and pillow lavas in
the transitional succession (Subunit IIb) is based on
seven thin sections from seven inflation units (Sec-
tions 324-U1350A-17R-1 through 18R-3). They are of
sparse vesicularity (2%–5%) and aphyric to sparsely
plagioclase-phyric (<2%). Plagioclase phenocrysts
and microphenocrysts are the predominant miner-
als, present as glomerocrysts forming aggregates as
large as 2 mm. Rare clinopyroxene microphenocrysts
observed at the top of Subunit IIb subophitically en-
close acicular microcrysts of plagioclase and form
glomerocrystic aggregates with tabular plagioclase.
Olivine phenocrysts are not observed in Subunit IIb.
Groundmass textures of the lava units in the transi-
tional succession are predominantly intersertal, hy-
alophytic, spherulitic, and variolitic. Groundmass
sizes range from microcrystalline near the margins of
flows or thin-flow interiors to very fine grained at
the interior part of relatively thick flows (>1 m).
Crystallinity is as high as ~50% in the cores of the
thicker flows and is lower than that of Subunit IIa.

Aphyric pillow succession and hyaloclastite 
(stratigraphic Subunit IIc and Unit III, lithologic 
Units 39–91)
The petrography of Subunit IIc and Unit III is based
on 14 thin sections from 14 inflation units in Sub-
unit IIc and 1 thin section from Unit III (Sections
324-U1350A-19R-1 through 25R-1). These basalt
units are sparsely vesicular (1%–5%), aphyric at the
upper part of Subunit IIc (240–270 mbsf), and
sparsely phyric (<2%) at the base of Subunit IIc (270–
290 mbsf) (Figs. F12, F20). In both Subunit IIa and
Unit III, plagioclase phenocrysts and microphe-
nocrysts are the main minerals, usually present as
glomerocrysts forming aggregates as large as 2 mm.
Olivine and clinopyroxene are rare as microphe-
nocrysts. Olivine microphenocrysts (<0.5 mm) are
pseudomorphed by brown clay (see “Alteration and
metamorphic petrology”). Clinopyroxene micro-
phenocrysts form glomerocrystic aggregates as large
as 0.5 mm. Groundmass textures in the aphyric pil-
low lavas (Subunit IIc) are dominantly intersertal,
hyalophytic, and spherulitic. Groundmass size is
mostly microcrystalline within the flow interiors and
cryptocrystalline nearer the unit margins. Fresh glass
showing spherulitic textures is preserved as glassy
rinds at the lowermost chilled margins of some flows
(Thin Section 312; Sample 324-U1350A-24R-1, 128–
131 cm). The crystallinity of the aphyric pillow suc-
cession (Subunit IIc) reaches a maximum of ~50%,
which, although low, is comparable to that of the
transitional succession (Subunit IIb). The hyaloclas-
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tite of Unit III has a cryptocrystalline groundmass
with hyalophytic fragments.

Plagioclase-phyric pillow succession 
(stratigraphic Unit IV, lithologic Units 92–183)
The petrography of Unit IV is based on 15 thin sec-
tions from 14 inflation units (Cores 324-U1350A-
25R and 26R). They are sparsely vesicular (3%–5%)
and sparsely to moderately plagioclase-phyric (2%–
5%). Plagioclase phenocrysts and microphenocrysts
are the predominant minerals, usually present as
glomerocrysts forming aggregates as large as 5 mm.
Some individual plagioclase phenocrysts (<5 mm)
are anhedral and have sieved textures, honeycomb
textures, and rim-resorption features. Rare olivine
microphenocrysts are observed at the top of Unit IV
but are pseudomorphed by brown clay and calcite
(see “Alteration and metamorphic petrology”).
Groundmasses in the plagioclase-phyric pillow suc-
cession have hyalophytic textures with phenocrysts
of plagioclase and pyroxene. The groundmass is
dominantly cryptocrystalline at flow interiors and
near the flow margins. Chilled margins of the pil-
lows consist mainly of spherulite or fully altered
glass to clay minerals (see “Alteration and meta-
morphic petrology”). Crystallinity of the pillow
succession of Unit IV is <30%.

Two types of groundmass crystal morphologies
Since many of the rocks are comparatively unaltered,
differences in texture are immediately apparent in
reflected light. These differences are not always obvi-
ous when dark, microcrystalline material is observed
in transmitted light because of the “clouding effect”
of superimposed crystal interference(s) through the
thickness of the thin section. Reflected light, instead,
provides a single surface for examination, and crystal
shapes are sharply outlined. Using this technique,
two principal textural types of rock become apparent
in Hole U1350A (Fig. F21): 

Type 1 can be termed the “plagioclase network” type
(Fig. F21A, F21B). In this type, the largest plagio-
clases are usually acicular crystals with bifurcating
arms projecting only short distances outward from
the ends, but appearing as a loose skein across the
thin section. Smaller, but irregular and dendritic, cli-
nopyroxene probably occurs between the plagioclase
crystals, as does formerly glassy intersertal material
that is darker brown. In reflected light, the faceted
crystal outlines of plagioclase (darker gray) are prom-
inent, yet the clinopyroxene (brighter gray) is a
smaller proportion of the modal abundance and
does not stand out, being almost hidden between
the feldspars (Fig. F21B). Titanomagnetite (bright
white, in the same image) is skeletal and occurs
11
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mainly within the dark intersertal material. Some
Type 1 basalt has what appear to be irregular segrega-
tion patches as long 1 cm in some thin sections (Fig.
F21E, F21F).

Type 2 can be termed the “plagioclase-clinopyroxene
network” type (Fig. F21C, F21D). In this type, the
basalts have dozens of fairly coarse grained inter-
growths of tabular plagioclase and subhedral clino-
pyroxene forming a network of “islands” within a
finer grained dark matrix (Fig. F21C, F21D). Plagio-
clase in the islands is tabular and euhedral, although
it may project skeletally into the matrix. The clino-
pyroxene has, at most, only tiny dendritic projec-
tions into the matrix, whereas the matrix itself con-
sists of elongate skeletal to feathery plagioclase of
various sizes that do not form a network skein. Small
amounts of clinopyroxene cluster within the inter-
stices of the feldspars. Titanomagnetite cannot be
distinguished at this magnification.

Figure F22 shows, sequentially through the core, a
series of reflected light photomicrographs. From the
first five of these (Fig. F22A–F22D), differences in av-
erage grain size and crystallinity (highlighted in re-
flected light) are mainly the result of placement of
the thin sections in different portions of the basalt
flow interiors that cooled at different rates. But the
general similarity of Type 1 plagioclase skeining is
evident in all of them. Type 2 networking is only
present in the thin sections shown in Figure F22E,
F22F and F22G. In the finer grained rock of Figure
F22F, the bulk of the rock is occupied by finely crys-
talline plagioclase-clinopyroxene intergrowths that
clump between small, dark intersertal patches. Figure
F22G also shows a groundmass Type 2 network,
again plagioclase-clinopyroxene intergrowths set in
a matrix of the sample previously shown in Figure
F21C and F21D.

The photomicrographs in Figure F22 are arranged by
core depth. From this, all of Subunit IIa consists of
Type 1 basalt except for one sample (Fig. F22E, Sam-
ple 324-U1350A-16R-3, 35–39 cm), whereas Subunit
IIb is Type 2. Figure F22H depicts the uppermost
thin section of the lower Subunit IIc, and it shows a
Type 1 networking again, after which the Type 1 pla-
gioclase skeining prevails to the bottom of the hole.
The thin section from Unit III (Thin Section 311;
Sample 324-U1350A-24R-3, 35–38 cm) has a cryp-
tocrystalline texture, which precludes identification
of groundmass texture. Petrographically, then, there
are at least three (and probably four) different rock
types among the basalt in Hole U1350A. In sequence
upward, they correspond to Units IV and III com-
bined and although Subunits IIc and IIa are very sim-
ilar petrographically, they are separated by some-
thing that is petrographically distinct in Subunit IIb.
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Finally, Figure F23 shows representative phenocryst
and glomerocrystic clusters. Figure F23A–F23D is
from a single thin section of Type 1 basalt. In it pla-
gioclase and clinopyroxene occur both as clumps or
clusters and as separate phenocrysts. Plagioclase also
occurs in monomineralogic glomerocrysts. Figure
F23E shows a single but complex Type 2 networking
intergrowth of plagioclase and clinopyroxene. The
plagioclase is skeletal but fairly well faceted; it is ar-
ranged like randomly projecting nails held in a cli-
nopyroxene fist. In Figure F23F, a reflected-light im-
age of the left portion of the intergrowth in the
previous photomicrograph, the outlines of clinopy-
roxenes are the straight boundaries of plagioclase
crystals on one side but are very irregular at the
edges of intersertal patches on the other. The pyrox-
enes are also full of unpolished specks, an indication
of the bladelike or dendritic tendency of its crystal
morphology.

The tendency might be to discern the arrangements
of these intergrowths in Hole U1350A basalts as mi-
crophyric clusters or even phenocrysts. However, in
the same manner as the ophimottle clots in Hole
U1349A are not phenocrysts, the intergrowths in
Hole U1350A perhaps are derived from a deep-seated
magma chamber. Type 1 and 2 crystal networks also
occur in the basalts in Hole U1347A, but in Hole
U1350A we see a more explicit development of their
features. Further evaluation along these lines will de-
pend on assessment of crystal morphologies at
quenched pillow margins in shore-based thin section
studies, the detailed development of a chemical stra-
tigraphy, and comparison with basalts of other holes
drilled during Expedition 324.

Preliminary assessment
Comparing all basalt drilled at Sites 1213, U1346,
U1347, U1349, and U1350, it becomes evident that
Shatsky Rise presents a basaltic province in which
plagioclase-clinopyroxene intergrowths, from the
stage of earlier crystallization of mottles with ophitic
textures (Hole U1349A) to the formation of pheno-
crysts and glomerocrysts (Holes 1213B, U1347A, and
U1350A) to the quench stage and to the stage of
coarser grained crystallization in the interiors of
flows and pillows, are well developed in all holes.
This petrographic attribute is evident even among
the rare and tiny quench crystals in the one glassy
sample recovered among the hyaloclastites of Hole
U1348A. Basalt in Hole U1346A and in particular
Hole U1349A is more primitive than the others,
since it contains fairly abundant olivine and Cr spi-
nel, whereby even plagioclase-clinopyroxene inter-
growths occur in remnants of altered glass margins.
Petrologically, this attribute indicates that at all
12
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stages of crystallization the temperature interval be-
tween onset of plagioclase crystallization and that of
clinopyroxene was negligible. Experimentally, this is
not a usual feature of mid-ocean-ridge basalt (MORB)
at low pressure, with the exception of the melt con-
taining significant dissolved water, since these con-
ditions would allow a basalt to crystallize plagioclase
and clinopyroxene together.

Although some of the basalt in Hole U1349A can be
termed picritic, they differ from the only well-docu-
mented picrite found on modern spreading ridges,
such as that of Siqueiros Fracture Zone on the East
Pacific Rise (Natland, 1980). More evolved olivine
tholeiite from drill sites on the Mid-Atlantic Ridge
still has an obvious gap in crystallization tempera-
ture between the onset of crystallization of plagio-
clase and later clinopyroxene (e.g., Kirkpatrick,
1979). As MORB-like as Shatsky Rise basalt may be in
its geochemistry, in this one respect, it is different.

Alteration and metamorphic 
petrology

The entire section of basaltic rocks (massive lava
flows, pillow lavas, and hyaloclastites) recovered
from Hole U1350A has been affected by slight to
high degrees of low-temperature water-rock interac-
tion, resulting in complete replacement of glassy me-
sostasis and olivine phenocrysts and slight to almost
complete replacement of groundmass minerals (pla-
gioclase and clinopyroxene). In contrast, plagioclase
phenocrysts are generally well preserved throughout
the hole, except in portions of stratigraphic Unit IV.
Fresh glass is commonly preserved on the margins of
flows and pillows in Subunits IIa and IIb, rarely pre-
served in Subunit IIc, and not preserved in Units III
and IV. The overall degree of alteration of the basalts
ranges from slight to moderate in the upper flow suc-
cession and hyaloclastites (Units II and III) to moder-
ate to high in the plagioclase-phyric pillow succes-
sion (Unit IV). The degree of alteration was
estimated visually using a binocular microscope on
the archive half and using an optical microscope on
discrete thin section samples, without taking into ac-
count the veins and vein halos.

Clay minerals, together with calcite, are the predom-
inant secondary minerals in Hole U1350A, replacing
primary phases and glassy mesostasis and filling ves-
icles and veins. Clay minerals were identified by op-
tical microscopy and X-ray diffraction (XRD) pat-
terns of whole rocks and veins. Nontronite and
montmorillonite are the two main minerals replac-
ing the groundmass, whereas an assemblage of sa-
ponite ± nontronite ± montmorillonite was identi-
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fied in the veins. Other alteration minerals observed
in the basaltic cores are pyrite, zeolites, and likely
sanidine. Pyrite is the only sulfide mineral observed
throughout the entire basaltic section in Hole
U1350A, either disseminated in the groundmass or
as constituent of veins and vesicles (Fig. F24). Zeolite
was identified at various depths filling vesicles and
veins, and sanidine was identified as a replacement
of plagioclase phenocrysts in the plagioclase-phyric
pillow succession of Unit IV.

Below, alteration degree and mineralogy at Site
U1350 are compared with those of basaltic rocks re-
covered at previous sites at Shatsky Rise, Site U1346
(Shirshov Massif), Site U1347 (Tamu Massif), and Site
U1349 (summit of Ori Massif), and with basalts re-
covered from the Ontong Java Plateau (OJP) (ODP
Leg 192) (Mahoney, Fitton, Wallace, et al., 2001; Ba-
nerjee et al., 2004).

