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Dear Reader;

Volcanoes have many stories to tell, and their activity profoundly impacts
human life and Earth’s environment. In this issue of Scientific Drilling, a
report on the Hawaii Drilling Project highlights “hot spot” volcanism (p. 4).
A decade of planning and drilling on the island of Hawaii resulted in 3500 m
of drillcores from lava flows piled up by the Mauna Loa and Mauna Kea
volcanic systems. Detailed analyses tell an intriguing story about the Earth’s
mantle down to 3000 km depth, and how the volcanoes, rising 10 km from
the seabed, formed over time and host an unexpected hydrogeological
system. Planned drilling in Kamchatka (p. 54) will address the source of
energy and water driving hydrothermal systems in volcanoes typical of the
Pacific Ring of Fire. And, a report on the potential for ocean drilling to
address volcanic, seismogenic, and other geohazards is presented on p. 15.

Climate and environmental change are at the top of global research
initiatives. The environment in which life flourished 3.2 billion years ago is
the target for drilling in northwestern Australia (p. 34). Drilling into a lake
in southeastern Europe holds the potential to recover much more recent
records of environmental evolution linked to an amazing biological
speciation (p.51). The quest for drilling cores at high latitudes significantly
depends on the ability to image targets seismically (p. 40) and the ability to
cope with challenging logistics (p. 38). Gas hydrates are important compo-
nents in the global carbon cycle and a potentially giant hydrocarbon
resource. Technology to sample the icy gas under iz situ conditions is
reported on p. 44. Lastly, the global science community will be greatly
supported by the concentration of ocean drilling cores (p. 31) in three fully
accessible international core repositories.

Taken together, the fundamental contributions by scientific drilling
projects to understanding Earth’s environment and its immense natural
variability over geological time should leave no doubt about their impor-
tance. Unfortunately, delays in drilling platform refurbishment and repair,
and unavailability of mission-specific platforms—all related to an overheated
offshore and shipyard market—have caused an almost three-year-long
drilling hiatus during IODP’s initial five years. Light now appears at the end
of the tunnel. The Japanese riser drilling platform Chikyu«, the U.S.-supplied
JOIDES Resolution (following complete refurbishment of vessel, drilling
equipment, and laboratory), and mission-specific platforms for shallow-
water coring will all be active in 2009 (see schedule on back cover). This
schedule will set a new high mark for scientific ocean drilling activity and
provide a welcome backdrop for preparations for IODP renewal in 2013,
which will start in 2009 with a major, community-wide conference (p. 66)
addressing the scientific challenges and opportunities for ocean drilling
after 2013. The constructive interaction with ICDP and other drilling
programs, observatory science, and environmental modeling efforts will no
doubt form the context of this major conference.

Mo, U, Lo At 57 Msten

Hans Christian Larsen Ulrich Harms
Editor-in-Chief Editor

Front Cover: Formation of pahoehoe lava, Kilauea volcano, big island of Hawaii.
Photo: Katharine Cashman, University of Oregon. See article on p. 4.

Left inset: Assembling drill core pieces after recovery and preparations for the initial
core marking, description and optical scanning at the HSDP field laboratory in Hilo.
(See page 4.)
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Deep Drilling into a Mantle Plume Volcano:
The Hawaii Scientific Drilling Project

by Edward M. Stolper, Donald J. DePaolo, and Donald M. Thomas

doi:10.2204/iodp.sd.7.02.2009

Introduction

Oceanic volcanoes formed by mantle plumes, such as
those of Hawaii and Iceland, strongly influence our views
about the deep Earth (Morgan, 1971; Sleep, 2006). These
volcanoes are the principal geochemical probe into the deep
mantle, a testing ground for understanding mantle
convection, plate tectonics and volcanism, and an archive of
information on Earth’s magnetic field and lithosphere
dynamics. Study of the petrology, geochemistry, and
structure of oceanic volcanoes has contributed immensely
to our present understanding of deep Earth processes, but
virtually all of this study has been concentrated on rocks
available at the surface. In favorable circumstances, surface
exposures penetrate to a depth of a few hundred meters,
which is a small fraction of the 10- to 15-kilometer height of
Hawaiian volcanoes above the depressed seafloor (Moore,
1987; Watts, 2001).

The shield volcanoes of Hawaii are enormous in
comparison to most other types of volcanoes. The average
Hawaiian volcano has a volume of 30,000-50,000 km?®
(DePaolo and Stolper, 1996; Robinson and Eakins, 2006).
By comparison, stratovolcanoes like Mt. Shasta in California,
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Figure 1. Map showing the boundaries of the major volcanoes of the
island of Hawaii and the locations of the HSDP pilot hole drilled in
1993, and the deep hole drilled in 1999 and 2004-2007. The red
line shows the approximate location of the shoreline of Mauna Kea
when it reached its maximum extent above sea level, at the end
of the shield-building stage about 150,000 years ago (see Fig. 6).
Subsequently, subsidence has moved the shoreline 10-20 km
closer to the volcano summit.

or Mt. Fuji in Japan, have volumes of only 50-500 km?.
Hawaiian volcanoes grow upward from the ocean floor by
systematically covering their roughly conical surfaces with
new lava flows. In their main growth phase, they increase in
height at an average rate of 10-30 meters per thousand years
(DePaolo and Stolper, 1996), and their surfaces are completely
covered with new lava about every thousand years (Holcomb,
1987). The lava flows of these large volcanoes dip gently
away from the summits at angles of about 5-15 degrees
relative to horizontal (Mark and Moore, 1987). The subhori-
zontal orientation of the flows, and the fact that they
accumulate systematically with time just like sediments,
means that the flanks of a volcano contain an ordered history
of the volcanism that can be accessed efficiently by drilling.

The particular interest in drilling Hawaiian volcanoes is
that as they grow, they are slowly carried to the northwest by
the moving Pacific plate. Each individual volcano “sweeps”
across the top of the Hawaiian mantle plume as it forms. The
magma-producing region of the plume is roughly 100 km
wide (Ribe and Christensen, 1999), so with the plate moving
at 9-10 cm yrl, it takes a little over one million years for a
volcano to cross the magma production region. During this
time the volcano goes through its major growth phases,
starting as a steep-sided cone on the ocean floor, growing
until it breaches the sea surface and becomes a small island,
and then continuing to grow, expand, and subside until it
becomes a massive, 100-km-wide pancake of lava and
volcanic sediment with intrusive rocks at its core. As a
volcano forms, the magma supply comes first from one side
of the plume, then the middle, and then the other side, so
sampling a stack of Hawaiian lavas provides a cross-section
through the plume. The plume itself brings up rock material
that comes from the deepest layers of the mantle (Farnetani
etal., 2002; Bryce et al., 2005; Sleep, 2006). Thus, by drilling
a few kilometers into a Hawaiian volcano, one can in theory
look 2900 km down into the Earth and (if current models are
correct) gather information about the bottom 100 kilometers
of the mantle. No other place on Earth that we know of affords
the possibly of doing this with quite the regularity that is
inherent to Hawaiian volcanoes.

In recognition of the opportunities afforded by drilling in
Hawaiian volcanoes, the Hawaii Scientific Drilling Project
(HSDP) was conceived in the mid-1980s to core continuously
to a depth of several kilometers in the flank of a Hawaiian
volcano. The Mauna Kea volcano, which makes up the north-
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eastern part of the island of
Hawaii, was chosen as the
target (Fig. 1). The drill sites A
are located within the city of
Hilo at elevations just a few
meters above sea level. The
project proceeded in three
phases of drilling. What we
refer to as “HSDP1” involved
coring a pilot hole to a depth
of 1052 meters below sea
level (mbsl) in 1993 (Stolper
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Figure 2. [A] Diagram showing the casing diameter in the HSDP2 hole, and the dates when coring and
hole opening were done. Presently the hole is cased to a depth of 2997 mbsl, and is open below that.
[B] Temperature measured in the hole and the inferred relationships to subsurface hydrological features.
Freshwater is shown as light blue, seawater as light green, and brackish waters as intermediate colors.
Temperature survey (red line), done while the hole was flowing and still uncased below 1820 mbsl, suggests
that water is entering the hole below ~2800 mbsl, and additional entry levels are at 2370 and 2050 mbsl.
Circulation of cold seawater through the section below 600 mbsl is rapid enough to cool the rocks to
temperatures 15°C-20°C below a normal geothermal gradient.
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critical support for drilling was received for the 1999
and 2004-2007 phases from the ICDP. We summarize here
the results of the HSDP1 and HSDP2-Phase 1 drilling
and preliminary results of ongoing studies from the
HSDP2-Phase 2 drilling.

Site Location

An abandoned quarry on the grounds of Hilo International
Airport was chosen as the site for HSDP2. The HSDP1 pilot
hole was located 2 km to the NNW, north of the airport,
within fifty meters of the shoreline of Hilo Bay (Fig. 1; Stolper
et al., 1996; DePaolo et al., 1996). Although the Mauna Kea
volcanic section was the primary target, the HSDP sites in
Hilo required drilling through a veneer of Holocene Mauna
Loa flows. The Mauna Kea lavas are encountered at depths of
280-245 m. Because the volcanoes are younger to the south-
east, and overlap with subsurface boundaries sloping to the
southeast (Moore, 1987), it was expected that once Mauna

Kealavas were entered, the hole would remain in Mauna Kea
to total depth. The drill sites were chosen to be (1) far from
volcanic rift zones to avoid intrusive rocks, alteration, and
high-temperature fluids; (2) close to the coastline to mini-
mize the thickness of subaerial lavas that would need to be
penetrated to reach the older, submarine parts of the volcano;
and (3) in an industrial area to minimize environmental and
community impacts.

Drilling and Downhole Logging

The main phase of HSDP2 drilling in 1999 consisted
primarily of successive periods of coring to predetermined
depths, followed by rotary drilling to open the hole for instal-
lation of progressively narrower casing strings (Fig. 2). No
commercially available system could satisfy both the coring
and rotary drilling requirements, so a hybrid coring system
(HCS) was designed and fabricated. The HCS employed a
rotating head and feed cylinder to drive the coring string,
and it was attached to the traveling block of a standard rotary
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Figure 3. Lithologic column of the HSDP2 drill cores. Boundary
between Mauna Loa (ML) and Mauna Kea (MK) lavas is shown,
as well as the subaerial-submarine transition, and depths at which
the first pillow lava and the first intrusive rocks were encountered.
Patterns represent different lithologies as indicated. The total depth
of the hole is measured from a reference level 11.7 meters above sea
level; the depth scale used here is in meters below sea level (mbsl).

rig to allow core and rotary drilling from the same platform.
Core penetration rates averaged 48 m d! through the
subaerial section, but slowed upon entering the submarine
section, where poorly consolidated hyaloclastites (Fig. 3) led
to short bit life and poor core recovery. A 3.5-inch tricone bit,
driven by the coring unit, was used to penetrate the most
difficult portion of this interval, the only significant depth
interval where core was not recovered. Progressive indura-
tion of the hyaloclastites with depth enabled an average
penetration rate of ~25 m d! down to the first occurrence of
pillow basalts (1980 mbsl; Fig. 3). The opening of the hole
and setting of the casing also progressed well; the rotary
drilling penetration rate down to 1820 mbsl averaged
~46mdl.