Alteration description
Based on core descriptions and thin section observa-
tions, alteration style of the basaltic rocks recovered
from Hole U1350A is similar throughout the entire
hole. Overall alteration degree varies from 10% to
~90% (Fig. F24; see 324ALT.XLS in LOGS in “Supple-
mentary material”). One type of gray alteration was
identified with significant variation in alteration de-
gree that may be related to lithology, in particular to
the intercalation of relatively thin massive lava flows
and pillow lavas (Fig. F24). In Unit II, alteration is
highly variable, ranging from 10% for the freshest
samples to 50% for the most altered samples (Fig.
F25). In the hyaloclastites of Unit III, the glass is
completely altered to palagonite and brown clays,
whereas plagioclase and clinopyroxene phenocrysts
remain relatively unaltered. In Unit IV, alteration
ranges from 40% to 90% (Fig. F25) and is likely re-
lated to the presence of interbedded limestones be-
tween the pillow lavas, which may have provided
pathways for fluids to circulate and interact with the
basalts.

Replacement of primary phases
Basaltic rocks recovered from Hole U1350A are di-
vided into five petrographic units (see “Igneous pe-
trology”) and are mainly massive flows (Subunit
IIa), pillow lavas (Subunit IIc and Unit IV), and hyal-
oclastites (Unit III). These basaltic rocks are domi-
nated by plagioclase as phenocrysts and, in the
groundmass, clinopyroxene and titanomagnetite in
a cryptocrystalline to glassy groundmass (see “Igne-
ous petrology” for detailed description). Pseudo-
morphs after olivine phenocrysts are observed from
the bottom of Subunit IIa to the top of Unit IV (from
Section 324-U1350A-13R-2 to 25R-1). Plagioclase is
13
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slightly to highly altered to brown and white clays
(from ~5% to ~90%), but phenocrysts are commonly
less affected by alteration than minerals forming the
groundmass. However, in Unit IV, plagioclase pheno-
crysts are extensively altered (from 50% to 90%), be-
ing replaced by brown and green clays and sanidine
(Figs. F24, F26). Green clays (possibly associated
with minor chlorite) are observed along the edges of
plagioclase phenocrysts, whereas brown clays and
sanidine are observed as a replacement of the inner
central part of the mineral. XRD spectra of whole-
rock powders also suggest the presence of sanidine in
the rocks. As with plagioclase in the groundmass, cli-
nopyroxene microcrysts are slightly to highly altered
to brown clays (from ~5% to ~90%; average = 40%).
Olivine phenocrysts, when present, are completely
pseudomorphed by calcite and brown clays (Mg sa-
ponite) in various proportions (Fig. F27). Titanomag-
netites are also slightly to extensively altered (from
~10% to 80%) and the glassy mesostasis is com-
pletely replaced by brown clays and minor amounts
of calcite (Fig. F28). Pyrite is rarely observed in the
groundmass of the upper massive flows of Subunit
IIa.

Alteration of chilled-margin glass
A significant number of flow and pillow margins was
recovered from Hole U1350A. In Unit II, fresh glass
is commonly present within a matrix of altered glass
(Fig. F24). Alteration of the glass by the formation of
palagonite occurs along veins and vesicle margins.
Most pillow margins are rimmed by a ~1 cm thick,
black soft material that is composed of a mixture of
clay minerals (i.e., montmorillonite, nontronite, and
possibly bannisterite, based on XRD data). This
black, soft rim may be a result of either alteration of
the pillow margins or clay-rich sediments that have
been deposited between pillows or lava lobes. No
fresh glass was preserved in the hyaloclastites of Unit
III or in the intercalated pillow lavas and carbonate
sediments of Unit IV. Variation in degree of altera-
tion between the pillow margins of Subunit IIa,
which contain fresh glass, and the pillow margins of
Unit IV, which do not contain fresh glass, is shown
in Figure F29. Spherulitic material from Subunit IIa
is very fresh, with 90% reflective material (in re-
flected light), whereas a near identical texture in
Unit IV contains only ~10% reflective material.

Vesicles
Basaltic rocks recovered from Hole U1350A show
variable degrees of vesicularity depending on the li-
thology (massive flow versus pillow lavas). Vesicles
are mainly filled with calcite, pyrite, saponite, and
rarely zeolite (Fig. F24). Zeolite-filled vesicles are
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only observed in three cores (e.g., Sections 324-
U1350A-8R-3, 20R-3, and 26R-5) (Fig. F30). Vesicles
commonly contain a rim of segregated melt that has
been altered to dark brown clay minerals and fine-
grained oxides. These vesicles commonly contain
significant pyrite grains. No systematic variation
with depth is apparent in the type of mineral filling
vesicles (Fig. F24). In the pillow lavas of Unit IV,
large vesicles are filled with light green-brown clay,
likely saponite, showing floret morphology (Fig.
F30) similar to that observed in the highly altered
volcanic breccia at the bottom of Hole U1349A.

Veins
Four main vein types have been identified in basaltic
rocks of Units II–IV in Hole U1350A (Fig. F24; see
324VEIN.XLS in LOGS in “Supplementary mate-
rial”): 

1. Calcite veins (± pyrite), 
2. Saponite veins, 
3. Calcite and saponite veins (± pyrite), and 
4. Pyrite veins.

A zeolite vein was identified in only one thin section
in the upper part of Subunit IIa (Thin Section 271;
Sample 324-U1350A-8R-3, 81–84 cm), and Fe oxyhy-
droxides were only observed in veins in two thin sec-
tions of plagioclase-phyric pillows (Unit IV) (Thin
Section 329; Sample 324-U1350A-26R-5, 35–40 cm,
and Thin Section 331; Sample 324-U1350A-26R-5,
84–88 cm). A total of 461 veins and vein networks
were recorded in the 75 m of recovered rock (average
= 6.1 veins/m). The vein frequency, however, varies
significantly through the hole (Fig. F24), with, for
instance, 18 veins/m in Core 324-U1350A-23R.
Veins are typically thin; only three veins thicker
than 1 cm were recorded (Fig. F24).

Most of the veins in Hole U1350A are calcite veins,
consisting of either crystalline blocky calcite or
cross-fiber calcite. The calcite veins result from sym-
metrical infilling of open cracks with minor or no re-
placement of the wall rock. Both cross-fiber and crys-
talline calcite veins are commonly associated with
pyrite. Thin pyrite veins are commonly observed
throughout Unit II (Fig. F31A). Saponite (± pyrite)
veins are also very common throughout the succes-
sion. Multiple generations of veining occurred in
Hole U1350A, as shown by the crosscutting relation-
ships demonstrated in Figure F31A–F31C.

Interpretations of alteration
Basaltic rocks recovered from Hole U1350A have un-
dergone pervasive low-temperature water-rock inter-
action, resulting in significant variation in the de-
gree of alteration. Variations range from 10%
14
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alteration for the Unit II basalts, where significant
glass is preserved on pillow margins and flow tops,
to as much as 90% for the plagioclase-phyric pillows
(Unit IV) at the bottom of the hole. The predomi-
nance of clay minerals (i.e., smectites) and calcite as
secondary phases suggests relatively low temperature
alteration (<100°C) (Alt, 1995, 2004; Honnorez,
2003).

Alteration mineralogy in Hole U1350A samples is
comparable to that encountered in Hole U1347A on
Tamu Massif, with extensive replacement of olivine
phenocrysts and glassy mesostastis by clay minerals
and calcite. The significant differences are the varia-
tions in alteration degree and the high degree of al-
teration and partial replacement of plagioclase phe-
nocrysts by clay minerals and sanidine in the
plagioclase-phyric pillows of Unit IV. A possible ex-
planation for the high degree of alteration in Unit IV
is the presence of significant intercalated carbonate
sediments within the pillow lavas. The sediments
and their contacts with the pillows may have acted
as pathways for low-temperature fluids to percolate
through the basalts more easily than in the overly-
ing, more massive units (Subunits IIa–IIc).

The dark gray alteration in Hole U1350A is also com-
parable to the alteration described for the basalts of
the Ontong Java Plateau (OJP) (Mahoney, Fitton,
Wallace, et al., 2001; Banerjee et al., 2004). Altera-
tion of the OJP basalts has been interpreted as a re-
sult of interaction between basalt and seawater-de-
rived fluids under anoxic-suboxic conditions at low
temperature and low water-rock ratios (Banerjee et
al., 2004). Differences in alteration mineralogy in
Hole U1350A are shown by the relative abundance
of calcite replacing olivine phenocrysts and glassy
mesostasis, the lack of celadonite, and the wide-
spread occurrence of pyrite, disseminated in the ma-
trix and as constituents of the veins and vesicles.

Structual geology
Cores recovered from Hole U1350A between 143.10
mbsf in Core 324-U1350A-6R and 315.8 mbsf in
Core 324-U1350A-26R contain structures of mag-
matic, alteration, and deformational origins. The
main structural features are represented by pillow
structures, veins, and joints. Igneous structures in-
clude syn- to late-magmatic structures that are linked
to flow, expansion, and contraction of lava.

In the following sections, the characteristics of these
structures are described, followed by a description of
the distribution and orientations of and relation-
ships between structures. Important observations
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and interpretations include (1) preferred orientations
and contact relations of planar and subplanar struc-
tures; (2) variation in structural morphology, such as
pattern, size, shape (roundness or sphericity), and
vesicles (vesicularity); and (3) crosscutting relation-
ships: primary and secondary structures and
structural sequence.

Magmatic flow structures
Magmatic flow structures are seen both within pil-
lows (intrapillow) and in surrounding rocks (interpil-
low). They include rotation or plastic strain imposed
by the flow of viscous magma. Vesicles are the frozen
records of gas bubbles in pillow lavas, which record
the pattern of degassing and, once filled with sec-
ondary minerals, become amygdules. In Hole
U1350A, amygdules are commonly radially oriented
within the pillows.

Intrapillow structures
Chilled margins

A chilled margin is one of the major identifiers of
pillow structures (Fig. F32). Numerous chilled mar-
gins were recovered from pillow lavas in the hole
and increase in number with depth. Chilled margins
have a typical spheroidal shape, radially aligned vesi-
cles, concentric vesicular zones, radial or network
cracking, and a glassy skin (Thorpe and Brown,
1985). Several typical chilled margins are observed in
pillow breccia clasts found within hyaloclastic inter-
vals 324-U1350A-19R-2, 11–23 cm; 19R-2, 69–79 cm;
and 19R-2, 79–82 cm (Figs. F32, F33). Typical chilled
margins in the piled-up pillow sequence can be
found in intervals 324-U1350A-15R-2, 92.5–98.5 cm;
20R-1, 100.0–105.5 cm; and 20R-1, 105.5–113.5 cm
(Fig. F34).

The estimated size and geometry of pillows inferred
by the roundness of chilled margins range from 5 cm
in diameter above Core 324-U1350A-22R to 20–80
cm in diameter from Cores 22R through 26R. For ex-
ample, the curvature of the chilled margins seen on
pieces from Core 26R varies between 30° and 90°,
implying smaller diameter pillows in this hole inter-
val, whereas the curvature of the chilled margins
seen on pieces from Core 24R is lower, ranging be-
tween 5° and 20°, implying their origin from larger
diameter pillows. On the other hand, because pil-
lows are seldom ideally round but rather tubelike or
elliptical, it cannot be ruled out that the chilled mar-
gins of both cores stem from pillows that have simi-
lar diameters but are differently oriented within the
strata penetrated by the drill hole. However, this as-
sumption appears not very likely.
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Radially aligned and pipe vesicles

Radially aligned vesicles pointing toward the rim,
perpendicular to the chilled margins, can be seen in
the pillows throughout the hole (Fig. F34). Pipe vesi-
cles or vesicle cylinders are mainly developed in the
central part of larger pillow and sheet flow units, as
typically seen in intervals 324-U1350A-12R-1, 36.5–
57.0 cm; 13R-1, 13.5–56.5 cm; 14R-2, 13.0–36.5 cm;
17R-1, 79–85 cm; 17R-1, 106–113 cm; and 18R-1, 77–
102 cm (Fig. F35).

Interpillow structures
Interpillow structures are divided into two types of
rocks: hyaloclastic breccias and sedimentary rocks
with distinct or weak bedding (Fig. F36). Both are
separated by chilled margins from the intrapillow
structures, but sometimes we can observe some sedi-
ments entering the pillow along fractures. The trian-
gular shape of the sedimentary rock implies the in-
teraction of three pillow rims at interval 324-
U1350A-26R-4, 69–77 cm. Baked margins of
sediment indicate that the basaltic lavas were in-
truded into the sediments (Fig. F36A). Hyaloclastites
in the hole are very dark, brecciated, and glassy in
Core 324-U1350A-24R (Fig. F36B) and interval 324-
U1350A-19R-2, 79–92 cm.

Joints
Joints are important and frequently found in the
lower part of Hole U1350A below Core 324-U1350A-
22R. Their morphologies are planar, curved, or irreg-
ular. They also form complicated arrays including en
echelon, parallel, conjugate, radial, and network.
Jointing in basalt is often related to three synmag-
matic mechanisms: flowing, expansion (inflation),
and contraction (cooling) of basalt lava with time
(Walker, 1993), and one postmagmatic mechanism,
tectonic deformation. The synmagmatic joints are
often curved in shape, columnar- or prismatic-
jointed, or V-shaped. Except for a few curved joints
filled with calcite, the geometry of most joints seems
to be mainly unrelated to the cracking and cooling
of pillow lava. Most joints exhibit no regular distri-
bution or any correlation to pillows or sheet flow
morphologies, and their dips do not apparently cor-
relate with rock properties, rock units, or vesicularity
(Fig. F37).

Veins
There are a large number of veins in Hole U1350A.
Vein widths are generally <10 mm, and most are
from 0.1 to ~2 mm wide. Pyrite veins are darker and
thinner than calcite veins.
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Veins generally form later than joints. Some of them
are filled with secondary minerals. As observed for
joints, dips of veins are irregular through the hole
(Fig. F37). Most veins are formed in the large pillow
and sheet flow units. Vein-filling minerals are gen-
erally calcite and pyrite. Most pyrite veins are very
thin, between 0.1 and 1 mm. A few exceptions, such
veins as thick as 2 mm, occur in intervals 324-
U1350A-16R-1 (Piece 5A) and 17R-1 (Piece 1). Syn-
taxial vein growths are very common. Calcite-rich
veins commonly show polycrystalline fabrics and
partly syntaxial or cross-fiber fabrics as well. A few
veins show antiaxial fabrics, such as in Thin Section
267 (Sample 324-U1350A-8R-1, 54–58 cm).

Under the microscope, crosscutting relationships can
also be found as displacements at vein intersections.
The horizontal or subhorizontal veins generally cut
the subvertical veins, for example in Thin Sections
287 (Sample 324-U1350A-16R-2, 26–29 cm) and 289
(Sample 324-U1350A-16R-3, 71–74 cm), showing
horizontal syntaxial growth of fibrous calcite and
vein crosscutting and indicating lateral compression
(Fig. F38A, F38B).

The density of veins in the recovered cores is at least
3 veins/m. Most veins are straight or display planar
shape. However, some zigzag veins are also seen in
Sections 324-U1350A-22R-4 and 24R-5. Various char-
acteristics of vein arrays are observed, including con-
jugate or en echelon, parallel, Y-shaped or branched,
network, zigzag, and anastomosing veins. Conjugate
and en echelon veins are generally closely associated
with shear or extensional joints at this site, for exam-
ple in interval 324-U1350A-22R-5, 92–99 cm. In
some samples, veins have splays and intersect others
with Y-shaped ends, for example in intervals 324-
U1350A-22R-5, 78–80 cm, and 22R-5, 104–106 cm.
Sometimes both filling minerals and texture change
along the vein strike, for example, from calcite to py-
rite in mineralogy and from cross-fiber to polycrys-
talline in filling pattern.

Overall structure
Based on observations in Hole U1350A, the overall
structure of Hole U1350A cores can be separated into
two parts by the hyaloclastite (Unit III) of Core 324-
U1350A-24R: the upper part, characterized by a
stacked sheet flow unit with intercalated pillows,
and the lower part, characterized by piled-up pillows
whose sizes range from ~20 to 80 cm. Both parts are
mainly characterized by synmagmatic pillow struc-
ture, including intra- and interpillow structures. In
the upper part of the hole, interpillow structures are
found in hyaloclastic breccias or calcite fillings. In
the lower part, interpillow structures are seen in
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limestones displaying weak bedding. Intrapillow
structures throughout the hole are similar in all
pillows but differ in size from ~10 to ~80 cm in di-
ameter, depending on pillow size. Structural
observations were made on thin glassy margins, radi-
ally aligned vesicles, concentric vesicular zones, and
spheroidal shapes. Synmagmatic structural features
are represented by amygdaloidal and vein structures,
including vein networks.

The postmagmatic structures include conjugate
veins and joints. Dip angles of both veins and joints
in the hole show no correlation with depth. How-
ever, the number of veins and/or joints is higher in
the lower part of the hole (Fig. F39).

Geochemistry
Major element oxide and trace element 

analyses
Forty-three samples of lavas from Hole U1350A were
analyzed by inductively coupled plasma–atomic
emission spectroscopy for concentrations of major
element oxides and several trace elements (see “Geo-
chemistry” in the “Methods” chapter for informa-
tion on analytical procedures, instrumentation, and
data quality). Samples of each of the igneous units
recovered (stratigraphic Subunits IIa–IIc and Units III
and IV) were included. All were taken from holocrys-
talline portions of the cores.

As with previous Expedition 324 analyses, total
weight percentages of the major element oxides var-
ied substantially (95.20–103.11 wt%), and we again
normalized the measured values to 100 wt% totals.
The normalized data are presented below the mea-
sured values in Table T4 and are used in the figures
and discussion below. Before proceeding to other re-
sults, we note that surprisingly high Ba concentra-
tions of 958 and 734 ppm were obtained for Samples
324-U1350A-17R-1 (Piece 3A, 24–26 cm) and 8R-3
(Piece 10, 81–84 cm), respectively. The other Site
U1350 samples contain ≤181 ppm of Ba; most have
<80 ppm, in common with igneous rocks from other
Shatsky Rise drill sites. Except for their anomalously
high Ba concentrations, these two samples are not
unusual, although their Sr and alkali element con-
tents are elevated slightly. The most likely explana-
tion appears to be contamination of either the pow-
ders or solutions by Ba, perhaps by barite-rich
drilling mud. However, neither we nor the ship’s lab-
oratory staff have any idea how such contamination
might have occurred. Unfortunately, too little time
remained in the expedition to resample and reana-
lyze material from these two intervals.
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Weight loss on ignition varies from 0.02 to 4.40 wt%
among the Site U1350 samples. This range is similar
to that measured for Site U1347 (0.07 to 3.57 wt%)
and, in general, the chemical effects of alteration
again appear relatively modest compared to those at
Sites U1346, U1348, and U1349. In a total alkalis ver-
sus SiO2 diagram, values for all but five of the Site
U1350 samples fall in the field of tholeiitic basalt
(Fig. F40). The exceptions appear to reflect K2O addi-
tion during alteration; in particular, several samples
from the highly altered lower part of Unit IV (see
“Alteration and metamorphic petrology”), from
Section 324-U1350A-25R-8 through Core 324-
U1350A-26R, have much higher K2O concentrations
(as high as 3.08 wt%) (Fig. F41A) than those from
shallower parts of the hole. In common with altered
samples from other Expedition 324 sites, Na2O con-
tents are not elevated significantly in these samples
relative to the other Site U1350 rocks, although val-
ues for Site U1350 cover a slightly greater total range
and, on average, tend to be slightly higher than ob-
served for Site U1347. Much of the K2O added to the
basalts in the lower part of Hole U1350A is likely to
have been incorporated into feldspar, given the par-
tial transformation of plagioclase to sanidine in this
portion of the hole (see “Alteration and metamor-
phic petrology”). Another probable consequence of
this transformation is that samples from the deepest
part of the hole have the lowest CaO contents and
CaO/Al2O3 ratios (Fig. F42A), indicative of Ca loss.
Other elements that appear to have been affected to
variable extents by alteration throughout the hole
include Mn and possibly Co. Barium contents also
may have been modified by alteration; however, in-
terpretation of Ba requires caution. Given the above-
mentioned possibility of Ba contamination in the
two samples with anomalously high Ba contents,
lesser amounts of the same type of contamination
presumably could have affected other samples. In-
deed, even excluding the two highest Ba samples, Ba
still varies considerably, between 16 ppm (similar to
values in the Site 1213 basalts) and 181 ppm. Site
U1346 basalts reach the highest Ba levels measured
among the sites drilled prior to Site U1350, and as a
group, the Site U1346 lavas are more altered than
those recovered from Site U1350 (see “Alteration
and metamorphic petrology”). However, three Site
U1350 samples have greater Ba concentrations than
the highest value measured for Site U1346 (93 ppm).
Whether affected by alteration or contamination, we
do not use Ba in our interpretation of Site U1350
basement geochemistry.

Concentrations of TiO2 vary widely, from 1.31 to
2.51 wt% (Fig. F42). The range in Mg# is also large,
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from 51.1 to 68.5 (Mg# = 100 × Mg2+/[Mg2+ + Fe2+],
assuming that Fe2O3/FeO = 0.15). Similar to Sites
1213 and U1347, the combined Mg# and TiO2 data
for Site U1350 define an array that largely lies within
the field of ocean-ridge basalts and shows only lim-
ited overlap with that for OJP basalts (Fig. F42B). The
same is true for a number of other elements, such as
Cr (Fig. F42C). At higher concentrations, it is also
true for Zr (Fig. F42D); however, at low TiO2 values
the Site U1350 basalts, although still within the
ocean-ridge field, have slightly lower Zr concentra-
tions than most ocean-ridge basalts. Indeed, the Zr/
Ti ratio, a measure of relative incompatible-element
enrichment, varies by nearly a factor of 2 overall,
from 0.0075 to 0.013. For comparison, normal (N-
type) and incompatible-element-enriched (E-type)
ocean-ridge basalts average ~0.0097 and ~0.012, re-
spectively (e.g., Sun and McDonough, 1989). Unlike
Zr, Sr concentrations are consistently higher in the
Site U1350 samples than in the great majority of
ocean-ridge basalts; they also tend to be somewhat
higher, for a given value of TiO2, than measured for
either Sites 1213 or U1347 (Fig. F42E). This charac-
teristic does not appear to be simply (or solely) an al-
teration effect (e.g., note the general increase of Sr
with increasing TiO2). In contrast, V contents and V/
Sc ratios tend to be lower than for Site U1347 (e.g.,
V/Sc = 6.3–8.9 at Site U1350 versus 8.5–11.7 for all
but one Site U1347 basalt). At TiO2 concentrations
greater than ~2 wt%, V contents also are somewhat
lower than for the majority of ocean-ridge basalts.
Similarly, Fe2O3

T (total iron as ferric iron) tends to be
lower at a given TiO2 value than in the Site 1213 or
U1347 basalts. Instead, at low TiO2 (<1.7 wt%),
Fe2O3

T values are similar to those measured for ba-
salts from ODP Leg 191 Site 1179 (9.17–11.08 and
9.30–11.17 wt%, respectively), which represents
nonplateau ocean crust formed near Shatsky Rise
and during the same period of time.

Interestingly, systematic downhole variations are
present for a number of elements. For example, TiO2

concentrations show an overall decrease downhole
(Fig. F41B). Correspondingly large downward gradi-
ents are seen for Zr and Sr. Sodium also decreases
downhole, whereas Mg# generally increases with in-
creasing depth (Fig. F41C). These gradients cannot
only be a result of systematic variation in the extent
of magmatic differentiation. For example, the Zr/Ti
ratio is relatively insensitive to differentiation (at
least prior to removal of magnetite, which is not in-
dicated by the variation of TiO2 versus Mg#), yet Zr/
Ti values markedly decrease downhole (Fig. F41E).
As noted above, the highest Zr/Ti values are greater
than the average for E-type ocean-ridge basalts and
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the lowest values are less than the average for N-type
ocean-ridge basalts. This behavior is indicative of de-
creasing mean amounts of partial melting with time
and/or variation in mantle source composition.

In addition to the general downhole trends through-
out the basement section, variability is also evident
within the two thickest stratigraphic subunits, IIa
and IIc. Some of this variation is consistent with dif-
ferences in magmatic differentiation, but some is not
(e.g., in Zr/Ti). For example, within Subunit IIa, dis-
tinct differences in Cr, Ni, and Zr/Ti are present be-
low and above ~190 mbsf (e.g., Fig. F41D). A thin,
high-Cr (but not high Ni) interval is also present at
the top of Subunit IIa; lavas in this interval have low
TiO2 and Zr/Ti but not particularly high (or low)
Mg#.

Overall, the Site U1350 basalts encompass the great-
est range of chemical variation seen at any individ-
ual Shatsky Rise drill site. Careful work onshore is re-
quired to decipher the relative roles of magmatic
differentiation, partial melting, and mantle source
composition in producing this variation.

Physical properties
Igneous and sedimentary rocks from Hole U1350A
were characterized for physical properties as de-
scribed in “Physical properties” in the “Methods”
chapter. Forty-three (42 igneous and 1 limestone)
discrete oriented cubic samples were cut from the
working half of the cores for measurement of mois-
ture and density properties as well as compressional
(P-wave) velocities in three directions. No measure-
ments of thermal conductivity were made at this site
because of technical difficulties with the instrument.

Whole-Round Multisensor Logger 
measurements

Magnetic susceptibility
Results for whole-round magnetic susceptibility for
Hole U1350A are summarized in Figure F43. Mag-
netic susceptibility decreases downhole. The upper-
most Subunit IIa, made of massive basalt flows and
pillowlike inflation units (see “Igneous petrology”),
averages 1357 ± 723 × 10–5 SI (2σ). Subunit IIa also
contains three excursions to values >2000 × 10–5 SI,
occurring in Sections 324-U1350A-7R-1, 50 cm (2272
× 10–5 SI), 9R-3, 61 cm (2268 × 10–5 SI), and 11R-2, 56
cm (2370 × 10–5 SI). Magnetic susceptibility remains
fairly high throughout the basaltic transition of Sub-
unit IIb (from massive inflation units to smaller pil-
low units; see “Igneous petrology”), with values av-
eraging 1308 ± 568 × 10–5 SI (2σ). Subunit IIc is
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described as pillow basalts (see “Igneous petrol-
ogy”); however, it can clearly be split into two inter-
vals based on magnetic susceptibility. The upper in-
terval found in Core 324-U1350A-20R from 249.54
to 262.06 mbsf maintains a high magnetic suscepti-
bility value averaging 1407 ± 296 × 10–5 SI (2σ),
whereas material in the remainder of the unit from
Cores 22R through 24R (268.96–290.30 mbsf) shows
a sharp ~50% decrease in magnetic susceptibility to
average values of 725 ± 431 × 10–5 SI (2σ). The transi-
tion to lower magnetic susceptibility corresponds to
the end of intercalated sediment and pillows and the
onset of a continuous pillow stack devoid of sedi-
ments (see “Igneous petrology”). However, since
magnetic susceptibility values remain low downhole
(see next paragraph) when sedimentary interbeds re-
turn, a correlation cannot be made directly with li-
thology.

Hyaloclastic material composing Unit III (see “Igne-
ous petrology”) yields very few data that are not af-
fected by cracks/edge effects (see “Physical proper-
ties” in the “Methods” chapter). The unit (290.36–
296.78 mbsf; Sections 324-U1350A-24R-3 through
25R-1) is pervasively cracked and/or rubbly. There-
fore, it is difficult to assess characteristic values of
this unit with whole-round magnetic susceptibility
measurements. Averaging filtered data yields a value
of 266 ± 474 × 10–5 SI (2σ), which is an underestima-
tion (see details on filtered data maxima in “Physi-
cal properties” in the “Methods” chapter). Unit IV
consists of pillow basalts presumably intruded into
limestone (see “Igneous petrology” and “Sedimen-
tology”). Unit IV displays low magnetic susceptibil-
ity values similar to the lower interval of pillow ba-
salts seen in Subunit IIc, with an average of 623 ±
475 × 10–5 SI (2σ). Unit IV has been subjected to
higher alteration, perhaps accounting for some of
the decrease in magnetic susceptibility.

Gamma ray attenuation bulk density
The results for gamma ray attenuation (GRA) bulk
density measurements are summarized in Figure F43.
Filtering of data does not take into account the dif-
ferences between recovered core diameter and a full
core liner diameter so that the GRA data may still in-
clude some artificially low values (Fig. F43); there-
fore, averages of the filtered bulk density should be
considered an underestimate. Overall, density max-
ima remain fairly constant downhole at ~2.5 g/cm3,
irrespective of unit.