After casing was set to 1820 mbsl, coring through the
alternating intervals of pillow and hyaloclastite progressed
at a slower rate than in the upper section of hole. Reduced
rates of penetration were expected due to the longer trip

time, but two additional factors contributed. In the thinly
bedded pillow lavas, the core tended to fragment as it was cut
from the formation, thus blocking the core barrel and
resulting in short core runs. Broken core fragments also
tended to drop into the drill string as the core tube was
brought to the surface. These fragments needed to be cleared
from the drill string before sending a new core tube down,
and this process typically added nearly an hour to the core
retrieval process. Higher rates of bit wear also required more
frequent trips to change the bit. In spite of these challenges,
an average penetration rate of ~21 m d! was maintained down
to 2986 mbsl, where a zone was encountered in which the
basalts were thoroughly broken and unstable. This broken
zone triggered some deviation of the hole from vertical and
presented additional problems with rubble caving into the
hole and threatening to jam the bottom hole assembly (BHA).
The drillers tried various strategies to deal with the caving,
but they achieved only a small amount of additional progress
before the decision was made to terminate coring operations
at a depth of 3098 mbsl and run downhole logs. The hole was
then left filled with heavy mud.

The HSDP Phase 2 drilling commenced in March to
August 2003, by first enlarging the diameter of the hole
below the 7-inch casing from 3.85-inches to 6.5-inches , and
then installing a 5-inch casing to bottom (Fig. 2). Because
the casing weight was beyond the capacity of any Hawaii-
based drill rigs, a rotary rig was acquired for the project.
This “hole-opening” phase proved difficult due largely to
unexpected high formation fluid pressures. Before the start
of hole opening, the well produced artesian water at a modest
rate from depths of 2605 mbsl, 2370 mbsl, and 2059 mbsl.
However, soon after the hole was widened, strong water flow
began. As depth increased, formation pressures increased.
The peak wellhead pressure was measured at ~11 bar, and
water flow rates reached as high as 250 L s™1. Initial efforts at
controlling flow with increased mud weight were only
partially successful, as was an alternative cementing strategy.
As a result, progress for most of the hole opening was
difficult, dangerous, and slow. Eventually, after the hole had
been opened down to about 2732 mbsl, a decision was made
to allow the hole to flow freely, with periodic mud “sweeps”
conducted to ensure that cuttings were fully cleared from the
hole. This strategy was successful and the penetration rate
increased from <20 m d! to nearly 100 m d. Hole opening
then continued down to 2997 mbsl, where caving problems
were again encountered. After several attempts at drilling
through the problematic zone, each resulting in a tempo-
rarily stuck BHA, the decision was made to terminate hole
opening and to begin casing.

Challenges during the hole-opening phase continued
when improper lifting tools were used, and late in the process
a 2347-m string of 5-inch casing was dropped into the hole.
After the condition of the dropped casing was checked, it was
left in the hole. The casing was completed by threading an
additional 610-m string onto the top of the dropped casing;
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the bottom of the casing was at a depth of 2997 mbsl. As the
follow-on coring work began in late 2004, we discovered that
the bottom joint of the dropped casing string had been
damaged. It was necessary, using special tools, to cut a
window through the side of the bent casing to extend the
hole. After rubble was cleared from the hole down to
3098 mbsl, coring proceeded in two stages (December 2004
to February 2005, and December 2006 to February 2007) to
a total depth of 3508 mbsl. The first coring effort averaged
only 6 m d! and reached 3326 mbsl. At that point the rotary
rig was sold, and a leased coring rig was used. The coring
done in early 2007 achieved about 8 m d*!, but problems with
the leased rig and exhaustion of project funds resulted in
only 180 m of additional core.

At the conclusion of HSDP2-Phase 2 drilling, the 5-inch
casing was perforated, cement was pumped into the annulus
at depth, and at 2031 mbsl, the casing was cut at 1635 mbsl
and the top section removed from the hole. The final depth of
the HSDP core hole is about 914 m less than was originally
planned in 1996, but it is still nearly twice as deep as the next
deepest core hole drilled in Hawaii (SOH-2 to 2073 m on the
Kilauea East Rift Zone; Novak and Evans, 1991).

Hydrology

Although the primary purpose of the borehole was to
document the geochemical evolution of an oceanic volcano, a
significant finding was the unexpected hydrology. The tradi-
tional view of ocean island subsurface hydrology is one of a
freshwater lens (fed by rainfall recharge) “floating” atop
saltwater-saturated rocks that extend to the island’s base.
Circulation of seawater within the basement rocks is
presumed to occur to the extent made possible by permea-
bility and thermal conditions. The HSDP boreholes showed
that the hydrology of the island of Hawaii is considerably
more complicated and interesting. Whereas it has been
assumed that the youth of the island of Hawaii meant that
artesian aquifers, such as those arising from the buried cap
rocks on Oahu, would be absent, the borehole encountered
multiple artesian aquifers (Fig. 2). Estimated groundwater
flow through the first of these, at a depth of only 300 m, may
represent as much as a third of the rainfall recharge to the
windward mid-level slopes of Mauna Kea. The deeper
artesian aquifers have equally unexpected implications.
Some of the groundwater produced by the deep aquifers was
hypersaline, with chloride concentrations about 20% higher
than seawater. These aquifers must be isolated from ocean
water, and they may have lost 25% of their water to hydration
reactions with basalt glass. Other fluids produced by the
borehole had salinities less than half those of seawater, indi-
cating that a connection exists between these deep confined
pillow aquifers and the basal fresh groundwater system.
Evidence for freshwater in the formation fluids was found in
the borehole to as deep as 3000 mbsl, implying that the
volume of freshwater within Mauna Kea may be ten times
greater than previously estimated.

Thermal Profile

The downhole temperature profile for the HSDP2 core-
hole (Fig. 2) yields additional information about the subsur-
face hydrology of Hawaii. Within the first 200 m of the bore-
hole, the thermal conditions were consistent with the
expected basal freshwater lens underlain by rocks saturated
with freely circulating saline water. However, at ~300 m a
temperature reversal occurs that was later demonstrated to
be the result of a ~150-m-thick freshwater aquifer confined
by multiple soil and ash layers present at the interface
between Mauna Loa lavas and late-stage Mauna Kea flows
(Thomas et al., 1996). Below the artesian fresh aquifer, the
temperature falls rapidly to ~9°C, reflecting the presence of
an actively circulating saltwater system that draws deep,
cold sea water in through the submerged slopes of Mauna
Kea. Circulation within this system is rapid enough to
maintain a very weak temperature gradient (~7°C km™) down
to a depth of ~1600 mbsl where the gradient begins a progres-
sive rise to ~19°C km™ at 2000 mbsl. This value is to be
expected for a conductive thermal gradient (Biittner and
Huenges, 2002). Temperature measurements made below
2000 mbsl under static conditions (no internal well flow)
show a nearly constant 19°C km™ gradient to total depth.
Downhole temperature measurements made during and
soon after well flow show sharper temperature gradients that
are interpreted to reflect flow into or out of the formation
during drilling or production, respectively. The positive
temperature steps at permeable formations indicate entry of
warm fluids from deep within Mauna Kea’s core.

Lithologic Column

A major effort was made to characterize and catalogue the
rock core on-site. This nearly-real-time logging allowed us to
monitor the volcano structure, which helped with drilling
and allowed us to immediately start systematic sampling.
On-site activities included hand-specimen petrographic
description and photographic documentation of the re-
covered core. There were 389 distinguishable lithological
units identified (e.g., separate flow units, sediments, soils).
A simplified version of the lithological column is shown in
Fig. 3. A diagrammatic representation of the internal
structure of the Mauna Kea volcano in the vicinity of the drill
site (Fig. 4) helps explain the significance of the volcanic
stratigraphy.

The core was split longitudinally into a working portion
(two-thirds) to be used for analysis and an archival portion
(one-third) to be reserved for future study. A reference suite
of samples for geochemical analyses, chosen to be
representative and to cover the depth of the core at specified
intervals, was taken on-site and sent to participating
scientists. A key feature of the sampling is that a complete
suite of petrological and geochemical analyses was conducted
on these reference samples, allowing for a high level of
comparability among complementary textural, chemical,
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and isotopic measurements. All of the data collected on-site
can be accessed at http://www.icdp-online.org/contenido/
icdp/front_content.php?idcat=714,; the data include digital
photographs of each box containing the working and archival
splits, high-resolution scans of the working split, a detailed
lithological column, and detailed descriptions of the entire
recovered core. A summary of the lithologic column from the
HSDP2 drilling follows.

Subaerial Mauna Loa lavas (surface to 246 mbsl): The lava
flows from the surface to 246 mbsl are all subaerial Mauna
Loa (ML) tholeiites, as determined by major and trace
element analyses. These flows range from aphyric to 30% (by
volume) olivine phenocrysts; the average phenocryst
abundance is ~11%. Thirty-two flow units with an average
thickness of ~8 m were identified in this depth range; and
pahoehoe flows are approximately equally abundant. A total
thickness of 2—-3 m of ash, soil, and volcanic sandstone occurs

0

600,000 years ago

Clastic deposits

Rift-derived
Pillow Lavas

100,000 years ago
Subaerial lavas no rift zone "

HSDPZ Clastic deposils

Elavation (km)
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Figure 4. [A] Reconstruction of the Mauna Kea east rift and shoreline
at about 600 ka. The shoreline was about 12—-15 km NW of the drill
site, and the surface at the drill site location was at about 1500 m
water depth. Prior to the time depicted, the drill site location would
have been receiving submarine lavas from the (hypothesized)
Mauna Kea east rift. Subsequently, it was receiving mainly clastic
material derived from the shoreline. Since 600 ka there has been
about 1500 m of subsidence, so the depth in the HSDP drillcore
corresponding to this map is about 3000 mbsl. Below this depth,
the rocks encountered in the drillcore should be exclusively
submarine pillow lava. The distribution of submarine pillow lava is
based on the interpretation of Kilauea’s east rift zone bathymetry by
Moore (1996). [B] Schematic cross section from the Mauna Kea
summit through the HSDP2 drill site (in red), model for 100 ka ago:
assuming that there is no rift zone. [C] In this model the HSDP2
core hole should not have intersected any pillow lava, assuming the
presence of a rift zone, which fits the observations better.

interspersed with the ML lavas. The contact between the ML
lavas and underlying subaerial Mauna Kea (MK) lavas
occurs at 246 mbsl. Lavas from the two volcanoes are
sufficiently different in chemical and isotopic compositions
that it is easy to demonstrate that there is no interfingering
of lavas from the two volcanoes, which is consistent with
subsurface structural analysis based on the age and growth-
rate relations between Mauna Kea and Mauna Loa (DePaolo
and Stolper, 1996). Although the drill site was near that of the
pilot hole, and the depths of the ML-MK transition (275 mbsl
in the pilot hole) are similar at the two sites, the shallow
carbonates and beach deposits observed in the pilot hole
(DePaolo et al., 1996) are not present in the HSDP2 core.
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Figure 5. SiOz2 contents of Mauna Kea lavas and hyaloclastites plotted
versus depth below sea level in the HSDP core. Solid symbols
are glass samples, open symbols are whole rock measurements
adjusted for crystal fractionation and accumulation to MgO content
of 7% by weight. Below 1350 mbsl there is a bimodal distribution of
SiO2 concentrations indicative of two distinct magma types. Short
horizontal dashed lines separate subsections of the core where one
or the other lava type predominates. In the uppermost subaerial
portion of the core a systematic decrease in the SiO2 concentration,
representing the tholeiitic to alkaline transition, is also associated
with a pronounced decrease in the local lava accumulate rate from
9mka'to2mka' (see Figs. 6 and 7). Data from Rhodes and
Vollinger (2004), Stolper et al. (2004), and unpublished data.
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Moreover, although the number of ML flow units identified
in the HSDP2 core is similar to that in the pilot hole (thirty),
there is no one-to-one correspondence of units in the two
cores below the first few near-surface flows. Dating of the
ML section of the pilot hole core suggests that it extends
back to about 100 ka (Lipman and Moore, 1996). During this
time trace element and isotopic geochemistry show
significant changes; most of the samples from the core are
quite different from sub-aerially exposed lavas of Mauna Loa
(DePaolo et al., 2001a).