Natural Gamma Ray Logger
Measurement of natural gamma radiation (NGR) is
summarized in Figure F43. Counts per second of
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NGR in Hole U1350A ranged from 2 to 15 cps. Strati-
graphic units can be somewhat distinguished by
their NGR values. Overall, Subunit IIa (massive ba-
salt flows; see “Igneous petrology”) has an average
NGR signal of 4.05 ± 3.94 cps (2σ). Upon further ex-
amination, Subunit IIa can be divided into two inter-
vals based on NGR readings. The upper part of the
unit found in Cores 324-U1350A-7R through 10R
has counts between 2 and 10 cps, whereas the lower
interval in Cores 11R through 16R show a decrease
in NGR counts to 2–5 cps. The NGR signal in both
the upper and lower part of the unit is due to prod-
ucts of the 40K decay chain, as observed in gamma
spectra. The increased 40K signal could be due to al-
teration clays, increased plagioclase abundance, or
some combination thereof. The basaltic transition
(see “Igneous petrology”) in Subunit IIb has a uni-
form NGR signal with an average of 3.46 ± 2.47 cps
(2σ). The low NGR counts continue through the un-
derlying Subunit IIc, consisting of pillow basalts (see
“Igneous petrology”) and displaying an average of
2.51 ± 1.62 cps (2σ).

The hyaloclastic material in Unit III (see “Igneous
petrology”) has a slightly increased NGR signal, av-
eraging 3.92 ± 2.4 cps (2σ) and showing excursions
up to 7 cps. Finally, the lowermost recovered Unit IV
of intercalated pillow basalts and limestones yields
the highest NGR values in Hole U1350A, with an av-
erage of 6.86 ± 4.95 cps (2σ), reaching values of 15
cps. The higher counts are attributed to products of
the 40K decay chain, and not, for example, uranium
derived from the sedimentary material. The in-
creased 40K decay chain NGR counts in this lower
unit are consistent with indications that this section
of the hole is more altered than the overlying mate-
rial (see “Alteration and metamorphic petrology”).

Moisture and density
Table T5 summarizes discrete sample bulk density,
dry density, grain density, void ratio, water content,
and porosity. Figure F44 shows the downhole varia-
tion of bulk density, dry density, and grain density,
as well as porosity. Discrete determinations confirm
the consistent downhole bulk density inferred from
the maximum GRA density measurements (Fig. F43).
Discrete measurements of bulk density are also plot-
ted on Figure F43. The average bulk density for the
entire hole is 2.61 ± 0.17 g/cm3 (2σ) with averages
from all individual units within error of this value.
The single limestone discrete sample (Section 324-
U1350A-26R-5) has indistinguishable density com-
pared to the surrounding basalts from the same unit.

Porosity varies throughout the hole and is controlled
by the vesicularity of the material rather than dis-
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tinction between stratigraphic units. In general, po-
rosity ranges from 3.43% to 28.45% and shows a
good negative correlation with bulk density (Fig.
F44). The limestone sample displays half the poros-
ity of the surrounding basalts of Unit IV (8.6% versus
13%–15%).

Compressional (P-wave) velocity
Compressional wave velocities of discrete samples
measured in Hole U1350A are shown in Figure F44,
and data are listed in Table T6. All samples show no
appreciable anisotropy and have an average of 4.793
± 1.249 km/s (2σ). In analogous fashion to porosity,
the P-wave velocity is controlled by amount of vesi-
cles, rather than distinction due to stratigraphic unit,
consistent with the low variation of downhole bulk
density. The sample set includes one limestone from
Unit IV (Section 324-U1350A-26R-5) that has an in-
distinguishable P-wave velocity (5.585 km/s) from
the surrounding basaltic samples taken from the
same unit. This value is remarkably high for lime-
stone and might be due to the variable baking the
material has undergone (see “Sedimentology”).

Figure F45A illustrates the positive correlation be-
tween P-wave velocity and bulk density measure-
ments. There is some scatter evident in the figure. In
particular, samples from Sections 324-U1350A-16R-
1, 26R-1, and 26R-5 lie significantly off the trend.
The sample from Section 26R-5 is limestone, so it is
not necessarily expected to fall on the same regres-
sion as basaltic material. The sample from Section
26R-1 is a mixture of alteration clay and basaltic ma-
terial, which makes its physical properties distinct
from homogeneous igneous material. The sample
from Section 16R-1 has an anomalously low density
for its P-wave value. Upon examination, the sample
was highly vesicular. However, some of the vesicles
were in-filled with dark clay material, perhaps allow-
ing for a lower density while maintaining a higher P-
wave velocity.

Figure F45B shows the negative correlation between
P-wave velocity and porosity. There is one outlier in
the figure from Section 16R-1 that has an anoma-
lously high porosity for its measured P-wave velocity.
As with the bulk density, this may be related to the
abundance of vesicles and their secondary in-filling.

Paleomagnetism
We measured and analyzed 42 discrete basalt sam-
ples (7 cm3) from various lithologies downhole (Ta-
ble T7). Their bulk magnetic susceptibilities are on
the order of 10–2 SI. Eighteen samples were alternat-
ing-field demagnetized up to 140 mT in steps of 2, 5,
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or 10 mT up to fields between 80 and 150 mT, and
twenty-four were thermally demagnetized in steps of
50° or 25°C up to temperatures between 550° and
600°C. Magnetic susceptibility was measured after
each heating step in order to detect possible mineral-
ogical changes.

Most natural remanent magnetization measure-
ments and first demagnetization steps show a steep
vertical component, typical of drilling overprint
(e.g., Audunsson and Levi, 1989; Wilson, Teagle, Ac-
ton, et al., 2003). This drilling overprint is usually
erased at ~10 mT or 100°C (Fig. F46).

Working-half discrete sample 
measurements

Alternating-field demagnetization
The demagnetization behavior of the samples can be
classified into two types. The first type, observed in
samples from Sections 324-U1350A-7R-1 through
24R-3, is characterized by low coercivity, suggested
by median destructive fields <10 mT. These samples
also have a magnetization that decays exponentially
(e.g., Sample 324-U1350A-21R-2, 67–69 cm) (Fig.
F46A), indicating the presence of multidomain
grains as magnetization carriers (Argyle et al., 1994).
The second type of demagnetization behavior is ob-
served in samples from Sections 25R-2 through 26R-
1 (corresponding to stratigraphic Unit IV plagioclase-
phyric pillow succession; see “Igneous petrology”).
This second type of behavior is characterized by an
initial plateau on the demagnetization spectra,
which could indicate that the magnetization carriers
are single-domain grains (Argyle et al., 1994) (e.g.,
Sample 324-U1350A-26R-1, 78–80 cm) (Fig. F46B).
Inclinations of these samples were calculated using
principal component analyses (Kirschvink, 1980). All
the samples show a very stable univectorial decay to-
ward the origin of orthogonal vector plots after the
removal of overprints at 7–10 mT (Fig. F46), with
maximum angular deviation values <5° for all sam-
ples and <2° for 16 out of 18 samples. The resulting
inclinations are dominantly shallow but quite scat-
tered (between –12° and 14°), with one anomalously
high value (27°) in Sample 324-U1350A-12R-1, 50–
52 cm.

Thermal demagnetization
Thermal demagnetization spectra show that magne-
tization decreases gradually with temperature. This
suggests a large distribution of unblocking tempera-
tures, which indicates a large distribution of Ti con-
tent in the titanomagnetite (-maghemite), the most
likely carrier of the magnetization (Hunt et al.,
1994). In some cases, the magnetization decrease
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starts from the very first demagnetization step and
most of the sample is demagnetized by 400°C (e.g.,
Sample 324-U1350A-18R-1, 97–99 cm) (Fig. F46C).
In the majority of cases, however, the main magneti-
zation decrease occurs over two steps: one broad step
at ~400°C and another sharper step at 500°C (e.g.,
Sample 324-U1350A-21R-1, 35–37 cm) (Fig. F46D).
This two-step decrease indicates that several phases
are present: a Ti-poor phase (close to pure magnetite)
and a Ti-rich phase with a distribution of Ti content.
A partial self-reversal of magnetization at ~300°C
might be occurring in several samples from Sections
324-U1350A-16R-1 through 21R-1 (e.g., Sample 324-
U1350A-16R-1, 35–37 cm) (Fig. F46E). In these sam-
ples, we observe an increase of the magnetization
during the demagnetization procedure at ~300°C,
and the direction corresponding to this temperature
step is antipodal to the direction of the primary re-
manent magnetization. Such behavior is not uncom-
mon in submarine basalts (e.g., Dubrovine and Tar-
duno, 2004). Only five thermal demagnetizations
did not allow the definition of a primary magnetiza-
tion component pointing toward the origin of the
orthogonal vector plot. The other 19 samples gave
scattered inclination values between –31° and 31°
and very small maximum angular deviation values
(<4°) in the majority of cases.

The variation of bulk magnetic susceptibility with
temperature displays two main behaviors. For Sec-
tions 324-U1350A-7R-1 through 23R-2, the suscepti-
bility increases at ~350°C to twice its room-tempera-
ture value, then decreases, and returns to room-
temperature value by 500°–600°C. This could indi-
cate the inversion of the primary titanomaghemite
into magnetite (Özdemir and O’Reilly, 1982), which
alters even more with further heating.

For Sections 24R-1 through 26R-8, magnetic suscep-
tibility starts decreasing at ~400°C and then in-
creases sharply at ~550°C, suggesting that the mag-
netic mineralogy in this part of the core is different
from that of the previous part.

Directional study
Igneous lithology observed in Hole U1350A is com-
posed of piles of thin massive inflated lavas and al-
ternating layers of pillow lavas and baked interpillow
sediments (limestone). The igneous basement in
Hole U1350A was divided into five igneous units (see
“Igneous petrology”). Average inclinations, calcu-
lated for samples with maximum angular deviation
<8°, are: 6.2° ± 15.6°, 15.9° ± 9.3°, 6.6° ± 10.7°, and –
1.1° ± 6.3° for Subunits IIa, IIb, and IIc and Unit IV,
respectively. The large error bars (1σ) show that the
calculated downhole inclinations are quite scattered
within each igneous lithology (Fig. F47). This scatter
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is larger than in other holes. Moreover, the average
inclinations for the four units are not statistically dif-
ferent from one another. More inclination measure-
ments are needed in order to interpret the direc-
tional results of Hole U1350A.

Downhole logging
Operations

A wiper trip was completed throughout the open
hole, and the RCB bit was released at the bottom of
the hole using the mechanical bit release before the
start of the wireline logging operations. The hole was
displaced using 90 bbl of barite mud, and the drill
pipe was set at a depth of 4184 m DRF. Logging oper-
ations in Hole U1350A consisted of two attempts to
deploy one tool string and took place in deteriorat-
ing weather with initial ship heave conditions of ~2
m, which gradually changed to ~4 m peak to peak
heave and wind gusts of up to 56 kt. Downhole log-
ging operations began at 0510 h on 19 October 2009
and were concluded at 0030 h on 20 October after
the tool string was rigged down. 

Tool string deployment
HNGS-APS-HLDS-DITE
The wireline tool string deployment consisted of a
29 m long triple combo tool string that included a
logging equipment cable head, digital telemetry car-
tridge, Hostile Environment Natural Gamma Ray
Sonde (HNGS), Hostile Environment Natural
Gamma Ray Cartridge, Accelerator Porosity Sonde
(APS), Litho-Density Sonde Cartridge, Hostile Envi-
ronment Litho-Density Sonde (HLDS), digital telem-
etry adapter, and Digital Dual Induction Tool model
E (DITE). The tool string was lowered to 3600 m DRF
at a speed of ~2200 m/h. At this depth, the head ten-
sion decreased dramatically and the cable speed was
reduced to ~90–120 m/h to avoid potential damage
to the wireline. The slow progress required pumping
pressure down the drill pipe to aid the descent and
10–15 strokes/min at ~100 psi was pumped to help
push the tool string down. Initial improvement was
observed, but at ~4000 m DRF, the progress slowed
again and the ship’s heave increased to ~3 m peak to
peak, which significantly increased tension changes
both at the surface and downhole. At this depth, the
normal tool weight of 1200 lb could not be picked
up, and the tool weight in fluid was ~300–500 lb,
dipping to below 0 lb with heave. At this point, a de-
cision was made to pull out of the hole to check the
cable and tools as a precaution and to consider rig-
ging down and pumping with high pressure with the
tools out of the hole. The radioactive source was re-
moved, the tool string was rigged down, and the
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high-pressure lines were attached to the top of the
drill pipe. An initial pressure of 1000 psi was applied
and the pressure dropped to 800 psi, potentially in-
dicating a restriction had cleared. Pump pressure was
increased to 1600 psi and 2500 strokes of seawater
was pumped for ~30 min to make sure any potential
mud was cleared of the pipe. 

HNGS-HLDS-DITE

The second attempt to deploy the tool string was
performed without the APS to reduce the potential
drag from the APS bowspring. This wireline tool
string was 22 m long. The radioactive source was in-
stalled, and tools were run in the hole by 1400 h on
19 October. During rig up, the weather conditions
deteriorated to ~56 kt winds and 4 m peak to peak
heave. The second tool string descent slowed again
as the head tension decreased at ~3600 m DRF. Pump
pressure was used again, and initially it appeared to
help the tool string’s descent. The increased heave
conditions during this descent caused surface ten-
sion fluctuations of 2000–3000 lbf, with a maximum
of slightly >8000 lbf and small fluctuations on the
downhole head tension. From 4000 to 4122 m DRF
(Fig. F48), the head tension was an average of 0 lbf,
and after the pumps were turned off, the head ten-
sion decreased to between –200 and –300 lbf. Several
possibilities were discussed on the cause of the prob-
lem with no clear answer for what was causing the
apparent decrease in downhole head tension. The
heave and tension fluctuations made going into
open hole a very risky decision, particularly with the
pipe potentially being able to sever the wireline if
the wireline had slacked conditions near the end of
the pipe. Because time was running out and without
knowing for sure whether the low-tension problem
was caused by a heavy mud buildup inside pipe or a
possible logging head load cell problem, it was de-
cided terminate the logging operations.