Subaerial Mauna Kea lavas (246-1079 mbsl): The upper
834 m of the MK section comprises primarily ~120 subaerial
flows of 7 m average thickness; about twenty-five percent of
these flows are pahoehoe. A total thickness of ~2 m of ash
and soil occurs within and between many flow units. Chemical
analyses (Fig. 5) demonstrate that the uppermost ~50 m of
the MK section contains interbedded nepheline-normative
(low SiO) and hypersthene-normative lavas, marking the
end of the shield-building phase of MK’s volcanic cycle
(Rhodes and Vollinger, 2004). Deeper subaerial MK lavas
are tholeiitic with variable olivine phenoscryst content
(0-35 volume %).

Submarine Mauna Kea — dominantly hyaloclastite debris
flows (1079-1984 mbsl): An abrupt transition to the
submarine part of the MK section occurs at a depth of 1079
mbsl, marked by the occurrence of volcaniclastic sediments
and glassy lavas significantly denser than those above the
transition. Based on radiometric ages of the lavas at the base
of the nearby pilot hole, the estimated age of the
subaerial-submarine transition is ~400 ka (Sharp and Renne,
2004; Sharp et al.,, 1996; Fig. 6). The estimated average
subsidence rate at the drill site over this interval, ~2.5 mmy!
(corrected for sea level variations), is similar to the current
subsidence rate in Hilo measured by tide gauges; to the
average subsidence rate for the past several tens of thousands
of years based on sediments in the pilot hole (Beeson et al.,
1996); and to the average values over 100-200 ka at several
near-shore sites around Hawaii based on the ages of drowned
coral reefs (Moore et al., 1996).

The upper 60 m of the submarine section (1079-1140 mbsl)
is different from the rest of the submarine section. This near-
shore facies is an alternation of massive basalts (2-3 m
average thickness) and clastic sediments (~3 m average
thickness; dominantly basaltic hyaloclastite). These occur in
roughly equal amounts. The vesicularity of the massive
basalts in this depth range is variable but mostly lower than
the 10%-20% typical of the subaerial lavas; when combined
with the low water and sulfur contents of most glasses from
these basalts, this suggests that these massive basalts are
subaerialflows that continued pastthe shoreline as submarine
flows. The hyaloclastites consist of a matrix rich in glassy
fragments plus basaltic lithic clasts from <1 cm up to several
tens of centimeters in size. These clasts are similar
lithologically to the massive basaltic units, although they

are usually more vesicular. The basalts in this depth range
are highly fractured, and the hyaloclastites are poorly
indurated, leading to the poor drilling conditions described
above.

The interval from 1220 mbsl to 1984 mbsl consists of ~90%
well-indurated basaltic hyaloclastite, interspersed with ~10%
massive submarine basalts (Fig. 3). The basalts are divided
into twenty-six units with an average thickness of 3-4 m.
They are olivine phyric, and point counts and chemical
analyses indicate a systematic decrease in olivine abundance
with depth in this interval from >20% at the top to <10% at the
bottom. The vesicularity of the massive basalts in this
interval is typically <1%. Although some of these massive
basalts could be intrusives or large lithic clasts, most have
been interpreted as subaerial flows that continued past the
shoreline as submarine flows. As at the top of the submarine
section, the hyaloclastites in this deeper interval comprise a
matrix often rich in fresh glass fragments plus variably
olivine-phyric, variably vesicular basaltic lithic clasts. In
some intervals, where these volcaniclastic sediments are
bedded and/or poor in lithic clasts, they are described as
sandstones or siltstones. Analyses of water and sulfur
contents of glassy fragments in the hyaloclastites demon-
strate that they have been degassed subaerially. This
composition, plus the often highly vesicular nature of the
basaltic clasts and the presence of charcoal in at least one
hyaloclastite, suggests that this thick interval of hyaloclastite
represents material transported downslope (probably by
slumping from oversteepened near-shore environments) as
the shoreline moved outward during the subaerial phase of
growth of the Mauna Kea volcano (Moore and Chadwick,
1995; Fig. 4).
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Figure 6. Depth versus age for core samples from HSDP1 and
HSDP2 (data from Sharp et al.,, 1996; Sharp and Renne, 2004).
Horizontal solid line indicates the final bottom hole depth of 3508
meters. Dashed lines show possible age-depth relations allowed by
the data for the bottom portion of the core. Distinguishing between
the allowed models requires additional geochronological and
geomagnetic data from the lowermost portion of the core.
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Submarine Mauna Kea — dominantly pillow lavas
(1984-3098 mbsl): From a depth of 1984 mbsl to the to the
depth reached in the 1999 phase of drilling, the section is
~60% pillow basalt, with less abundant intercalated
volcaniclastic sediment (Fig. 3). Several thick intervals (up to
~100 m each) composed nearly entirely of sediment are also
present. The sediments are primarily hyaloclastite, and they
were probably transported from near-shore environments.
The pillows typically have fresh glassy margins; the average
olivine contentis ~6% by volume, much lower than the average
for the subaerial MK flows. Vesicularities range up to 10%,
but the average is 1%-2%. Water contents of the glassy pillow
margins are ~0.08 wt % at 1984-2140 mbsl (consistent with
subaerial degassing), but most pillow margins from depths
>2200 mbsl have water contents of 0.2-0.8 wt %. The water-
rich, deeper lavas were never degassed under subaerial
conditions and are interpreted as submarine eruptions. The
deepest ~180 m of this interval contains no hyaloclastite.
Beforedrilling thefinal422 m (see below) itwas hypothesized,
based on the presence of the 180-meter hyaloclastite-free
section, that pillow lavas would dominate the deeper sections
of the core.

Submarine Mauna Kea - the final phase of drilling
(3098-3508 mbsl): Although the final phase of drilling was
at times challenging as described above, core recovery was
close to 100%. All rocks from the final phase of drilling were
deposited below sea level, based on chemical analyses
currently available of whole rocks and glass, they have been
determined to be from the Mauna Kea volcano, On-site core
logging led to the identification of forty-four distinguishable
units (the main phase of drilling had identified 345 units).
Five lithologies were identified: pillows (~60%); pillow
breccias (~10%); massive lavas (~12%); hyaloclastites (~17%);
intrusives (~1%; these are mostly multiple, thin (down to
cm-scale) fingers of magma with identical lithologies
occurring over narrow depth intervals; see next section). As
with the shallower portions of the drill core, the rocks are
primarily tholeiitic, ranging from aphyric to highly olivine-
phyric lavas (up to ~25% olivine phenocrysts). Although they
are variably altered (clays, zeolites), considerable fresh glass
and olivine are present throughout this part of the core. Forty
whole-rock samples were collected as a reference suite,
processed (including the cutting of thin sections), and sent
to multiple investigators for study. Additionally, glass was
collected at roughly 3-m intervals for electron microprobe
analysis.

Although samples were continuous and consistent with
the shallower rocks from the previous phases of coring, there
are several noteworthy features of the deepest 422 m of core.
(1) Glasses from the shallower core were characterized by
bimodal silica contents (Fig. 5, alow SiO» group (48-49 wt %),
and a high SiO, group (51-52 wt %). Glasses from the deepest
section are essentially all in the high SiO, group and are
somewhat more evolved (5.1-7.6 wt % MgO compared to
5.1-10.8 wt % for the glasses from the shallower portion of the

core). (2) The overall expected sequence of lithologies with
depth in the core is subaerial lava flows, hyaloclastite (formed
by debris flows carrying glass and lithic fragments from the
shoreline down the submarine flanks of the volcano), and
finally pillow lava (Fig. 4). This sequence was generally
observed in the earlier phases of drilling, and it appeared
that the deepest rocks from the 1999 phase of drilling were
essentially all formed from pillow lavas (i.e., there were no
more hyaloclastites). However, thick hyaloclastites reflecting
long distance transport from the ancient shoreline reappear
in the bottom ~100 m of the drill hole. Although it may be
coincidence, pillow breccias occur in the shallower parts of
the core from the final phase of drilling, but not in the deeper
parts in which the hyaloclastites reappear. (3) There are
three units classified as “massive” including one relatively
thick (~40 m), featureless (no internal boundaries, no
evidence of mixing or internal differentiation) moderately
olivine-phyric basalt. Their origin is unclear.

Intrusive units: Intrusive basalts are present in the deepest
portions of the core, but they are abundant nowhere;
between their first occurrence at 1880 mbsl and the bottom
of the core, they make up several percent of the core. They
are most abundant in the 2500-3100 mbsl interval, where
they constitute 7% of the core (Fig. 3). Intrusive rocks make
up a lower fraction (~1 %) of samples from the final phase of
coring than in the deeper parts of the section from the 1999
phase of drilling. It had been suggested that intrusives might
become more common the deeper the drilling, but this is not
the case at depths down to 3500 m. Individual intrusive units
typically occur as multiple, thin (up to a few centimeters
long) splays or fingers. The average olivine phenocryst
content is 4%-5%, and their vesicularities are all <1%. The
relationship of the intrusives to the lavas and sediments they
intrude is not firmly established, but the lobate shapes of
some of the intrusive contacts with the hyaloclastites suggest
that the latter were still soft when they were intruded.

Alteration and faulting: Basalts in the subaerial and subma-
rine parts of the section are relatively fresh (unweathered),
based on the presence of fresh glass and olivine. Although
secondary minerals (e.g., gypsum, zeolites, clays) are
common below 1000 mbsl, they tend to be localized in
vesicles or lining fractures (Walton and Shiffman, 2003;
Walton, 2008). Olivines are often partially altered, and in
some of the subaerial lavas the matrix is clayey. The overall
fresh nature of the rocks is consistent with their low vesicu-
larity and the low downhole temperatures (Fig. 2). The
hydrology of the drill site may also contribute to this, in that
less reactive, freshwater is present to great depth. Near the
base of the core, there is some suggestion of an increased
abundance of secondary minerals and alteration based on
hand-specimen descriptions. An interesting aspect of the
alteration is a blue coating on most fragments starting near
the depth of the subaerial-submarine transition that becomes
less apparent after several hundred meters. Another distinc-
tive feature is a bright blue-green alteration zone extending
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up to ~30 cm into hyaloclastites from intrusive contacts;
although striking when the core came out of the ground, it
faded and was difficult to distinguish within a few weeks. No
significant fault displacements were observed in the core,
but slickensides (though rare) are found throughout the
section, demonstrating that at least local relative motions
occurred in the section.

Key Petrologic, Geochemical, and
Volcanological Results

Although only preliminary results are available for the
final phase of drilling, considerable work has been completed
on the samples recovered in the two previous phases of
drilling. We summarize them briefly here, with references to
the primary publications.

Age and growth rates of Hawaiian volcanoes: Much of what
we can infer from the studies of the chemical and isotopic
composition of the lavas depends on their age. What we have
learned about the age of lavas is summarized in Fig. 6. The
deepest dated sample (at 2789 mbsl) has an age of 683+82 ka
(Sharp and Renne, 2004). Comparison with previous age and
growth rate estimates for the Hawaiian volcanoes (Moore
and Clague, 1992) indicates that the volcano lifetimes are
apparently almost four times longer than was inferred from
surface data (although very close to our predictions as laid
out in the 1991 NSF proposal). Reconciling the age data from
the core with the surface observations is a challenge still to
be undertaken, but one of the implications is that we have
been able to sample a long time period and hence have a long
record of the magma output from the Hawaiian plume.
Figures 4a and 7 show the island geography roughly 600,000

600,000
Years Ago

L] \
HSDP2

Drill Site
-1500m
(-3000m today)

Submarine Base
ol Volcanoes

40 60
kilometers

Figure 7. Map depicting the inferred geography of the island
of Hawaii at a time corresponding to about 600 ka years ago
represented by section at 3000 mbsl in the core. This map is based
on modern topography and bathymetry for the older volcanoes,
a long-term subsidence rate of 2.5 mm yr~! for the shorelines,
subaerial slopes for the volcanoes of 5.5° and the volcano growth
model of DePaolo and Stolper (1996). The red circle, based loosely
on the geodynamic model of Ribe and Christensen (1999), delimits
the location of the main magma-producing region in the plume,
about 100-150 km below the Earth’s surface. Inside this circle melt
fractions are relatively large, and the magma compositions produced
are tholeiitic; outside, the magma production is minimal, and the
magma compositions are alkalic.

years ago as reconstructed from the HSDP age data and the
models of DePaolo and Stolper (1996). To date, we have had
difficulty in reconciling the growth history of the volcanoes
with what is known of the Pacific plate velocity over the
plume, both its speed and direction (DePaolo et al., 2001a).
Based on the ages of the older islands and seamounts in the
Hawaiian chain, the long-term inferred velocity of the plate is
about 8.6 cm yr. Modern GPS measurements suggest a
present-day plate velocity of 7 cm yrl. Moore and Clague
(1992), on the basis of their growth model, suggested that
the volcanoes on the island of Hawaii were moving over the
plume at a velocity of 13 cm yr™! or more! So far, we have been
able to make a reasonable fit to the age data with a velocity of
10 cm yrl, but this model can probably only be tested by
drilling in other volcanoes.

Lava stratigraphy and volcano evolution: Excluding the
abrupt change from the Mauna Loa lavas at the top of the
core to the Mauna Kea lavas that extend over most of the
length of the core, there is considerable evidence of chemical
and isotopic heterogeneity in the recovered lavas
(Figs. 5 and 8). The data provide critical insights into plume
structure and the time dependence of magma generation
over much of the lifetime of the Mauna Kea volcano. Two key
results are described here. (1) The coring captured in detail
the termination of the shield-building phase of the Mauna
Kea volcano at about 150-300 ka, which is characterized by
a shift from tholeiitic to alkaline magmas and a drastic
slowing of eruption rate (Figs. 5 and 6). These changes
reflect a shift in degree and depth of melting as the volcano
passed from the center to the exterior of the melt-producing
region of the mantle plume (Fig. 7). (2) The Mauna Kea
section is characterized by a bimodal distribution of SiO,
contents in the lavas of the main, shield-building phase of the
volcano, with both abrupt and continuous transitions between
the two magma types occurring in the section (Fig. 5). The
bimodal compositional distribution has never previously
been observed in Hawaii, and since these major element
characteristics are correlated with isotopic ratios, they
indicate a bimodal distribution of source components. In a
potentially major paradigm shift, these results may suggest
that the mantle source materials in the Hawaiian plume are
not peridotite (i.e., olivine-rich) as generally thought, but
rather pyroxene-rich lithologies that straddle a thermal
divide.

Geochemical structure of the Hawaiian mantle plume: The
HSDP geochemical data can be interpreted in terms of the
geochemical structure of the Hawaiian plume. The con-
tinuous nature of the HSDP core, with the implied continuous
monitoring of the lava output from the volcanoes, has dictated
that we develop models for the plume behavior just below the
lithosphere and for how magma is collected from the plume
melting region and supplied to an individual volcano. These
models can be constrained by the volume and volume-age
structure of the Hawaiian volcanoes and by available
geodynamic models for the Hawaiian plume (DePaolo and
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Stolper, 1996; DePaolo et al., 1996; Ribe and Christensen,
1999; DePaolo et al., 2001a; Bryce et al., 2005). Systematic
variability in Hawaiian lavas with depth (age) in the drillcore
can be attributed to structure in the plume, and one of the
interesting results is that there is such structure even though
melting within the plume represents only the innermost
third or so of the plume radius (Fig. 8). The data show that
there is radial geochemical zoning of the melting region of
the plume in terms of He, Pb, Nd, Sr and Hf isotopes
(Blichert-Toft et al., 2003; Eisele et al., 2003; Kurz et al., 2004;
Bryce et al., 2005). This geochemical structure represents
the hot core of the plume and does not reflect entrainment of
ambient lower or upper mantle. The radial component of the
geochemical structure of the plume represents the vertical
structure at the thermal boundary layer from which the
plume originates (Fig. 9). In the case of Hawaii, all of the
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Figure 8. Isotopic composition of [A] He and [B] Nd in HSDP lavas
plotted versus age. The ages were assigned using the model of
DePaolo and Stolper (1996) and are consistent with the measured
ages (Fig. 6). During the period of time represented by the core
samples (ca. 600 ka to 150 ka), the summit of the Mauna Kea
volcano moved from a position close to the center of the plume
melting region (depicted in Fig. 7) to a position close to the edge of
the melting region. The systematic shift of isotopic ratios shows that
there is radial structure within the plume. The isotopic variations are
more dramatic; near the center of the plume they are much different
from mid-ocean ridge basalt (MORB) values and indistinguishable
from them at the edge of the melting region (data from Kurz et al.,
1996, 2003). The Nd isotopic variations are subtle but consistently
different from MORB values (data from Bryce et al., 2005).

lavas are derived from melting of mantle that originates from
within 20-50 km of the base of the mantle (Farnetani et al.,
2002). One of the most striking characteristics of the HSDP
data is that a high *He/*He anomaly (R/Ra > 16) is nested
within the core of the melting region of the plume and is
much larger in amplitude and much smaller in diameter than
the Nd, Sr and Hf anomalies (Fig. 8). A *He anomaly
apparently has a different origin than the other anomalies
and is restricted to the lowermost 10-20 km of the mantle
plume source. The helium signal is therefore likely to come
either directly from the Earth’s core via leakage across the
core-mantle boundary, or from a dense layer separating the
main mantle from the outer core (Bryce et al., 2005).

Thermal history, hydrology, lithification, and alteration
geochemistry: As noted above, one of the unexpected features
of the HSDP drill site is the low temperature at depth (Fig. 2).
The temperature profile requires that cold seawater (or
deeply penetrating basal groundwater) be circulating
through the volcanic pile even at depth greater than 3 km.
Moreover, as emphasized above, there are pressurized
aquifers near the bottom of the hole.

Studies of alteration minerals in the hyaloclastites have so
far indicated that the mineral phases represent low tempera-
tures of alteration less than 50°C, which is consistent with
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Figure 9. Schematic drawing showing the relationship between
the central axis of a cylindrical mantle plume and the base of the
mantle (from Bryce et al., 2005). The He and Nd isotopic ratio versus
age data shown in Fig. 8 may represent a detailed vertical section
through the lowermost 20-50 km of the mantle. In this interpretation,
the high-3He signal is confined to the extreme base of the mantle
and suggests that the He signal may be associated with a basal,
high-density mantle layer, or the outer core. The figure also depicts
heterogeneities within the axial region of the plume.
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the measured temperature profile (Walton and Shiffman,
2003). Hence the temperatures in this section have always
been low. The alteration mineralogy of glass in pillow rinds
and pillow breccias is similar to that of hyaloclastites.
A unique aspect of studying alteration of the HSDP core is
that the age and stratigraphic position of the samples are
known, and the temperature measurements can be used to
reconstruct the thermal history. By systematically sampling
down the core it is possible to reconstruct the time and tem-
perature of both the alteration of the rocks and the microbial
activity (Walton, 2008). Most other situations require study
of samples with unknown temperature history or do not pre-
serve the stages of progressive alteration and infection that
can be observed in the HSDP core. The alteration process
may be significant in understanding the reactions and com-
positional exchange between seawater and basalt glass at
low temperatures, thereby providing an analogue system for
the early history of fluids that circulate through mid-ocean
hydrothermal systems. Signs of microbial involvement in the
alteration process are evident as filamentous channels in
glass, but only within a restricted portion of the core between
about 1080 mbsl and 1460 mbsl (Walton and Schiffman, 2003;
Walton, 2008; Fisk et al., 2003). This re-striction suggests
that microbes infected the hyaloclastites early in their history
but are not very active at present.

Summary

The Hawaii Scientific Drilling Project drilled and cored
two holes in Hilo, Hawaii, the deeper reaching a depth of
3508 mbsl, and it retrieved a total of 4600 meters of rock core
(525 meters from the Mauna Loa volcano and the remainder
from the Mauna Kea volcano). The Mauna Loa core extends
the continuous lava stratigraphy of that volcano back to
100 ka and reveals major changes in lava geochemistry over
that time period. The Mauna Kea core spans an age range
from about 200 ka to perhaps 700 ka, and when combined
with surface outcrops, it provides a 700-kyr record of the lava
output from a single volcano. During the time covered by the
lavas from the core, the volcano drifted some 60-80 km
across the melting region of the Hawaiian mantle plume, and
therefore the HSDP rock core provides the first systematic
cross-sectional sampling of a deep mantle plume. The
geochemical characterization of the core, which involved an
international team of forty scientists over a period of fifteen
years provides information about mantle plume structure
and ultimately about the deepest parts of the Earth’s mantle.
The study of the lava core (which still continues) has provided
unprecedented information about the internal structure of a
large oceanic volcano and the time scale over which volca-
noes grow. The hole also provides an intriguing glimpse of a
complex subsurface hydrological regime that differs greatly
from the generalized view of ocean island hydrology.