The tool string was brought back to surface, the ra-
dioactive source was offloaded, and the individual
tools were safely rigged down without any note of
physical damage to tools or wireline. The bottom-
hole assembly (BHA) and pipe were later brought to
surface and no anomalies were noted. Preliminary
assessments of the downhole data show a significant
decrease in head tension beginning at ~3200 m DRF
and having significant negative values below 4000 m
DRF (Fig. F48). The cable head was tested postcruise
and the results show temperature- and pressure-de-
pendent problems caused an erroneous decrease in
head tension.
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Preliminary results
The downlog inside the BHA recorded seafloor at
4074 meters below rig floor, which is 7 m deeper
than the drillers seafloor depth, and ~27.7 m of the
shallow sediments (Fig. F49). The gamma ray mea-
surements in the shallow sediments show an anom-
aly from seafloor to ~25 m wireline matched depth
below seafloor. The contributions to this anomaly
are mainly an increase in Th and a smaller contribu-
tion from U (Fig. F49). 
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Figure F1. Bathymetry of Ori Massif and location of Sites U1349 and U1350. Contours and colors indicate
bathymetric depths predicted by satellite altimetry (Smith and Sandwell, 1997). Contours shown at 200 m in-
tervals; dark contours shown for kilometer multiples. Red line = track of Cruise TN037 site survey (Klaus and
Sager, 2002). Site 1208 was cored during ODP Leg 198. See the “Expedition 324 summary” chapter for details).
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Figure F2. Seismic section and precruise layer interpretation (color overlay), Site U1350. See Klaus and Sager
(2002).
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Figure F3. Plot of operation time vs. penetration depth, Hole U1350A. Dashed line = planned penetration
progress, solid blue line = actual depth achieved. RCB = rotary core barrel.
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Figure F4. Lithostratigraphy, Site U1350. See “Igneous petrology” for igneous unit composition and structure.
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Figure F5. Photomicrographs of sedimentary features in chert in stratigraphic Unit I, Hole U1350A. A. Large,
dark, infilled burrow structure cutting across relict bedding in red chert piece. B. Relict bedding highlighted by
porcellanite and radiolarians C. White porcellanite-infilled burrow structures within black chert. D. Thin
burrow that has been completely replaced by pyrite within a black chert fragment. E. Pale porcellanite-infilled
burrow cross section within black chert. Note halo of well-preserved radiolarians surrounding the burrow.
F. Well-preserved radiolarians within glasslike silica of black chert piece.
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Figure F6. Photograph of limestone under binocular microscope (2.5× magnification), with secondary zeolitic
alteration (blue mineral, bottom left) and pyrite (top), Hole U1350A. Orientation of the rock is not possible
because of its size.
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Figure F7. Photograph of sedimentary rock composed of two different lithologies, Hole U1350A. Lithologies
are distinguished by a sharp color boundary and minor textural change. Coarser dark gray bed is volcaniclastic
limestone, and finer, lighter colored bed above is volcaniclastic silty sandstone. Orientation of the rock is not
possible because of its size.
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Figure F8. Thin section photomicrograph of calcite-replaced radiolarians, Hole U1350A. Several radiolarians
exhibit moderate preservation and preserved structures. White round circles are poorly preserved radiolarian
“ghosts.” Plane-polarized light.
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Figure F9. Thin section photomicrograph of difference in porosity and calcite cementation between (A) “fine”
and (B) “coarse” hyaloclastic material in volcaniclastic sandstone, Hole U1350A. Plane-polarized light.
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Figure F10. Core photograph of bedded volcanic sandstone, Hole U1350A. Rock is composed almost entirely
of hyaloclasts and has en echelon faulting.
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Figure F11. Thin section photomicrographs of limestone in stratigraphic Unit IV, Hole U1350A. A. Close-up of
moderately preserved calcite-replaced radiolarian. Cross-polarized light. B. Biogenic and volcaniclastic compo-
nents of typical micritic limestone. Plane-polarized light.
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Figure F12. Recovery overview, Hole U1350A. Inflation unit thicknesses are minimal estimates based on the
measured upper and lower contacts identified in the core (see Table T3 for data). Because of the lack of
downhole geophysical data where core recovery is low, the lithologic log is more interpretive than in previous
holes. Also shown is the recovered thickness of interbedded/intercalated sediments in the basement basalts.
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Figure F13. Overview of volcanological and physical parameters for Cores 324-U1350A-6R through 26R, Hole
U1350A. NGR = natural gamma radiation, GRA = gamma ray attenuation density, MS = whole-round and point-
source magnetic susceptibility (see “Physical properties” for details).
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Figure F14. Examples of massive flows, Hole U1350A. A. Lithologic column. Red dashed lines = upper and
lower bounds of sections. B. Core images of Sections 324-U1350A-9R-6, 10R-1, 10R-2, and 11R-2. C–E. Photo-
micrographs of areas indicated by yellow boxes in B. C, D. Thin Section 274 (Sample 324-U1350A-10R-2, 33–
35 cm). Height of view of C is 12 mm; height of view of D is 6 mm. E. Thin Section 277 (Sample 324-U1350A-
11R-2, 80–83 cm). Height of view is 6 mm. Plane-polarized transmitted light.
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Expedition 324 Scientists Site U1350
Figure F15. Examples of pillow lavas, Hole U1350A. A. Lithologic column. Red dashed lines = upper and lower
bounds of sections. B. Core images of Sections 324-U1350A-22R-2 through 22R-5. Yellow boxes = locations of
close up of C thin section. C, D. Thin section photomicrographs of aphyric pillow basalt in Subunit IIc (Thin
section 307; Sample 324-U1350A-22R-5, 81–87 cm) with small spherical vesicles in the upper parts of pillows,
characteristic jointing patterns, tube- and drop-shape vesicles and plagioclase glomerocrysts. E. Thin section
photomicrograph of aphyric pillow basalt (Thin Section 306; Sample 324-U1350A-22R-3, 117–119 cm). Plane-
polarized transmitted light. Length of view of C is 54.5 mm; length of view of D is 9.8 mm; length of view of
E is 6 mm.
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Expedition 324 Scientists Site U1350
Figure F16. Examples of pillow breccia/hyaloclastite in Unit III, Hole U1350A. A. Lithologic column. Red
dashed lines = upper and lower bounds of sections. B. Core image of Section 324-U1350A-24R-3 showing pillow
breccia/hyaloclastite in Unit III that exhibits pillow fragments and several globular clasts with chilled margins
in a matrix of hyaloclastite. Yellow boxes = locations of core section images. C. Interval 324-U1350A-24R-3,
105–120 cm. D. Interval 324-U1350A-24R-3, 90–105 cm. E. Interval 324-U1350A-24R-3, 49–67 cm.
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Expedition 324 Scientists Site U1350
Figure F17. Core section images annotated with volcanological features for pillow basalts in Unit IV, Hole
U1350A (Sections 324-U1350A-25R-1 through 25R-8). Yellow dashed lines = pillow margins or interpillow crusts.
These core sections exhibit globular peperite textures where pillow basalt and unconsolidated pelagic sediment
have mixed, interior pillow cracks, concentric vesicles in pillow margins, and sediment incorporated into
pillow interiors.
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Expedition 324 Scientists Site U1350
Figure F18. Core section images annotated with volcanological features for pillow basalts in Unit IV, Hole
U1350A (Sections 324-U1350A-26R-1 through 26R-8). Yellow dashed lines = pillow margins or interpillow crusts.
These core sections exhibit interior pillow cracks, concentric vesicles in pillow margins, and sediment incorpo-
rated into pillow interiors.
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Expedition 324 Scientists Site U1350
Figure F19. Core section images, Hole U1350A. Core sections exhibit well-preserved pillow margins and inter-
calated with fine, micritic sediment. Relatively small pillow lobes are intruded into poorly consolidated sed-
iment that was squeezed up between pillows and filled areas in pillows that fractured during emplacement.
A. Interval 324-U1350A-25R-4, 111–127 cm. B. Interval 324-U1350A-26R-3, 111–121 cm. C. Interval 324-
U1350A-26R-3, 70–89 cm. D. Interval 324-U1350A-25R-6, 106–113 cm. E. Interval 324- U1350A-26R-5, 61–86
cm.
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Expedition 324 Scientists Site U1350
Figure F20. Depth profiles of modal abundances of olivine, clinopyroxene, and plagioclase occurring as either
phenocrysts or microphenocrysts observed in thin section. Red dotted lines = recovered depths of unit bound-
aries. Tr = trace of phenocryst phases only, displayed for convenience as –0.5%.
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Expedition 324 Scientists Site U1350
Figure F21. Photomicrographs of textures in flow interiors of basalt, Hole U1350A. A, B. Plagioclase network
Type 1 (Thin Section 264; Sample 324-U1350A-7R-1, 51–53 cm). C, D. Plagioclase-clinopyroxene network
Type 2 (Thin Section 296; Sample 324-U1350A-18R-3, 78–80 cm). E, F. Contrast across a boundary between a
host rock and a segregation vein (Thin Section 273; Sample 324-U1350A-9R-4, 84–87 cm). A, C, and E are
under plane-polarized light; B, D, and F are under reflected light.
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Expedition 324 Scientists Site U1350
Figure F22. Photomicrographs of textures in flow interiors of basalt in order of depth, Hole U1350A. A–D,
H. Textural Type 1, with plagioclase networks. E–G. Textural Type 2, with plagioclase-clinopyroxene networks.
A. 153.82 mbsf (Thin Section 266; Sample 324-U1350A-7R-1, 122–123 cm). B. 166.57 mbsf (Thin Section 273;
Sample 324-U1350A-9R-4, 84–87 cm). C. 182.5 mbsf (Thin Section 276; Sample 324-U1350A-11R-1, 101–105
cm). D. 202.00 mbsf (Thin Section 282; Sample 324-U1350A-14R-2, 13–15 cm). E. 212 mbsf (Thin Section 288;
Sample 324-U1350A-16R-3, 35–39 cm). F. 222.76 mbsf (Thin Section 293; Sample 324-U1350A-17R-2, 137–
139 cm). G. 233.22 mbsf (Thin Section 296; Sample 324-U1350A-18R-3, 79–80 cm). H. 271.34 mbsf (Thin
Section 306; Sample 324-U1350A-22R-3, 117–119 cm). Reflected light.
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Expedition 324 Scientists Site U1350
Figure F23. Photomicrographs of plagioclase and clinopyroxene phenocrysts and their intergrowths, Hole
U1350A. A–D. Textural Type 1: (A) intergrowths of plagioclase and brighter clinopyroxene phenocrysts, (B) sep-
arate plagioclase (bright white) and clinopyroxene microphenocrysts in an aphyric groundmass, (C) clump of
plagioclase (first order birefringence) and clinopyroxene (second order birefringence) phenocrysts in an
aphyric groundmass, and (D) Monomineralic clump of plagioclase phenocrysts. (Thin Section 276; Sample
324-U1350A-11R-1, 101–105 cm). E, F. Textural Type 2: intergrowths of plagioclase and pyroxene (Thin Section
293; Sample 324-U1350A-17R-2, 137–139 cm). A and F are under reflected light; B and E are under plane-po-
larized light; C and D are under cross-polarized light.
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Expedition 324 Scientists Site U1350
Figure F24. Downhole variation in degree of alteration, primary mineral alteration percentage for groundmass
(GM) and phenocryst plagioclase and for pyroxene (based on thin section descriptions), proportion of glass pre-
served, vein thickness, and vein and vesicle fill (based on thin section description), Hole U1350A. alt = alter-
ation.
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Expedition 324 Scientists Site U1350
Figure F25. Downhole variation in degree of alteration based on examination of thin sections and the pro-
portion of reflective versus nonreflective minerals, Hole U1350A. Red dashed lines = unit and subunit bound-
aries (see “Igneous petrology”). Higher alteration degrees (gray shaded areas) may correlate with changes in
the lithology, from massive lavas to pillow lavas.
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Expedition 324 Scientists Site U1350
Figure F26. A–C. Photomicrographs of partially altered plagioclase phenocryst, Hole U1350A (Thin Section
332; Sample 324-U1350A-26R-6, 68–71 cm). In A, brown clay alteration is present in the inner part of the pla-
gioclase, and green clay minerals replace plagioclase along the edges. In B, gray to yellow plagioclase (the first-
order yellow color likely relates to an overly great thickness of the slide); the lower birefringence mineral may
be sanidine. In C, nonreflective clay minerals and the slightly higher reflectance of plagioclase relative to the
sanidine are visible. A is under plane-polarized light; B is under cross-polarized light; C is under reflected light.
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Expedition 324 Scientists Site U1350
Figure F27. A. Photomicrograph of olivine phenocrysts with complete replacement by saponite and calcite,
Hole U1350A (Thin Section 281; Sample 324-U1350A-14R-1, 56–60 cm). B. Photomicrograph of an olivine
phenocryst completely replaced by saponite (Thin Section 306; Sample 324-U1350A-22R-3 117–119 cm). A is
under cross-polarized light; B is under plane-polarized light.
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Expedition 324 Scientists Site U1350
Figure F28. A, B. Photomicrographs of groundmass altered to brown clays with disseminated calcite, Hole
U1350A (Thin Section 265; Sample 324-U1350A-7R-1, 122–123 cm). A is under plane-polarized light; B is
under cross-polarized light.
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Expedition 324 Scientists Site U1350
Figure F29. A, B. Photomicrographs of unaltered spherulites, Hole U1350A (Thin Section 269; Sample 324-
U1350A-8R-1, 133–135 cm). C, D. Photomicrographs of altered spherulites (Thin Section 320; Sample 324-
U1350A-25R-8, 26–29 cm). A and C are under plane-polarized light; B and D are under reflected light.
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Expedition 324 Scientists Site U1350
Figure F30. Photomicrographs of vesicles filled with (A) calcite, (B) calcite and pyrite (Thin Section 277; Sample
324-U1350A-11R-2, 80–83 cm), (C) calcite and zeolite (Thin Section 302; Sample 324-U1350A-20R-3, 8–11
cm), and (D) saponite, Hole U1350A (Thin Section 320; Sample 324-U1350A-25R-8, 26–29 cm). A and D are
under plane-polarized light; B is under reflected light; C is under cross-polarized light.
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Expedition 324 Scientists Site U1350
Figure F31. Photomicrographs of (A) a pyrite vein (Thin Section 267; Sample 324-U1350A-8R-1, 54–58 cm),
(B) a cross-fiber calcite vein cutting a vein containing botryoidal calcite cemented by saponite, and (C) multiple
generations of calcite and saponite veins, Hole U1350A (Thin Section 307; Sample 324-U1350A-22R-5, 81–87
cm). A is under reflected light; B and C are under plane-polarized light.
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Expedition 324 Scientists Site U1350
Figure F32. Core images of representative pillow structures from Sections 324-U1350A-22R-3 and 26R-3, Hole
U1350A.
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Figure F33. Core images of hyaloclastic breccia pieces, Hole U1350A. A. Interval 324-U1350A-19R-2, 11–23 cm.
B. Interval 324-U1350A-19R-2, 69–92 cm.
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Figure F34. Core images of chilled margins in basalt pieces, Hole U1350A. A. Interval 324-U1350A-15R-2, 92.5–
98.5 cm. B. Interval 324-U1350A-20R-1, 100.0–113.5 cm.
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Figure F35. Core images of pipe vesicles and vesicle cylinders, Hole U1350A. A. Interval 324-U1350A-12R-1,
36.5–57.0 cm. B. Interval 324-U1350A-13R-1, 13.5–56.5 cm. C. Interval 324-U1350A-14R-2, 13.0–36.5 cm.
D. Interval 324-U1350A-17R-1, 79–85 cm. E. Interval 324-U1350A-17R-1, 106–113 cm. F. Interval 324-U1350A-
18R-1, 77–102 cm.
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Figure F36. Core images of interpillow structures, Hole U1350A. A. Limestone between pillow basalt (interval
324-U1350A-26R-5, 48.5–101.5 cm). B. Hyaloclastic breccias between pillow basalt (interval 324-U1350A-24R-2,
21.5–50.5 cm).
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Figure F37. Relationships between lithology and vein and joint dip, Hole U1350A.
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Figure F38. A, B. Photomicrographs of cross-fibers of needlelike calcites growing perpendicular to vein walls at
(A) 1.25× and (B) 2.5× magnification, Hole U1350A (Thin Section 289; Sample 324-U1350A-16R-3, 71–74 cm).
Yellow arrows = orientation in core. Cross-polarized light.
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Figure F39. Distribution of vein thickness, veins, and joints with depth, Hole U1350A.
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Figure F40. Diagram of total alkalis vs. silica with Le Maitre et al.’s (1989) classification of volcanic rock types.
Heavy dashed line = division of data for tholeiitic and alkalic lavas of Hawaii (Macdonald and Katsura, 1964;
Macdonald, 1968). Values normalized to 100 wt% totals. OJP = Ontong Java Plateau (data from Tejada et al.,
1996, 2002; Fitton and Godard, 2004), EPR = East Pacific Rise (data from Sinton et al., 1991; Bach et al., 1994;
Mahoney et al., 1994), Nazca-ESC = Nazca Ridge and Easter Seamount Chain (Ray et al., unpubl. data).
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Figure F41. Downhole variation of (A) K2O, (B) TiO2, (C) Mg#, (D) Cr, and (E) Zr/Ti in Site U1350 basement.
Dashed lines = unit boundaries. Major element data normalized to 100 wt% totals. Mg# = 100 × [Mg2+/(Mg2+ +
Fe2+)], assuming that Fe2O3/FeO = 0.15. See “Paleontology” and “Igneous petrology” for description of strati-
graphic units.
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Figure F42. Diagrams of TiO2 vs. (A) CaO/Al2O3, (B) Mg#, (C) Cr, (D) Zr, and (E) Sr. OJP = Ontong Java Plateau
(data from Tejada et al., 1996, 2002; Fitton and Godard, 2004), EPR = East Pacific Rise (data from Sinton et al.,
1991; Bach et al., 1994; Mahoney et al., 1994), Nazca-ESC = Nazca Ridge and Easter Seamount Chain (data from
Ray et al., submitted).
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Figure F43. Whole-round physical property data summary, Hole U1350A. For more details about data filtering,
see “Physical properties” in the “Methods” chapter. For a full lithologic description of the stratigraphic units,
see “Igneous petrology.” NGR = natural gamma radiation, MS = magnetic susceptibility, GRA = gamma ray at-
tenuation.
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Figure F44. Selected discrete sample measurements, Hole U1350A. Red dashed line connects measurements of
bulk density for ease of comparison with P-wave velocity measurements. For a full lithologic description of the
stratigraphic units, see “Igneous petrology.” GRA = gamma ray attenuation.
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Figure F45. Plots of P-wave velocity vs. (A) bulk density and (B) porosity, Hole U1350A. For a full lithologic
description of the stratigraphic units, see “Igneous petrology.”
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Figure F46. Example orthogonal vector plots of (A, B) alternating-field and (C–E) thermal demagnetizations,
Hole U1350A. Open circles = inclinations, solid circles = declinations, NRM = natural remanent magnetization.
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Figure F47. Demagnetization results for volcaniclastic and basalt samples vs. depth, Hole U1350A. AF demag
= alternating-field demagnetization, TH demag = thermal demagnetization. Dotted lined = separations between
igneous units. See “Igneous petrology” for stratigraphic unit descriptions.
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Figure F48. Filtered surface and head tension records for the two descents and ascents attempted in Hole
U1350A.
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Figure F49. Total and spectral gamma ray measurements obtained inside the bottom-hole assembly in the
upper 27 m of Hole U1350A. HSGR = gamma ray log, HCGR = computed gamma radiation, HTHO = thorium
measurement, HURA = uranium measurement.
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Table T1. Coring summary, Site U1350. (See table notes.)

Notes: DRF = drilling depth below rig floor, DSF = drilling depth below seafloor. Local time = UTC + 10 h.

Site U1350
Time on site (h): 179.5 (0115 h, 13 October–1245 h, 20 October 2009)

Hole U1350A
Latitude: 36º04.491’N
Longitude: 159º17.065’E
Time on hole (h): 179.5 (0115 h, 13 October–1245 h, 20 October 2009)
Seafloor (drill pipe measured below rig floor, m DRF): 4067.0
Distance between rig floor and sea level (m): 11.1
Water depth (drill pipe measured from sea level, mbsl): 4055.9
Total depth (drill pipe measured from rig floor, m DRF): 4382.8
Total penetration (drilling depth below seafloor, m DSF): 315.8
Total length of cored section (m): 211.2 (172.7 in igneous basement)
Total core recovered (m): 75.19
Core recovery (%): 35.6 (43.2 igneous basement)
Total number of cores: 26

Core

Depth DSF (m) Interval 
advanced 

(m)

Length of core 
recovered 

(m)
Recovery 

(%)
Top of cored 

interval
Bottom of 

cored interval

324-U1350A-
1W 0.0 104.6 104.6 0.10 0
2R 104.6 114.2 9.6 0.00 0
3R 114.2 123.8 9.6 0.10 1
4R 123.8 133.4 9.6 0.25 3
5R 133.4 143.0 9.6 0.20 2
6R 143.0 152.6 9.6 0.22 2
7R 152.6 155.3 2.7 1.44 53
8R 155.3 162.3 7.0 2.80 40
9R 162.3 171.9 9.6 6.30 66
10R 171.9 181.5 9.6 1.87 19
11R 181.5 191.1 9.6 2.42 25
12R 191.1 195.9 4.8 0.62 13
13R 195.9 200.7 4.8 1.86 39
14R 200.7 205.5 4.8 1.38 29
15R 205.5 210.3 4.8 2.40 50
16R 210.3 219.9 9.6 2.71 28
17R 219.9 229.5 9.6 3.34 35
18R 229.5 239.1 9.6 3.26 34
19R 239.1 248.7 9.6 2.70 28
20R 248.7 258.3 9.6 2.75 29
21R 258.3 267.8 9.5 3.30 35
22R 267.8 277.4 9.6 7.25 76
23R 277.4 287.0 9.6 5.46 57
24R 287.0 296.7 9.7 4.51 46
25R 296.7 306.2 9.5 9.12 96
26R 306.2 315.8 9.6 8.93 93

Totals: 315.8 75.3 24
Totals without wash barrel: 211.2 75.2 36
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Table T2. Calcareous nannofossil age assignments, Site U1350. (See table notes.)

Notes: * = red chert, † = black chert, ‡ = limestone on chert. ** = ODP Leg 198 Hole 1213B. Abundance: F = frequent, R = rare. Zone ranges are
only given for properly defined taxa.

Core, section, 
interval (cm)

Age-diagnostic species 
(Abundance) Stratigraphic range (Zone)

Age (Ma)
(Range estimation)

324-U1350A-
1W-1, 5–6* Eprolithus floralis (R) Albian–Santonian (CC8/NC8–CC15) 112.6–107.3

Staurolithites siesseri (F) ?–Albian (?–NC8a-b)
Zeugrhabdotus diplogramus (F) Valanginian?–Santonian/Campanian boundary (?–UC12)

1W-1, 9–10† Cretarhabdus striatus (R) Aptian–Cenomanian (?–UC4) (Mixed Early Cretaceous)
Cruciellipsis cuvillieri (R) Tithonian–Hauterivian (NJ18–NC5)
Haqins circumradiatus (R) Hauterivian–Campanian (?–UC15c)
Staurolithites siesseri (F) ?–Albian (?–NC8a-b)

3R-1, 5–6 Cretarhabdus striatus (R) Aptian–Cenomanian (?–UC4) (Mixed Early Cretaceous)
Cruciellipsis cuvillieri (R) Tithonian–Hauterivian (NJ18–NC5)
Staurolithites siesseri (R) ?–Albian (?–NC8a-b)

4R-1, 18–19 Cruciellipsis cuvillieri (F) Tithonian–Hauterivian (NJ18–NC5) 131.2–128.3
Rotelappilius crenulatus (R) mid-Hauterivian–Maastrichtian (?NC4–CC26?)
Speetonia sp. (R) Berriasian–Hauterivian (NK3–NC5)

6R-1, 10–11‡ Rhagodiscus asper (F) Tithonian–Cenomanian (NJ18–UC5) >140–93

8R-1 (Piece 1, 2–4) Rhagodiscus asper (R) Tithonian–Cenomanian (NJ18–UC5) 131.5–93
Staurolithes crux (R) Hauterivian–Maastrichtian

9R-1 (Piece 2, 10–11) Axopodorhabdus albianus (R) Albian/Cenomanian–upper Cenomanian (NC9–UC5a) (Mixed Early Cretaceous)
Cruciellipsis cuvillieri (F) Tithonian–Hauterivian (NJ18–NC5)
Rhagodiscus angustus (R) Aptian–Maastrichtian (NC8a-b–?)
Zeugrhabdotus erectus (R) lower Berriasian (NK1–NK2a)**
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Table T3. Original microphenocryst and/or phenocryst abundances, Site U1350. (See table notes.)

Notes: VCD = visual core description. R = rare (<1%), P = present (1%–5%), A = abundant (>5%).

Thin 
section 
number

Core, section, 
interval (cm)

Unit in 
VCD

Recovered 
thickness

(m)

Original modal abundance

Plagioclase Olivine Pyroxene Fresh 
glass Stratigraphic 

unitR P A R P A R P A

324-U1350A-
264 7R-1, 51–53 2 1.91

IIa

265 7R-1, 122–123 2 1.91
266 8R-1, 42–45 4 0.87
267 8R-1, 54–58 4 0.87
269 8R-1, 133–135 5 0.46
270 8R-2, 53–55 6 0.95
271 8R-3, 81–84 7 1.71
272 9R-2, 55–60 10 3
273 9R-4, 84–87 11 3.85
274 10R-2, 33–35 12 1.58
275 11R-1, 57–59 12 1.58
276 11R-1, 101–105 13 0.51
277 11R-2, 80–83 14 1.5
278 12R-1, 65–67 15 0.61
279 13R-1, 53–56 16 1.29
280 13R-2, 65–70 17 0.82
281 14R-1, 56–60 20 1.21
282 14R-2, 13–15 21 0.28
284 15R-1, 34–36 25 2.1
283 15R-1, 123–125 25 2.1
286 15R-2, 88–91 25 2.1
287 16R-2, 26–29 27 2.41
288 16R-3, 35–39 27 2.41
289 16R-3, 70–74 27 2.41
290 17R-1, 20–24 28 0.27

IIb

291 17R-2, 19–20 30 1.33
292 17R-2, 100–102 31 0.32
293 17R-2, 137–139 33 0.33
294 17R-3, 87–88 34 1
295 18R-1, 114–116 36 1
296 18R-3, 79–80 37 2
297 19R-1, 95–96 38 1

IIc

298 19R-3, 2–3 44 1
299 20R-1, 38–39 46 1
300 20R-2, 39–42 47 1
302 20R-3, 8–11 50 1
303 21R-2, 108–110 53 1
304 22R-1, 41–42 56 1
305 22R-2, 62–66 59 1
306 22R-3, 117–119 62 1
307 22R-5, 81–87 69 1
308 23R-1, 46–50 71 1
309 23R-2, 68–70 74 1
310 23R-4, 95–98 81 1
312 24R-1, 128–131 85 0
311 24R-3, 35–38 91 2 III
313 25R-1, 26–29 92 0

IV

315 25R-2, 113–116 101 0
316 25R-4, 75–78 114 0
318 25R-6, 86–89 127 0
320 25R-8, 26–29 138 0
321 26R-1, 42–48 141 0
322 26R-1, 75–78 142 0
325 26R-3, 100–105 154 0
326 26R-3, 125–129 154 0
328 26R-4, 30–33 156 0
329 26R-5, 35–40 161 0
331 26R-5, 84–88 166 0
332 26R-6, 68–71 173 0
333 26R-7, 52–56 177 0
334 26R-8, 4–7 181 0
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Table T4. Whole-rock major and trace element compositions, Hole U1350A. (See table notes.) (Continued on
next two pages.)

Notes: All analyses were conducted on samples ignited to 1025°C. Fe2O3
T = total iron expressed as Fe2O3. LOI = weight loss on ignition. Mg# =

100 × (Mg2+/(Mg2+ + Fe2+]), assuming that Fe2O3/FeO = 0.15. BD = below detection.