Drilling conditions were favorable in the subaerial parts of
the volcanic section, where coring was generally fast and
efficient. The submarine part of the lava section, made up

primarily of volcanogenic sediments and pillow lavas, proved
considerably more difficult to drill. Some of the difficulties
and considerable additional expense were due to pressurized
aquifers at depth and a few critical mistakes made while
setting casing. Even with the more difficult conditions, the
project retrieved about 2400 meters of nearly continuous
core from the submarine section of Mauna Kea. Overall, the
HSDP project was highly successful even though the original
target depth was about 20% deeper than the final hole depth.
As expected, the project results answer several important
questions about oceanic volcanoes, mantle plumes, and
ocean island water resources, but they raise many more that
might be addressed with further moderate-depth drilling in
other Hawaiian volcanoes.
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Introduction

Natural geohazards, such as earthquakes, volcanic erup-
tions, landslides, and volcanic collapse, are of immediate
societal concern. In an oceanic setting (Fig. 1), all are capable
of generating tsunami that threaten coastal zones at distances
of many thousands of kilometers. This power and its effects
were forcefully shown by the giant earthquake (My 9.2) and
tsunami of 26 December 2004 off the coast of northern
Sumatra. Smaller magnitude submarine earthquakes and
landslides occur with shorter recurrence intervals and the
capability of tsunami generation, creating hazards for local
coastal communities as well as for offshore industry and
infrastructure. At the other end of the scale, the geologic
record suggests that less common, large-volume volcanic
collapses and extraterrestrial meteorite and comet impacts
in ocean basins have the potential to initiate tsunami of
extraordinary power that can threaten huge sections of
coastlines with growing populations. These events also
disperse enormous volumes of ash, steam, and ejecta into the
atmosphere, with short- and long-term consequences,
including climate change. All of these processes, which have
operated throughout the Earth’s history, are instrumental in
shaping the Earth system today. However, they are charac-
teristically difficult to predict, and viable risk assessment
and hazard mitigation depend on a clearer understanding of
the causes, distributions, and consequences of such natural
events.

Understanding the spatial and temporal variability of
submarine geohazards, their physical controls, and their

societal effects requires a diverse array of observational
techniques. Ocean drilling can be a key element in under-
standing oceanic geohazards, given that the submarine
geologic record preserves structures and past evidence for
earthquakes, landslides, volcanic collapse, and even bolide
impacts. This record can be read and interpreted through
drilling, coring, iz situ characterization, observatory studies,
monitoring, and laboratory studies to provide insight into
future hazards and associated risks to society.

With these concerns and opportunities in mind, an
Integrated Ocean Drilling Program (IODP) workshop on
oceanic geohazards was held at McMenamins Edgefield,
outside Portland, Oregon (U.S.A.) on 27-30 August 2007.
A primary objective of the workshop was to document how
scientific oceanic drilling could provide fundamental infor-
mation on the frequency and magnitudes of these destructive
events, as well as provide scientific insights into their
variability and underlying physics. The workshop was
attended by eighty-nine scientists from eighteen countries,
who were charged with the following goals: (1) establish the
state of knowledge regarding conditions and distribution of
catastrophic geohazards; (2) define key unresolved scientific
questions relating to geohazards; (3) formulate realistic
science plans to answer them; (4) evaluate the tools and
technologies available for geohazards study; (5) identify
potential drilling targets for specific hazardous phenomena;
and (6) enhance international collaborations and stimulate
proponent teams to develop competitive IODP proposals.
Participants contributed to the workshop through oral and
poster presentations, white paper preparation, proposal and

Figure 1. Geologic settings in which oceanic geohazards may
be generated.
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“concept” presentations, focused breakout discussions, and
open plenary discussions.

Submarine Landslides

Submarine landslides occur at a wide range of scales and
settings. They often comprise distinctive mass transport
deposits recognized on the seafloor or in seismic reflection
profiles (Fig. 2). Small-scale submarine landslides are
relatively frequent. They have displaced oil rigs, damaged
pipelines, broken deep-sea communication cables (Piper et
al., 1999), and, in a few cases, damaged segments of coastline
(Longva et al., 2003; Sultan et al., 2004). Large and small
events along coastal zones also create local, destructive
tsunamis (Lee et al., 2003; Tappin et al., 2001).

A range of conditions and triggers has been implicated in
the initiation of submarine landslides; these depend on
geologic setting, slope evolution, and tectonic and volcanic
activity. Earthquake triggering of landslides is well-known;

they can produce tsunami much larger than predicted for the
earthquake. As a dramatic reminder, more than 1600 people
died in 1998, when the M 7.0 Sissano earthquake in Papua
New Guinea triggered a massive submarine landslide, gener-
ating a tsunami that inundated a small stretch of coastline
(Synolakis et al., 2002). In North America, a large earth-
quake in eastern Canada in 1929 triggered the Grand Banks
landslide, turbidity flow, and tsunami that resulted in twenty-
nine deaths and substantial coastal damage (Whelan, 1994).
The possible role of co-seismic landsliding in generating a
local tsunami in Hawaii in 1975 is still debated (Lander and
Lockridge, 1989; Ma et al., 1999). Some of the largest
submarine landslides, however, have occurred on relatively
aseismic passive margins. The best known example is the
Storegga slide on the mid-Norwegian margin (Fig. 3), which
disrupted 90,000 km? of the continental slope about 8100
years ago (Solheim et al., 2005). Although the cause of this
slide is still debated, it is thought to have produced tsunami
inundations in Norway, Iceland, and the British Isles
(Bondevik et al., 1997). Hypothesized triggers include local
fluid  overpressures, groundwater
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seepage forces, and storm-induced
wave-action. Sea level or sea tempera-
tures may also cause slope failure
through gas hydrate dissociation or
dissolution, which can release free gas
to the atmosphere (Biinz et al., 2005;
Mienert et al., 2005). This process fits
into the more general “Clathrate Gun
Hypothesis”, relating methane release
and global climate change (Kennett et
al., 2000).
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To date, there are no known exam-
ples of medium- to large-sized subma-
rine mass movements where the geo-
metry, in situ stresses and pressures
have been characterized prior to,
during, and after the failure. Thus, it is
still unclear how and why failures

Figure 2. [A] Schematic diagram of a mass transport deposit. [B] Seismic cross-section showing
stacked submarine slides/slumps within the Ursa region of the northern Gulf of Mexico. Some of
the failures show low-amplitude, discontinuous reflections; others show distinct dipping reflectors
suggesting block rotation. [C] Interpreted cross-section identifying key lithologic units and fea-
tures. Blue Unit is a sand-prone layer. B and C modified from Flemings et al. (2006).
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slide body which, along with
geophysical surveys and seabed
characterization, have served to define
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@ Storegga tsunami deposits

@ Location of stimulated time series E Run-up of tsunami deposits

Figure 3. Map of the Storegga Slide off the Norwegian coast. Blue
dots show where tsunami deposits have been studied. Numbers
show elevation of the deposits above the contemporary sea level.
Red dots show approximate position of the time series. Figure from
Bondevik et al. (2005).

and constrain geotechnical parameters, their lateral vari-
ability, and slope failure potential. Similar approaches can be
used in other settings to further evaluate specific hypoth-
eses and models (Fig. 4). Some specific questions are
outlined below.

Does flow focusing cause lateral pressure variations and
failure? Two-dimensional modeling of the New Jersey conti-
nental slope suggests that lateral fluid flow in permeable
beds under differential overburden stress produces fluid
pressures that approach lithostatic stress where overburden
isthin (Dugan and Flemings, 2000). This transfer of pressure
may drive slope failure at the base of the continental slope,
demonstrating that permeability, depositional history, and
fluid flow are important controls on slope stability. IODP
Expedition 308 (Fig. 2) tested this hydrogeologic model in a

Figure 4. Summary of slope processes that may contribute to failure,
generating landslides, debris flows, and tsunami (from Camerlenghi
et al., (2007), courtesy Norwegian Geotechnical Institute (NGI) and
the International Centre for Geohazards (ICG).

region subject to overpressure and slope failure (Flemings
et al., 2006). Similar fluid flow and failure processes might
occur due to glacial loading of permeable sediments or in
temperate passive margins with high volumes of terrigenous
sediment. As the setting for such failures is robust, it is
critical that this model be further tested and validated to
investigate for which margin architectures and stratigraphic
settings it is applicable.

How important are strong ground motions for triggering
landslides compared with pre-conditioning or other mecha-
nisms? Earthquakes can increase pore pressure within slope
sediments, locally accelerate sediment, or create oversteep-
ened surfaces ultimately driving failure. Although the mech-
anisms relating earthquakes and slope failure are conceptu-
ally understood, drilling is necessary to measure sediment
properties to understand how they will respond to strong
ground motions. Drilling can provide insights into the most
likely modes of failure, the regions most prone to failure, and
the potential for slope failure to create a tsunami.

How do methane emissions relate to submarine landslides
during rapid climatic changes? Methane emissions from gas
hydrate dissociation induced by bottom water warming are
thought to occur primarily via submarine slides (Biinz et al.,
2005, Mienert etal., 2005). Carbon isotope chemistry, assem-
blages of benthic calcareous foraminifera, or other
(micro)biological indicators living close to paleo-slide heads
could be used as a local proxy for massive paleo-methane
seeps (Panieri, 2003; Sen Gupta et al., 1997). Such proxies
need to be tested by drilling where the history of oceano-
graphic changes is well known and there is a record of sub-
marine slope failure.

Can deep sea megaturbidites and shallower marine deposits
be produced by tsunami? Megaturbidites in deep-sea basins
have been explained as the result of submarine landslides
and particle resuspension due to tsunami-induced bottom
shear stress in deep and shallow water (Cita and Aloisi, 2000;
Hieke, 2000; Pareschi et al., 2006a). The study of megaturbi-
dites through ocean drilling, especially those deposited in
historical times, will permit their correlation with known
earthquakes and tsunami and resolve the cause-effect
relationships.

Subduction Zones

Subduction zones rank at the top of all classes of plate
boundaries in the destructive power of shallow offshore and
near-shore earthquakes, explosive eruptions of arc volca-
noes, and the tsunami that such events spawn. As seafloor
displacements and tsunami generation scale with shallow
moment release, shallow interplate earthquakes have the
highest capacity to produce damaging regional and ocean-
crossing tsunami. Drilling in subduction systems can have
multi-hazard payoffs, as the marine sedimentary record also
reveals slumps and turbidites caused by large earthquakes
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from Goldfinger et al., 2008).

Figure 5. Holocene rupture lengths of Cascadia great earthquakes from marine and onshore paleoseismology. Four panels showing rupture
modes inferred from turbidite correlation, supported by onshore radiocarbon data: [A] full rupture, represented at all sites by twenty turbidites;
[B] mid-southern rupture, represented by three events; [C] southern rupture from central Oregon southward represented by eight events;
[D] southern Oregon/northern California five events. Southern rupture limits vary, as indicated by white dashed lines. Recurrence intervals for
each segment are shown, and include all full margin events as well as those exclusive to that segment. Rupture terminations are approximately
located at three forearc structural uplifts: Nehalem Bank (NB), Heceta Bank (HB), and Coquille Bank (CB). Paleoseismic segmentation is also
compatible with latitudinal boundaries of episodic tremor and slip events (Brudzinski and Allen, 2007), shown by white dashed lines (adapted
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that may augment tsunami run-ups. Moreover, tephra depos-
its from explosive eruptions provide a record for dating
earthquake-triggered turbidites and reflect eruptive histo-
ries of dangerous explosive arc volcanoes that are vital for
volcano hazard appraisal.