324-U1350A-
Stratigraphic unit: IIa

Core: 7R 8R 8R 8R 9R 9R 10R 11R 11R 12R 13R 13R 14R 15R
Section: 1 1 2 3 2 4 2 1 2 1 1 2 2 1

Piece: 18 3B 9 10 1E 3 6 6 7 7 3 6 2 12B
Interval (cm): 122–123 43–45 51–55 81–84 57–58 85–87 33–35 59–60 80–81 64–68 54–56 68–71 13–16 121–124

Top depth (mbsf): 153.82 155.72 157.28 158.88 163.92 166.58 173.68 182.09 183.82 191.74 196.44 198.01 202.00 206.71

Major element oxide (wt%):

SiO2 50.93 50.65 49.46 50.91 53.04 51.04 49.73 49.30 49.17 50.10 49.46 49.74 51.14 51.87
TiO2 1.86 1.81 2.40 2.40 2.41 2.36 2.32 2.27 2.32 2.20 2.10 2.14 2.22 2.09
Al2O3 16.02 15.82 14.63 15.00 15.42 15.19 14.73 14.48 15.00 16.08 15.40 15.77 16.53 15.85
Fe2O3

T 11.59 12.64 14.08 11.01 12.25 13.29 14.29 14.09 11.74 13.55 13.52 13.63 12.66 10.19
MnO 0.10 0.12 0.17 0.18 0.15 0.12 0.17 0.14 0.22 0.15 0.19 0.14 0.15 0.12
MgO 6.64 6.58 7.39 6.15 6.11 6.12 7.21 7.31 5.73 7.12 6.67 7.33 5.94 6.79
CaO 9.68 10.54 10.57 11.52 10.67 10.16 10.38 9.10 12.82 10.89 12.57 10.59 10.59 10.07
Na2O 3.24 3.11 3.18 3.37 3.40 3.28 3.27 3.39 3.38 3.24 3.14 3.11 3.40 3.28
K2O 0.16 0.10 0.21 0.61 0.59 0.49 0.25 0.21 0.44 0.21 0.09 0.15 0.20 0.17
P2O5 0.20 0.19 0.29 0.30 0.31 0.28 0.30 0.30 0.26 0.26 0.23 0.25 0.22 0.22

Totals: 100.43 101.57 102.39 101.44 104.35 102.32 102.64 100.60 101.08 103.80 103.37 102.85 103.04 100.67

LOI 1.17 1.10 1.33 2.96 0.73 0.02 0.44 1.11 4.40 1.93 2.02 2.66 2.48 1.28

Major element oxide (wt%) normalized to 100 wt%:
SiO2 50.71 49.87 48.31 50.19 50.99 49.88 48.45 49.01 48.64 48.59 48.28 48.37 49.63 51.52
TiO2 1.85 1.79 2.34 2.37 2.33 2.31 2.27 2.26 2.29 2.14 2.05 2.08 2.15 2.08
Al2O3 15.95 15.58 14.29 14.79 14.87 14.85 14.35 14.40 14.84 15.49 14.92 15.34 16.04 15.75
Fe2O3

T 11.54 12.44 13.75 10.85 11.43 12.98 13.92 14.01 11.62 12.67 12.55 13.26 12.29 10.13
MnO 0.10 0.12 0.16 0.18 0.14 0.11 0.16 0.14 0.22 0.14 0.18 0.14 0.14 0.12
MgO 6.61 6.48 7.22 6.06 5.88 5.99 7.03 7.27 5.67 6.91 6.49 7.12 5.76 6.75
CaO 9.64 10.37 10.32 11.35 10.28 9.93 10.11 9.04 12.68 10.52 12.21 10.30 10.27 10.01
Na2O 3.23 3.06 3.10 3.32 3.23 3.20 3.19 3.37 3.35 3.11 3.03 3.02 3.30 3.26
K2O 0.16 0.10 0.21 0.60 0.56 0.48 0.24 0.20 0.43 0.20 0.08 0.14 0.19 0.17
P2O5 0.20 0.19 0.29 0.29 0.29 0.27 0.29 0.30 0.26 0.23 0.20 0.24 0.21 0.22

Totals: 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Mg# 57.1 54.8 55.0 56.5 54.5 51.8 54.0 54.7 53.2 56.0 54.6 55.6 52.2 60.8

Trace element (ppm):
Ba 23 21 63 734 103 89 50 49 103 19 56 16 29 28
Sr 218 216 277 304 279 281 259 254 269 227 222 221 239 225
Zr 110 105 167 169 175 155 154 163 143 131 128 126 132 131
Y 27 24 40 34 32 29 34 38 32 35 32 33 31 26
V 386 377 364 359 370 356 374 359 379 433 415 429 439 395
Sc 52 52 43 43 44 43 46 44 47 52 50 51 52 49
Cu 163 149 108 125 125 115 132 124 149 162 160 162 166 158
Zn 108 99 118 98 99 99 117 108 106 110 113 105 112 99
Co 52 86 74 81 89 75 64 52 76 54 92 86 61 64
Cr 265 281 109 96 92 107 97 85 69 232 236 228 241 220
Ni 52 62 51 51 55 55 42 38 42 59 74 68 84 68
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Table T4 (continued). (Continued on next page.)

324-U1350A-
Stratigraphic unit: IIa IIb IIc

Core: 16R 17R 17R 17R 17R 17R 18R 18R 19R 19R 20R 20R 21R 22R
Section: 3 1 2 2 2 3 1 3 1 3 1 3 2 1

Piece: 1B 3A 3A 13 18 8B 12 11 1G 1 7 1 14 7
Interval (cm): 38–40 24–26 16–19 100–103 133–136 87–89 114–115 79–81 93–95 3–5 36–37 9–11 108–111 41–43

Top depth (mbsf): 212.34 220.14 221.56 222.40 222.72 223.66 230.64 233.22 240.03 242.00 249.06 251.50 260.88 268.20

Major element oxide (wt%):

SiO2 49.49 51.05 48.62 47.81 49.13 48.40 50.90 49.59 50.24 49.31 49.94 47.95 48.14 48.13
TiO2 1.39 2.54 1.71 2.09 2.18 2.17 2.14 2.10 2.04 2.11 2.15 2.01 1.82 2.06
Al2O3 15.55 14.69 14.68 14.13 14.83 14.49 15.27 14.19 14.26 15.05 15.56 14.59 14.97 14.72
Fe2O3

T 10.22 13.54 14.04 14.03 13.98 13.67 11.77 14.08 11.63 13.73 13.73 10.95 11.65 12.21
MnO 0.15 0.13 0.14 0.21 0.18 0.18 0.14 0.24 0.14 0.13 0.14 0.11 0.11 0.13
MgO 7.89 6.46 7.84 7.14 7.39 7.02 7.22 6.99 7.25 7.56 7.44 6.83 7.70 7.46
CaO 13.37 8.24 9.78 10.96 10.54 11.56 10.19 12.29 10.65 9.89 10.58 9.39 10.04 9.45
Na2O 2.07 3.54 2.90 3.02 3.13 2.93 3.27 2.82 3.04 3.11 3.17 3.07 2.91 3.13
K2O 0.10 0.73 0.13 0.21 0.19 0.21 0.33 0.22 0.38 0.22 0.13 0.12 0.19 0.14
P2O5 0.18 0.31 0.24 0.25 0.28 0.25 0.24 0.26 0.22 0.26 0.26 0.18 0.21 0.24

Totals: 100.41 101.24 100.10 99.85 101.82 100.89 101.47 102.78 99.84 101.37 103.11 95.20 97.73 97.67

LOI 2.04 1.81 2.36 3.40 2.68 1.85 2.98 1.92 2.26 1.50 1.70 1.32 1.97 1.63

Major element oxide (wt%) normalized to 100 wt%:
SiO2 49.29 50.42 48.58 47.88 48.25 47.97 50.16 48.25 50.32 48.64 48.43 50.37 49.25 49.28
TiO2 1.38 2.51 1.71 2.09 2.14 2.15 2.11 2.04 2.04 2.08 2.09 2.11 1.86 2.11
Al2O3 15.49 14.51 14.67 14.16 14.56 14.36 15.05 13.80 14.28 14.85 15.09 15.33 15.32 15.07
Fe2O3

T 10.18 13.38 14.02 14.05 13.73 13.55 11.60 13.70 11.65 13.55 13.32 11.50 11.92 12.50
MnO 0.15 0.13 0.14 0.21 0.18 0.18 0.13 0.23 0.15 0.13 0.14 0.12 0.11 0.14
MgO 7.85 6.38 7.84 7.15 7.26 6.96 7.12 6.80 7.26 7.46 7.22 7.17 7.88 7.63
CaO 13.32 8.14 9.77 10.97 10.35 11.46 10.05 11.96 10.67 9.76 10.26 9.86 10.27 9.68
Na2O 2.07 3.50 2.90 3.02 3.07 2.91 3.22 2.75 3.04 3.07 3.08 3.22 2.98 3.21
K2O 0.10 0.72 0.13 0.21 0.18 0.21 0.32 0.21 0.38 0.21 0.13 0.12 0.19 0.14
P2O5 0.18 0.31 0.24 0.25 0.27 0.25 0.23 0.25 0.22 0.25 0.25 0.19 0.21 0.24

Totals: 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Mg# 64.2 52.6 56.5 54.2 55.2 54.5 58.8 53.6 59.2 56.2 55.8 59.2 60.6 58.7

Trace element (ppm):
Ba 40 958 22 46 181 50 84 47 73 73 36 37 33 56
Sr 202 321 156 267 284 267 282 266 252 223 228 193 190 216
Zr 89 192 108 143 149 150 139 144 135 123 126 118 100 133
Y 21 34 39 33 35 38 26 34 29 37 35 32 35 38
V 259 379 406 338 351 350 361 339 336 414 422 391 380 371
Sc 41 43 50 43 44 44 46 42 44 51 52 50 51 49
Cu 115 98 114 125 127 125 143 126 125 174 179 164 178 118
Zn 75 109 119 103 107 108 88 98 94 100 107 85 78 97
Co 56 61 45 81 48 64 53 59 58 53 57 56 56 60
Cr 299 62 135 130 136 126 132 140 117 171 179 159 182 77
Ni 104 31 46 64 48 51 48 56 52 48 56 56 59 52
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Table T4 (continued).

324-U1350A-
Stratigraphic unit: IIc III IV

Core: 22R 22R 23R 23R 24R 24R 25R 25R 25R 25R 25R 26R 26R 26R 26R
Section: 3 5 2 4 1 3 1 2 4 6 8 1 4 6 8

Piece: 1J 1D 4 3A 4B 2A 4 3B 6A 5 1B 6B 1A 6B 1
Interval (cm): 117–119 84–85 69–71 97–99 127–130 38–40 26–30 116–119 78–81 83–88 26–28 75–78 31–33 68–71 4–7

Top depth (mbsf): 271.34 273.82 279.51 282.64 288.27 290.25 296.96 299.36 301.82 304.48 306.42 306.95 310.58 313.67 315.33

Major element oxide (wt%):

SiO2 48.07 47.54 47.58 47.71 46.89 47.39 47.92 47.37 47.76 48.28 48.92 48.51 47.96 48.19 47.34
TiO2 1.50 1.49 1.54 1.47 1.55 1.60 1.29 1.34 1.32 1.28 1.44 1.36 1.36 1.29 1.36
Al2O3 16.67 16.08 17.00 16.07 17.02 17.21 17.02 16.48 17.13 18.02 16.70 16.40 16.87 15.77 16.12
Fe2O3

T 10.51 10.71 9.98 10.52 10.84 10.45 9.56 9.85 9.71 8.96 10.66 10.58 9.34 10.09 9.55
MnO 0.14 0.14 0.13 0.15 0.15 0.16 0.16 0.15 0.16 0.13 0.17 0.16 0.17 0.18 0.19
MgO 6.06 6.28 5.75 6.95 4.86 5.05 7.36 7.55 7.69 7.16 8.77 9.32 7.80 9.44 7.97
CaO 13.04 12.85 12.04 12.19 13.83 12.75 11.02 10.50 10.48 10.91 7.18 5.33 10.20 7.84 9.45
Na2O 2.41 2.39 2.60 2.43 2.55 2.65 2.61 2.67 2.72 2.67 2.82 2.63 2.74 2.56 2.55
K2O BD BD BD BD 0.06 0.02 0.16 0.08 0.10 0.16 1.62 3.00 0.52 1.92 1.46
P2O5 0.11 0.11 0.13 0.10 0.11 0.16 0.14 0.15 0.14 0.08 0.18 0.15 0.13 0.15 0.15

Totals: 98.52 97.60 96.73 97.59 97.86 97.45 97.25 96.15 97.21 97.65 98.45 97.44 97.10 97.43 96.14

LOI 1.25 1.93 2.02 1.33 1.72 1.72 2.10 1.41 2.18 4.04 3.24 3.89 2.37 3.31 3.45

Major element oxide (wt%) normalized to 100 wt%:
SiO2 48.80 48.71 49.19 48.89 47.91 48.63 49.28 49.27 49.13 49.44 49.69 49.79 49.39 49.46 49.24
TiO2 1.52 1.53 1.59 1.50 1.59 1.65 1.33 1.40 1.35 1.31 1.46 1.39 1.40 1.32 1.41
Al2O3 16.93 16.48 17.57 16.47 17.39 17.66 17.51 17.14 17.63 18.46 16.97 16.83 17.38 16.19 16.77
Fe2O3

T 10.66 10.97 10.31 10.78 11.08 10.72 9.83 10.25 9.99 9.17 10.83 10.86 9.62 10.36 9.94
MnO 0.14 0.15 0.13 0.15 0.16 0.16 0.16 0.15 0.16 0.14 0.18 0.16 0.18 0.18 0.20
MgO 6.16 6.44 5.95 7.13 4.97 5.19 7.56 7.85 7.91 7.33 8.91 9.56 8.04 9.69 8.28
CaO 13.24 13.17 12.45 12.49 14.13 13.08 11.33 10.93 10.78 11.17 7.29 5.48 10.50 8.05 9.83
Na2O 2.45 2.45 2.68 2.49 2.60 2.72 2.69 2.78 2.80 2.74 2.86 2.70 2.82 2.63 2.65
K2O BD BD BD BD 0.07 0.02 0.16 0.08 0.10 0.16 1.64 3.08 0.54 1.97 1.52
P2O5 0.11 0.11 0.13 0.10 0.11 0.16 0.15 0.16 0.14 0.09 0.18 0.15 0.13 0.15 0.16

Totals: 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Mg# 57.3 57.7 57.3 60.6 51.1 53.0 64.2 64.1 64.8 65.0 65.7 67.2 66.0 68.5 66.0

Trace element (ppm):
Ba 27 31 32 30 27 35 39 38 43 41 66 85 51 57 58
Sr 199 196 207 191 202 210 174 172 176 187 169 157 177 155 168
Zr 84 84 86 83 88 87 67 67 67 64 70 65 67 63 63
Y 24 24 23 22 27 27 26 31 25 13 29 27 20 23 16
V 296 296 303 290 311 316 284 290 283 281 310 278 298 279 294
Sc 40 40 41 39 42 44 42 45 43 45 47 43 46 40 43
Cu 149 144 154 148 156 161 143 156 147 153 158 140 154 137 148
Zn 80 85 81 88 91 100 94 99 89 65 105 126 72 73 76
Co 56 61 60 57 57 67 53 49 50 46 45 52 47 39 53
Cr 265 272 261 261 272 280 217 227 211 208 240 221 217 193 205
Ni 124 143 125 108 124 126 84 79 72 76 76 88 75 79 77
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Table T5. Moisture and density measurements, Site U1350. (See table note.)