With the exceptions of subduction zones in Japan (Ando,
1975), and perhaps those in the Mediterranean Sea, the
historical record of subduction earthquakes, explosive
volcanic eruptions, and tsunami is too short to be truly useful
in quantitative earthquake and tsunami hazard assessment.
Onshore geological investigations of the Holocene record of
coastal uplift and subsidence, shoreline tsunami deposits,
liquefaction effects, and terrestrial landslides have extended
the historical record for tsunamigenic earthquakes for some
subduction systems. A prime example is the Pacific North-
west of the U.S. and southwestern Canada, where paleo-
seismic investigations confirmed the giant earthquake of 26

January 1700 recorded by its tsunami in Japan (Atwater et
al., 2005; Satake et al., 1996), and they also identified other
late-Holocene earthquakes (Atwater, 1987). However, the
onshore record of such earthquakes is limited by removal of
these deposits through coastal and near-coastal erosion.
Shallow piston coring of turbidites in submarine canyon
levees and trench deposits have identified additional
Holocene events (Fig. 5; Goldfinger et al., 2003, 2008),
permitting a statistical record of earthquake size and
history that has been used for probabilistic earthquake
hazard assessment by the U.S. Geological Survey. More
complete IODP drilling of deeper turbidite deposits could
extend this record into the Pleistocene or earlier.

Characterizing the behavior of subduction zones through-
out the seismic cycle is fundamental to understanding
seismic hazards and earthquake mechanics. This effort ties
in well with ongoing seismogenic zone investigations, and
in particular, NanTroSEIZE
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and megasplay sites

Kumano Forearc
Basin sites

Inputs and initial
faulting sites

(Fig. 6), which represents a
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phased drilling program with
an ultimate goal of sampling
the seismogenic zone directly
(Kinoshita et al, 2008;
Tobin and Konishita, 2007).
Seismicity, ground  defor-
mation, and geochemical and
fluid fluxes appear to vary
throughout the seismic cycle

Distance from deformation front (km)

Kinoshita et al. (2008); seismic data from Park et al. (2002).

Figure 6. IODP NanTroSEIZE drill sites defining a “distributed observatory” to study the seismogenic zone.
Sites drilled during 2007-2008 Stage 1A are shown in solid colors, and are preparatory to much deeper
planned drilling that will sample the splay faults and plate boundary seismogenic zone. Modified from

in response to stress and strain
evolution, and they can be
monitored through borehole
installations (Brown et al.,
2005). If earthquake recur-
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rence intervals are long, it is unreasonable to monitor the
entire seismic cycle in one location. However, observations
along comparable margins at different points within their
seismic cycles could be integrated to reconstruct processes
active throughout a generic seismic cycle, and extrapolated
to predict the behavior of specific margins. Comparative
studies (Kanamori, 1972) along margins like the Nicaragua
margin that produce tsunami earthquakes—and even those
margins that do not—can test whether precursory behaviors
differ in these settings and are indicative of their tsunami-
genic behavior.

Four key questions associated with subduction zone
geohazards that can be addressed by ocean drilling relate to
characterizing and quantifying earthquake magnitude,
frequency, and tsunamigenic potential.

What is the long-term record of the size, distribution, and
Sfrequency of plate-boundary earthquakes in a subduction zone?
Dating turbidite deposits obtained by drilling can provide
information about the chronology of triggering earthquakes,
as well as information about event sizes and distributions.
Thus, drilling can provide a much longer record than
historical and instrumental data have to date. Potentially,
such records contain fundamental information about
seismicity rate, maximum event magnitude, and primary
parameters needed to assess the probabilistic earthquake
hazard in a given subduction zone. Moreover, seismic
moment release tends to be heterogeneous, and in some
well-characterized systems such as northeast Japan, earth-
quake slip recurs on consistent segments of the subduction
boundary over decades to centuries. As the underlying
physics behind locations and sizes of such “asperities” is not
known, quantitative probabilistic earthquake hazard analysis
is more appropriately based on resolving the spatial and
temporal record of subduction events, a task that requires
ocean drilling.

What factors control the global variability in seismicity rate
and maximum earthquake magnitudes? The existence and
rate of backarc spreading, the thickness of the incoming
sediment layer, plate convergence rate, dip of the subducting
plate, width of the seismogenic zone, interplate stresses, and
the ability of rupture zones to coalesce, all need to be evalu-
ated carefully. Within the seismogenic zone, it is critical to
understand the physical, chemical, and hydrogeological
properties, as well as thickness and geometry of the slip
zone. These goals are among the key objectives of the current
IODP NanTroSEIZE drilling program (Kinoshita et al.,
2008).

How are plate boundary motions partitioned among inter-
plate thrust faults and splay faults, and how does this partition-
ing affect the tsunamigenic potential? Seismic reflection pro-
files reveal splay faults that diverge from the basal thrust,
with considerable cumulative seafloor displacement (Fig. 6).
Seismicimaging overthe NankaiMargininthe NanTroSEIZE

drilling area shows evidence for recent slumping and active
splay faulting across older more seaward faults (Moore et al.,
2007), suggesting co-seismic slip may propagate from the
décollement zone all the way to the seafloor. Similar geo-
metries are observed along other subduction margins, and
they may contribute to the generation of devastating tsunami
during major earthquakes. Possible evidence for active slip
on such a splay fault during the 26 December 2004 Sumatra
earthquake comes from tsunami arrivals on the coastline
earlier than expected for a fault source on the main inter-
plate thrust (Plafker et al., 2006), one of several hypotheses
currently being tested (Fig. 7) by new surveys over the
Sumatra margin (Henstock et al., 2006; Mosher et al., 2008;
Plafker et al., 2006).
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Figure 7. Alternative models for forearc fault architecture that
accommodated rupture during the great Sumatra earthquake, and
implications for tsunami generation. Figure courtesy of S. Gulick, N.
Bangs, and J. Austin.

What physical processes control the onset of slow (tsunami)
earthquakes? Some earthquakes launch destructive tsunami
far in excess of their moment magnitudes. Such tsunami
earthquakes (Kanamori, 1972) include the devastating 1896
Sanriku-oki earthquake in northeastern Japan, the My, 8.5
earthquake of 1946 off Unimak Island in Alaska, and the
northern rupture zone of the 2004 Sumatra earthquake
(Stein and Okal, 2005). The sources for earthquake and
tsunami may lie beneath the outer prism at very shallow
depths. Further studies must also be carried out to test the
hypothesis that sediments might play a role in slow earth-
quake ruptures (Kanamori, 1972), as some documented
examples occur in sediment-starved settings such as
Nicaragua (Mclntosh et al., 2007). Drilling strategies will
require exploring the structure and properties of the most
frontal portions of the prisms, with comparisons to subduc-
tion systems that do not to produce slow earthquakes.

Volcanic Processes
Many oceanic and coastal volcanoes (e.g., in Hawaii, the

Canary Islands, and Alaska) show evidence of large-scale
flank collapse (Coombs et al., 2007; Masson et al., 2002;
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Moore et al., 1989, 1994; Urgeles et al., 1999) and occasionally
abortive slope failure (Day et al., 1997). Enormous debris
fields composed of volcanic blocks and far-flung turbidite
deposits occur most prominently around the Hawaiian
oceanic island volcanoes (Fig. 8A). Modeled tsunami for
such intraoceanic landslide sources produce enormous wave
heights that can devastate coastlines around the entire ocean
basin (Satake et al., 2002). They may also deposit marine
coral deposits high on the nearby volcano flanks (McMurtry
et al., 2004). Large-scale slope failure also may be accom-
panied by explosive volcanic eruptions that release large
quantities of ash and vapor into the atmosphere, with short-
and long-term detrimental effects on climate and society.
Immediate hazards include airborne lateral blasts, column-
collapse pyroclastic flows, ashfall, respiratory hazards,
terrestrial dome-collapse pyroclastic flows, debris flows, and
lahars (Herd et al., 2005; Saito et al., 2001). Explosive
submarine eruptions pose unknown risks to nearby commu-
nities, as they can generate tsunami with shallow eruptions,
but also release density currents and ash plumes (Belousev
etal., 2000; Fiske etal., 1998; White et al., 2003). The far-flung
materials generated by explosive eruptions are often the
unique keys to recognizing and dating such events, providing
important constraints on source, magnitude, and frequency
(Fig. 8B).

Scars in the subaerial and submarine slopes of silicic vol-
canoes—such as Mt. Etna in Sicily, Kiska, Tanaga, and
Augustine in Alaska, and Montserrat in the West Indies—
and interpreted debris deposits attest to past slope failures

(Coombs et al., 2007; Le Friant et al., 2004; Pareschi et al.,
2006b). Although smaller in scale than Hawaiian landslides,
such events can cause tsunami that will impact nearby shore-
lines with little warning. A tsunami from Mt. Etna would
strike eastern Mediterranean coasts very quickly (Fig. 9;
Pareschi et al., 2007). The explosive eruption of Krakatau
volcano, Indonesia in 1883 produced a far-flung tsunami and
caused untold damage. Smaller volcanic failures at island arc
volcanoes, such as at Oshima-Oshima Island in the Japan
Sea (1741) and Ritter Island in the Bismarck volcanic arc of
New Guinea (1888), are more frequent and invariably pro-
duce regionally destructive tsunami (Day et al., 2005).

In some settings, the flanks of active volcanoes also
exhibit slow outward flank displacements. This is best docu-
mented in Hawaii, where the south flank of Kilauea volcano
is moving seaward at rates up to 10 cm y-! (Denlinger and
Okubo, 1995; Owen et al., 2000). Such volcanic spreading is
primarily gravitationally driven but is also influenced by
magmatic pressures and/or hot cumulates at depth that push
the flank outward (Clague and Denlinger, 1994; Swanson
etal., 1976). Slip is modeled to occur along a décollement that
lies near the base of the volcanic edifice (Fig. 10), a geometry
analogous to subduction, with a frontal accretionary prism of
volcanic-lastic strata (Morgan and Clague, 2003; Morgan et
al., 2000, 2003). Seaward slip is punctuated by large earth-
quakes (up to M 8) that may trigger coseismic slumping
(Lipman et al., 1985; Ma et al., 1999). “Silent” slip events also
have been recognized, with apparently periodic recurrence
and offshore slip surfaces (Brooks et al., 2006; Cervelli et al.,
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2002). The first geodetic study over
Kilauea’s submarine south flank now
confirms offshore fault slip, which
produces vertical flank displace-
ments up to 5 cm y! (Fig. 10; Phillips
et al., 2008). However, the temporal
and mechanical relationships among
slow slip, seismic slip, and large scale
flank failure in Hawaii are still very
poorly known.

In general, the direct causes of
volcano flank motions and failures
are not well understood. Below are
four key questions associated with
volcanic geohazards that can be
addressed by ocean drilling and
relate to understanding the nature
and controls on flank mobility and
stability, and the triggering mecha-
nisms.

Figure 8. [A] Landslides and slumps around Hawaii (mapped by Moore et al., 1989 and more recent
work from Tom Sisson). Red outlines debris avalanche fields; blue outlines slumps; islands are in gray.
Location of seismic line and ODP Site 1223 indicated in white. Bathymetry from Eakins et al. (2004).
[B] Portion of reflection profile across ODP drill site, showing multiple reflective turbidite horizons.
[C] Representative drill core from ODP Site 1223, showing volcaniclastic sandstone/tuff unit
overlying bioturbated claystone, with intervening erosional boundary. Figures B and C modified from
Shipboard Scientific Party (2003).

What conditions and/or triggers
lead to large-scale flank collapse in vol-
canic settings? Potential causes for
volcano flank deformation and col-
lapse include the presence of weak or
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1999; Elsworth and Voight,
1995; Iverson, 1995; Reid,
2004; Voight and Elsworth,
1997). Accelerations in-
duced by earthquakes or
explosive eruptions may
serve as triggers. The types
and scales of slope failures
and their tsunamigenic
potential depend on these
para-meters, the structure Figure 9. Maximum wave crests heights predicted by a scenario of a tsunami generated by the flank collapse
and stratigraphy of the edi- of Mt. Etna in the eastern Mediterranean (after Pareschi et al., 2006b). Blue lines are arrival times, in seconds,
fice, and the rheology of the of the first tsunami maximum.
failed  material.  Thus,

addressing this question requires direct sampling and mea-
surement of the flanks to constrain subsurface stress, pore
pressure, temperature, fluid chemistry, and composition, as
well as their spatial and temporal variability. Additionally,
core records may resolve linkages between eruptive and
flank failures and provide information about emplacement
mechanisms and rheology.

What is the interplay between volcano growth and collapse?
Landsliding and flank collapse occur throughout their
evolution. Recent seismic and stratigraphic evidence suggest
that flank failures are commonly buried by subsequent
volcanic materials (Morgan et al.,, 2003). Thus, to better
understand the growth and evolution of oceanic volcanoes,
ocean drilling must be combined with geophysical surveys
to constrain internal structure, composition and stratig-
raphy. In this way, we can begin to reconstruct volcanic
history, estimate the volumes of past and incipient failures,
and improve models of collapse effects (e.g., tsunami,
landslide run-outs, etc.).

What ave the frequencies, magnitudes, and distributions of
large volcanic landslides? As the historic record of volcanic
collapses is short, statistical data must be acquired through
high resolution sampling of distal landslide deposits (e.g.,
turbidites, Fig. 8C) to constrain event frequency and size and
to correlate these deposits regionally and globally (Shipboard
Scientific Party, 2003). Ash stratigraphy offers great promise,
especially where on-land ash units have been fingerprinted
and dated and can be correlated with offshore deposits.

Other Active Tectonic Settings

Marine crustal earthquakes occur in a range of
non-subduction and non-volcanic settings, including rifted
margins, transform margins, and the occasional intra-plate
or passive margin setting. These events tend to be relatively
small, but can reach magnitudes of 6-8. Often, the sources
and precise mechanisms of these earthquakes are unclear.
Although earthquake damage may be local, the hazards can
be great, as they are unexpected and commonly amplified by
secondary events (e.g., tsunami, landslides, coastal collapse).

What causes/enables rapid volcano flank motion, and what
are the hazard implications? The deep-seated causes for flank
spreading, as observed in Hawaii, will be difficult to constrain
through ocean drilling alone. However, drilling offers the
only means to test interpretations for flank structure that
controls deformation, and
to constrain t.he pl.*operties W SE
of the materials involved. Hilina Upper Flank Midslope Basin Outer Bench ‘| r=50my" 5 km
Additionally, offshore __FaultZone Data Model noVE.
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nascent stages (Phillips et seaward by gravitational spreading, resulting in frontal sediment accretion and bench uplift. Aseismic slip
al., 2008). along the active décollement (in red) can account for vertical displacement recently measured along the
distal flank (data from Phillips et al., 2008). Aseismic slip may be accommodated in part by repeated slow
earthquakes, which are modeled to occur at or near the décollement plane and are associated with triggered
microseismicity (after Brooks et al., 2006).
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Figure 11. Geology, bathymetry, and topography of the California
Borderlands, showing representative geologic hazards and fea-
tures (figure courtesy of Mark Legg). Volcanic features (red) include
Emery Knoll (EK), Catalina Crater (CC), Navy Crater (NC), and South
San Clemente Basin (SSB). Tectonic features (black) include Santa
Catalina Island (SCI), Lasuen Knoll (LK), and Palos Verdes (PV).
Potentially tsunamigenic landslides (blue): Fortymile Bank (40M),
Thirtymile Bank (30M), and Goleta Slide (GOL).

In addition, these sources have produced some of the most
destructive historic geohazard events in terms of casualties
and effects on populated coastal communities. Examples
include the 1755 Lisbon earthquake (M >~8) and tsunami
that resulted in 40,000-60,000 casualties (Gracia et al.,
2003); the 1908 Messina Strait earthquake (M ~7-7.5) and
tsunami causing 60,000 or more casualties (Amoruso et al.,
2004; Billi et al., 2008); and the 373 BCE earthquake and
tsunami, which completely destroyed the classical city of
Helike on the southwestern shore of the Gulf of Corinth
(Liritzis et al., 2001).

Young oceanic rift environments (e.g., the Gulf of Corinth)
can produce up to M ~6-7 earthquakes that can trigger
submarine landslides and tsunamis, as well as liquefaction
and coastal failure. These processes are enabled by high
sedimentation rates and steep fan delta slopes and faulted
margins (Bell et al., 2008; McNeill et al., 2005). However, the
high sedimentation rates provide a unique opportunity for
drilling to unravel the tectonic and hazard history and to link
it to the historic record. Oceanic transform margins, such as
the California Borderlands (Fig. 11; Legg et al., 2007) and
the North Anatolian Fault crossing the Sea of Marmara, are
also subject to intermittent earthquakes, commonly with
complex mechanisms. Irregular seafloor and oversteepened
slopes can create additional risks, as earthquakes can trigger
submarine landslides and tsunami that impact nearby popu-
lated regions (e.g., southern California or western Turkey;
Borrero et al., 2004; McHugh et al., 2006).

The knowledge of geohazards in these settings is very
incomplete. The following are two key questions that can be
addressed by ocean drilling.

What are the potential earthquake and related hazards in
active non-subduction settings? Ocean drilling offers the
opportunity to constrain the types of hazards that exist in
non-subduction settings, by testing structural and strati-
graphic interpretations for the margins, including the
frequency, timing, and rates of fault slip. For example, are
there linkages between earthquakes and triggered mass
flows or slope failures and tsunami? Additionally, drilling
these settings will contribute to other fundamental issues
about active rift and transform structure and processes,
sedimentation, and linkages to climatic events and pale-
oceanography.

Can the history of past earthquakes be extracted from the
sedimentary record? High sedimentation rates in some
settings preserve high-resolution records of local
earthquake-generated turbidite-homogenite units. These
event deposits may have recognizable characteristics
distinct from other sedimentary units. Careful dating of
seismoturbidites can provide event ages and recurrence
intervals. Such a record of seismoturbidites has been
extracted from the Sea of Marmara for the last 16 ka,
validating the approach and revealing unrecorded events
that must be accounted for in probabilistic earthquake risk
assessment (McHugh et al., 2006; Sari and Cagatay, 2006).
Similar records may be reconstructed in other settings for
which the historic record is limited, but earthquakes and
associated hazard risks are high.

Bolide Impacts

Major bolide impacts, while infrequent, rank as poten-
tially the most devastating of all geohazards, with the
capability of wiping out civilization as we know it (Chapman,
2004; Chapman and Morrison, 1994; Collins et al., 2005).
Representative examples include Meteor Crater in Arizona
and Chicxulub Impact Crater in Mexico (Fig. 12), which
approximately define the known size extremes on Earth
(<100 m to >300 km in diameter). Currently about 175 impact
craters are recognized on Earth, of which about one-third
are no longer visible at the Earth’s surface due to erosion or
post-impact burial. Local effects of impact include ejecta
deposition, airblasts, thermal radiation, seismic shaking,
and tsunami. Global effects include thermal infra-red pulses,
dust in the atmosphere, climatically active gases, acid
trauma, and biological turn-over (Gulick et al., 2008; Ivanov
et al., 1996; Koeberl and MacCleod, 2002; Pierazzo et al.,
1998; Robertson et al., 2004; Toon et al., 1997). Tsunami are
the most immediate hazard, with large regional effects.
For example, a 400-m asteroid hitting the Atlantic could
produce basin-wide run-ups of >60 m (Ward and Asphaug,
2000), although actual run-ups may be lessened by shallow
continental shelves (Hofman et al., 2007; Korycansky and
Lynett, 2005; Weiss and Wiinneman, 2007).

The best-known impact crater is Chicxulub, which struck
the Yucatan penisula ~65 Ma (Alvarez et al., 1980; Gulick et
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al., 2008; Hildebrand et al., 1991; Morgan et al., 1997). Of an
estimated impact energy of 2 x 102 ] (~100 million atomic
bombs), only one percent was converted to tsunami and
hurricane force winds (Pope et al., 1997). The remainder
caused melting, vaporization, and ejecta. Deep-sea cores
reveal evidence for large impacts in the form of tektites, ash,
and dust (MacLeod etal., 2007; Norris et al., 1999), indicating
the extraordinary reach of impact ejecta. Drilling through
these well-preserved deposits in the ocean basins can yield
valuable constraints on the energies and chemical signatures
associated with such impacts and the associated hazards
(Gohn et al., 2008; Morgan et al., 2005; Pope et al., 1997).
One can also recognize sharp contrasts in biota before and
after an event, indicating dramatic changes in environment
induced by long-term climatic changes (Gulick et al., 2008;
MacLeod et al., 2007; Pope et al., 1997).

What are the frequency, spatial distribution, and magnitude
of impact events, and what effects did they have on global
environment and biota? What are the impact process and
resulting structure, and how can these be used to calibrate
models? The Earth has a 40% chance per 100 years of getting
hit by a Meteor Crater-sized bolide, and to our knowledge
has been struck with at least three Chicxulub-sized bolides
in the last two billion years, and with innumerable smaller
ones, many of which are no longer recognizable (Grieve,
1998). Given the rarity of impacts, however, drilling offers
the only direct means to investigate the internal structure
and associated deposits generated by such an event. Drilling
ejecta both nearby and far from known impact sites will help
to understand the effects of impacts of varying size.
Additionally, drilling is necessary to document changes in
biological diversity, both locally and globally. Finally,

drilling-obtained constraints on impact structure and
distribution of deposits can be used to calibrate models,
which are used to understand the impact process and the
associated hazards.

Overarching Scientific Questions That Can
Be Addressed by Ocean Drilling

The topical review provided by the IODP Geohazards
Workshop revealed a number of common themes and
problems for which ocean drilling is ideally suited.
Prominentamongthesearetoconstructdetailed stratigraphic
records that will help to establish links between event
distribution and recurrence, source, and intensity of
hazardous events and associated risks. Another theme is to
characterize in situ properties and processes that govern
unstable seafloor motions.