Note: Water content is relative to wet mass.

Core, section, 
interval (cm)

Top depth 
(mbsf)

Density (g/cm3)

Void ratio
Water 

content (%) Porosity (%)Bulk Dry Grain

324-U1350A-
7R-1, 53–55 153.13 2.681 2.562 2.899 0.132 4.441 11.627
8R-1, 18–20 155.48 2.712 2.630 2.861 0.088 3.050 8.078
8R-3, 85–87 158.92 2.522 2.296 2.947 0.284 8.968 22.089
9R-2, 69–71 164.04 2.551 2.324 2.988 0.286 8.924 22.233
9R-4, 89–91 166.62 2.625 2.448 2.959 0.208 6.729 17.250
9R-6, 4–6 168.33 2.548 2.346 2.923 0.246 7.941 19.758
11R-1, 51–53 182.01 2.534 2.306 2.966 0.286 8.994 22.257
11R-2, 77–79 183.79 2.590 2.417 2.909 0.203 6.682 16.901
12R-1, 50–52 191.60 2.585 2.398 2.933 0.223 7.221 18.229
13R-1, 50–52 196.40 2.649 2.497 2.932 0.174 5.738 14.842
14R-1, 78–80 201.48 2.565 2.387 2.887 0.209 6.910 17.307
14R-2, 9–11 201.96 2.565 2.376 2.914 0.226 7.368 18.455
15R-1, 126–128 206.76 2.527 2.316 2.916 0.259 8.332 20.561
16R-1, 35–37 210.65 2.405 2.114 2.955 0.398 12.109 28.445
16R-2, 72–74 211.76 2.849 2.792 2.957 0.059 2.011 5.596
17R-2, 34–36 221.74 2.542 2.325 2.951 0.269 8.549 21.222
17R-3, 72–74 223.52 2.641 2.473 2.960 0.197 6.376 16.447
18R-1, 97–99 230.47 2.608 2.416 2.973 0.231 7.355 18.733
18R-2, 50–52 231.44 2.669 2.550 2.886 0.132 4.464 11.636
18R-3, 60–62 233.04 2.733 2.617 2.952 0.128 4.243 11.326
19R-1, 68–70 239.78 2.632 2.487 2.897 0.165 5.505 14.148
20R-1, 31–33 249.01 2.648 2.490 2.946 0.183 5.992 15.496
20R-3, 4–6 251.44 2.560 2.357 2.938 0.246 7.903 19.756
21R-1, 35–37 258.65 2.596 2.406 2.952 0.227 7.291 18.483
21R-2, 67–69 260.47 2.585 2.386 2.961 0.241 7.698 19.433
21R-3, 48–50 261.71 2.543 2.342 2.913 0.244 7.889 19.591
22R-2, 97–99 269.84 2.827 2.791 2.891 0.035 1.242 3.427
22R-3, 113–115 271.30 2.667 2.588 2.803 0.083 2.949 7.680
22R-5, 67–69 273.65 2.703 2.631 2.831 0.076 2.679 7.070
23R-1, 78–80 278.18 2.628 2.472 2.918 0.181 5.964 15.308
23R-2, 49–51 279.31 2.590 2.407 2.932 0.218 7.079 17.909
23R-4, 92–94 282.60 2.648 2.521 2.876 0.141 4.770 12.334
24R-1, 109–111 288.11 2.581 2.406 2.901 0.206 6.768 17.061
24R-3, 31–33 290.20 2.650 2.508 2.911 0.161 5.349 13.843
25R-1, 24–26 296.96 2.653 2.518 2.900 0.152 5.080 13.162
25R-2, 119–121 299.41 2.652 2.525 2.882 0.141 4.783 12.386
25R-4, 71–73 301.77 2.591 2.439 2.863 0.174 5.852 14.806
25R-5, 57–59 302.90 2.599 2.446 2.876 0.176 5.892 14.955
25R-7, 13–15 304.94 2.560 2.405 2.836 0.179 6.082 15.208
26R-1, 78–80 307.00 2.389 2.162 2.778 0.285 9.497 22.159
26R-4, 27–29 310.56 2.583 2.436 2.845 0.168 5.697 14.371
26R-5, 93–95 312.48 2.556 2.467 2.700 0.094 3.454 8.621
26R-8, 11–13 315.42 2.608 2.479 2.838 0.145 4.968 12.654
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Table T6. Compressional wave velocity measurements, Site U1350. (See table notes.)

Notes: * = sample was cracked and only z-direction was attainable; data should be treated with caution and is omitted from figures. NA = not
available. Values are accurate to ±20 m/s.

Core, section, 
interval (cm)

Top depth 
(mbsf)

Velocity (km/s)

x-direction y-direction z-direction

324-U1350A-
7R-1, 53–55 153.13 5.142 5.102 5.222
8R-1, 18–20 155.48 5.682 5.700 5.700
8R-3, 85–87 158.92 4.123 4.187 4.226
9R-2, 69–71 164.04 4.124 4.110 4.117
9R-4, 89–91 166.62 4.711 4.691 4.734
9R-6, 4–6 168.33 4.275 4.208 4.287
11R-1, 51–53 182.01 3.854 3.853 3.810
11R-2, 77–79 183.79 4.429 4.448 4.513
12R-1, 50–52 191.60 NA* NA* 3.848*
13R-1, 50–52 196.40 4.697 4.659 4.736
14R-1, 78–80 201.48 4.314 4.357 4.370
14R-2, 9–11 201.96 4.366 4.393 4.398
15R-1, 126–128 206.76 4.155 4.129 4.149
16R-1, 35–37 210.65 3.929 4.060 4.052
16R-2, 72–74 211.74 6.085 6.179 5.989
17R-2, 34–36 221.74 3.860 4.065 4.020
17R-3, 72–74 223.52 4.637 4.656 4.702
18R-1, 97–99 230.47 4.296 4.408 4.368
18R-2, 50–52 231.44 4.988 4.991 4.952
18R-3, 60–62 233.04 5.419 5.356 5.335
19R-1, 68–70 239.78 4.954 4.924 4.962
20R-1, 31–33 249.01 4.612 4.557 4.629
20R-3, 4–6 251.44 4.159 4.156 4.126
21R-1, 35–37 258.65 4.408 4.433 4.364
21R-2, 67–69 260.47 4.328 4.343 4.329
21R-3, 48–50 261.71 4.136 4.132 4.136
22R-2, 97–99 269.84 6.619 6.691 6.545
22R-3, 113–115 271.30 5.978 5.901 5.924
22R-5, 67–69 273.65 5.941 5.941 5.978
23R-1, 78–80 278.18 4.848 4.870 4.718
23R-2, 49–51 279.31 4.562 4.534 4.552
23R-4, 92–94 282.60 5.300 5.296 5.230
24R-1, 109–111 288.09 4.800 4.714 4.799
24R-3, 31–33 290.19 5.121 5.086 5.191
25R-1, 24–26 296.94 5.022 4.996 5.010
25R-2, 119–121 299.39 5.095 5.124 5.167
25R-4, 71–73 301.75 4.863 4.777 4.795
25R-5, 57–59 302.89 4.811 4.777 4.707
25R-7, 13–15 304.92 4.862 4.828 4.812
26R-1, 78–80 306.98 3.880 3.882 4.010
26R-4, 27–29 310.54 4.928 4.901 4.939
26R-5, 93–95 312.46 5.641 5.524 5.585
26R-8, 11–13 315.40 5.084 5.086 5.123
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Table T7. Demagnetization results, Site U1350. (See table notes.)

Notes: For all samples, principal component analysis (PCA) is anchored to origin. N = number of points used for PCA, MAD = maximum angular
deviation (Kirshvink, 1980), NRMχ = bulk susceptibility of natural remanent magnetization (NRM), MDF = median destructive field. TH = ther-
mal demagnetization, AF = alternating-field demagnetization.

Core, section, 
interval (cm)

Depth (mbsf)

Demagnetization

Fit

N
Inclination 

(°)
Declination 

(°)
MAD

(°)
NRMχ 

(SI)
MDF 
(mT)Top Bottom °C mT

324-U1350A-
7R-1, 53–55 153.13 153.15 TH 150–550 14 –9.5 –92.4 2.6 4.29E–02
8R-1, 18–20 155.48 155.50 TH 325–550 10 –30.9 78.6 9.9 4.50E–02
8R-3, 85–87 158.92 158.94 AF 7–100 12 –1.3 13.4 1.6 3.72E–02 7.9
9R-2, 69–71 164.04 164.06 TH 150–550 14 10.0 –112.6 6.3 3.49E–02
9R-4, 89–91 166.62 166.64 AF 10–100 11 –2.8 151.2 0.9 3.55E–02 5.5
9R-6, 4–6 168.33 168.35 TH 100–500 13 31.2 –156.5 9.3 2.33E–02
11R-1, 51–53 182.01 182.03 AF 10–80 10 0.5 –132.7 0.6 3.07E–02 8.4
11R-2, 77–79 183.79 183.81 TH 150–550 14 7.6 –126.6 6.2 3.21E–02
12R-1, 50–52 191.60 191.62 AF 10–80 11 27.0 39.1 1.1 4.13E–02 4.5
13R-1, 50–52 196.40 196.42 TH 150–550 14 43.0 113.7 4.9 4.39E–02
14R-1, 78–80 201.48 201.50 TH 300–550 9 27.3 –54.4 9.5 2.90E–02
14R-2, 9–11 201.96 201.98 AF 10–80 10 –1.0 –33.0 1.3 4.71E–02 4.8
15R-1, 126–128 206.76 206.78 TH 150–475 11 50.3 139.1 21.3 3.15E–02
16R-1, 35–37 210.65 210.67 TH 300–575 12 –2.3 50.8 2.0 2.05E–02
16R-2, 72–74 211.74 211.76 AF 15–100 10 –3.5 83.3 1.8 2.86E–02 3.0
17R-2, 34–36 221.74 221.76 TH 150–575 15 18.3 –58.3 3.3 3.30E–02
17R-3, 72–74 223.52 223.54 AF 10–80 11 3.0 74.1 0.7 3.42E–02 7.0
18R-1, 97–99 230.47 230.49 TH 150–575 51 14.8 –126.3 3.4 3.44E–02
18R-2, 50–52 231.44 231.46 AF 7–60 11 14.5 –176.1 0.9 5.16E–02 5.0
18R-3, 60–62 233.04 233.06 TH 200–575 14 29.0 –136.1 1.9 3.52E–02
19R-1, 68–70 239.78 239.80 AF 10–60 10 6.3 –80.0 0.7 4.11E–02 5.7
20R-1, 31–33 249.01 249.03 TH 350–575 10 13.4 85.9 4.5 5.08E–02
20R-3, 4–6 251.44 251.46 AF 7–60 11 –11.0 143.7 1.4 4.69E–02 5.5
21R-1, 35–37 258.65 258.67 TH 325–575 11 25.1 –77.0 3.0 4.63E–02
21R-2, 67–69 260.47 260.49 AF 7–80 12 7.9 –59.0 1.1 4.43E–02 6.1
21R-3, 48–50 261.71 261.73 TH 250–575 13 18.6 79.4 3.5 3.70E–02
22R-2, 97–99 269.84 269.86 AF 12–100 11 –0.3 –33.9 1.9 2.12E–02 5.8
22R-3, 113–115 271.30 271.32 TH 150–525 13 22.8 145.6 3.3 1.93E–02
22R-5, 67–69 273.65 273.67 TH 325–575 11 36.6 162.5 23.7 2.61E–02
23R-1, 78–80 278.18 278.20 AF 15–80 9 0.4 –41.1 2.1 3.21E–02 4.6
23R-2, 49–51 279.31 279.33 TH 425–575 7 3.6 –97.1 3.8 2.78E–02
23R-4, 92–94 282.60 282.62 AF 10–100 12 –2.5 88.3 3.3 2.35E–02 10.0
24R-1, 109–111 288.09 288.11 TH 150–550 14 –4.1 –161.0 1.7 1.14E–02
24R-3, 31–33 290.18 290.20 AF 12–80 10 3.8 –155.4 1.0 1.66E–02 6.2
25R-1, 24–26 296.94 296.96 TH 325–550 10 –1.2 –138.0 2.1 1.57E–02
25R-2, 119–121 299.39 299.41 AF 12–80 10 –12.0 157.2 1.1 1.57E–02 10.4
25R-4, 71–73 301.75 301.77 TH 150–550 14 4.9 144.9 2.6 1.40E–02
25R-5, 57–59 302.88 302.90 AF 10–80 11 –7.5 170.6 0.8 1.50E–02 10.8
25R-7, 13–15 304.92 304.94 TH 150–550 14 –1.0 166.0 1.6 1.30E–02
26R-1, 78–80 306.98 307.00 AF 10–80 10 –3.7 19.0 1.2 1.77E–02 13.5
26R-4, 27–29 310.54 310.56 TH 150–550 14 4.7 99.2 1.9 1.99E–02
26R-8, 11–13 315.40 315.42 TH 150–550 14 4.2 42.7 3.3 2.12E–02
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