What are the frequencies, magnitudes, and distributions of
geohazard events? The assessment of natural hazards and
related risks requires information about event sizes, distri-
butions, and recurrence intervals. These data can only be
obtained through distributed drilling integrated with high-
resolution stratigraphy and geochronology. The potential of
this approach has been shown through stratigraphic studies
of the Madeira Abyssal Plain (Fig. 13; Weaver, 2003). To date,
only a few large-scale events (e.g., Storegga slide) have been
dated with sufficient accuracy. Many medium- and small-
sized submarine slides have been imaged in detail, but
accurate dating is still lacking. Dating of turbidites offshore
of the Cascadia margin has provided a compelling record of
repeating earthquakes throughout the Holocene (Goldfinger
et al., 2003, 2008), however similar data are lacking for the
deeper record and for most
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Figure 12. Seismic profile across Chicxulub, Mexico impact crater showing proposed drilling transect
combining ocean and continental drilling. Drilling objectives include 1) earliest Tertiary sediments
to document the resurgence of life, 2) impact-induced megabreccia and potential exotic organisms,
3) impact morphometric features, such as a peak ring, to constrain their origins, and 4) lithology of the
melt sheet to differentiate among impact models (modified after Morgan et al., 2007). Inset shows gravity
data over Chicxulub, revealing distinct crater structure and proposed IODP/ICDP drill sites (gravity image
courtesy of Pilkington and A.R. Hildebrand).

Can the tsunamigenic poten-
tial of past and future events be
assessed? The tsunamigenic
potential of seafloor deforma-
tion is a function of a number of
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different parameters. The most critical ones relate to the
pre-failure, failure, and early post-failure behavior of the
deforming mass, as these influence the magnitudes, rates,
and areas of seafloor displacement. Additionally, the geome-
try of subsurface structures and source mechanisms will
control the deformation. Constraining the geomechanical
properties and associated flow laws requires drilling and cor-
ing, in situ geotechnical measurements, and dedicated labo-
ratory analyses. Extrapolating these results across broad
regions requires 3D characterization of the deposits and
underlying structure, as well as identification of past failure
zones. Finally, the tsunamigenic potential will need to be
evaluated through modeling, constrained by detailed
observations.

Do precursory phenomena exist, and can they be recognized?
In order to improve our predictive capability we need to
determine which transient signals might indicate imminent
seafloor deformation (Fig. 14). Transient physical parameters
deemed to be important include pore pressure, pore fluid
chemistry, temperature, and seafloor deformation.
Microseismicity could indicate incipient failure or
concurrent “silent” slip. Iz situ monitoring will be critical for
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Figure 13. [A] Graphic representation of thickness and frequency
of emplacement of organic turbidites in ODP drill sites 950, 951,
and 952 (Northwest African Continental Margin). Each turbidite is
represented by a vertical bar, and the thickness of the turbidite is
shown on the vertical axis. Ages in Ma are given along the horizontal
axis, and the separation between ticks on this axis reflects the
number of turbidites deposited in that interval. [B] Summary of
frequency-magnitude data through time for the data set shown in A.
[C] Location map for study (modified from Weaver, 2003).

recognizing and correlating precursory phenomena;
it should include seismometers, submarine geodetic obser-
vatories, pressure sensors, and flow meters installed at
critical intervals. Increased strain rates, enhanced fluid flow,
and geochemical transients may be inverted to resolve the
deformation source and mechanism (Brown et al., 2005).
And finally, iz situ data can be integrated through predictive
modeling to better understand their linkages to hazards.

What are the physical and mechanical properties of materials
prone to failure? Subduction megathrusts, submarine
landslides, and volcanic detachments are often localized at
distinct stratigraphic levels, which must define “weak”
horizons prone to failure. The physical and mechanical
properties of these units strongly influence the mode of
failure; their depths and distributions control the failure
volume. Passive margins in glaciated settings tend to develop
a compositional layering that may localize slip. In other
settings, rapid sedimentation, differential burial and
diagenesis, and overpressures can create weak layers.
Recognition of critical horizons and conditions that may
promote localized failure requires drilling and geotechnical
characterization (Fig. 14), as well as laboratory studies of
slip behavior and evolving rheology under specific loading
conditions (e.g., earthquake shaking, pore pressurization,
etc.).

What are the roles of preconditioning vs. triggering in rapid
seafloor deformation? Preconditioning includes changes in
physical properties and mechanical differences that occur
between quasi-stable submarine slopes prior to failure.
Examples include the development of weak materials,
elevation of pore pressures, gas hydrate formation, struc-
tural geometry, fault development, and volcanism. Triggering
mechanisms initiate the failure and may include seismic
events, migration and pressurization of pore fluids, destabili-
zation of gas hydrates, volcanic activity, and storms. Both
sets of properties and processes must play a role in the onset
of seafloor deformation, but their relative importance will
vary from place to place. Knowledge of the range of material
properties and potential triggering mechanisms in each
geologic setting will be critical to assessing associated
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Figure 14. Schematic diagram of ocean drilling and borehole
observatories to sample and measure in situ physical properties and
mechanical state, and monitor transient phenomena that may be
precursory to failure in actively deforming regions.
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geohazards. Ocean drilling and observatory installations
can measure critical physical properties and record transient
phenomena that might distinguish between these two contri-
butions in a range of settings.

Technological Opportunities and
Requirements for Geohazards Studies

Site Surveys: Standard site surveys for geohazard objec-
tives can provide two types of information:

(1) Definition of the geophysical, stratigraphic, and struc-
tural framework of the area capable of generating the geo-
hazard. Swath bathymetry and acoustic backscatter imagery
are necessary to identify morphological features, associated
surficial deposits, or subsurface structure (i.e., for place-
ment of boreholes or observatories). Seismic reflection pro-
filing, particularly in 3D, serves to constrain the internal
structural and stratigraphic architecture of the region with
which to interpret past events and their temporal and spatial
distribution.

(2) Pinpointing the exact locations for future drilling and
assessing what knowledge would be gained at each site.
Information can be gleaned from high-resolution seafloor
acoustic images coupled with 3D seismic reflection images
to identify reflections and impedance contrasts that might
indicate target horizons, fault traces, or fluid pathways.
Submersible dives can provide detailed information at the
proposed point of entry, including local fluid or heat flow
data.

Drilling and Coring: I0DP operations provide some
standard tools and capabilities, which can be utilized for
geohazards studies. In some cases, integrated shoreline-
crossing structures, such as Chicxulub crater, can also
benefit from joint IODP-ICDP efforts.

Logging-while-drilling (LWD) tools are available for typi-
cal IODP drilling conditions. These routinely include gamma
ray, resistivity, neutron density, porosity, and pressure-while-
drilling. Although the costs and technologic requirements
for LWD are high compared to wireline logging, thisapproach
offers two key advantages in unstable materials consistent
with geohazards. (1) Rapid sampling allows for evaluation of
more pristine sedimentary intervals and assures data collec-
tion regardless of borehole stability. (2) The availability of
real-time logs permits rapid assessment of lithologic envi-
ronments and conditions.

In situ geotechnical tools are used routinely in the geo-
technical community and should become an integral part of
IODP geohazards investigations. These tools can make dis-
crete measurements from the seafloor to tens of meters
depth or deeper depending on the strength of the sediment.
Penetration probes (e.g., Davis-Villinger Temperature
Pressure Probe (DVTPP) and Temperature-Two-Pressure

(T2P)) can be used to evaluate in situ fluid pressure and sedi-
ment properties such as hydraulic conductivity and coeffi-
cient of consolidation. Moreover, implementation of existing
tests, such as cone penetration tests (CPT), will greatly
improve the quality of data near the seafloor, where wireline
and LWD tools do not provide robust data. CPTs collect infor-
mation on lithology, frictional and cohesive strength, and in
situ pressure. Additional modules can be incorporated in
CPTs to constrain formation resistivity, natural gamma radi-
ation, and formation velocity. Incorporating these types of
measurements into IODP operations would increase the
quality of petrophysical data of near-surface sections prone
to failure.

Development and application of certain iz situ tools could
greatly expand understanding of iz situ pressures and stress.
Pore pressure can be measured with downhole tools (DVTPP,
T2P) or with instrumented boreholes such as Circulation
Obviation Retrofit Kits (CORKSs). Vertical stress can be eval-
uated from density data. Horizontal stress has not been mea-
sured within DSDP/ODP/IODP, but should be pursued to
obtain more reliable estimates of failure potential.
In situ strength should be measured and can be evaluated
with fracture tests. Large-scale hydrologic tests can also
help to up-scale the core measurements. These tests include
injection tests, slug tests, and cross-borehole tracer studies.

Heterogeneous deposits may require new drilling tech-
nologies or the use of multiple coring devices, in particular
to recover loose or chaotic materials. Recent advances in
core catcher technology are compatible with the typical
IODP drilling hardware and could be readily adapted.
Overpressured settings common to unstable sediments have
been successfully drilled by IODP (e.g., Expedition 308) and
are routinely drilled by industry. In near-surface settings,
overpressure can be monitored and evaluated through mea-
surement-while-drilling (MWD) and/or LWD operations to
assess risk prior to coring operations. When exploring
deeper, overpressured targets, riser drilling with the
DV Chikyu can provide the borehole control to prevent bore-
hole collapse or blowout.

Complete characterization of the geotechnical properties
(strength, permeability, compressibility, rheology) of
slide-prone layers and bounding strata requires combined
logging, coring, and shore-based studies. Reliable
geotechnical data can be integrated with geophysical data
to extrapolate the interpretations from the borehole to a
local or regional scale. All coring activities will also require
long-term onshore testing to define the requisite material
properties. As the laboratory studies are integral to the
overall scientific objectives, reliable means to support the
shore-based laboratory component should be included in
the planning.

Borehole Observatories and Cabled Arrays: Technological
advances in borehole observatories and offshore cabled
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arrays allow critical real-time data acquisition. Sub-seafloor
failure may be preceded by precursory surface deformation
or microseismicity, which must be monitored locally (Fig. 14).
Cabled ocean bottom seismometer (OBS) arrays lasting
from weeks to months can be coupled with long-term
seafloor geodetic observatories or transponder-based
acoustic GPS, seafloor pressure sensors, and flow meters to
detect transient signals. Local physical property changes
may also indicate internal deformation and can be monitored
through changes in pressure or acoustic travel time (Fig. 14).
Such real-time iz situ data sets provide necessary constraints
on the depths, rates, and modes of sub-seafloor deformation,
for predictive purposes and for drilling future boreholes.

Real-time monitoring is particularly valuable during the
late stages of the failure process, if that can be determined.
During this period, properties are rapidly changing, offering
the unique opportunity to capture the failure event including
pre-, syn-, and post-event transients. The logic of this
approach is quite obvious in subduction zones, which is
understood in the context of the seismic cycle, but the same
approach is transferable to other settings in which unstable
failure processes are anticipated (for example, gravitationally
driven landslides on continental margins or volcanic edifices).
Ineach environment, acombination of surface and subsurface
sensors and monitoring strategies are required to provide
sufficient constraints on long-term build-up of strain (precon-
ditioning) and transient events that might signal the onset of
instability and hazardous conditions (triggers). In all cases,
multiple co-located data sets must be collected to obtain
necessary information about the underlying physics of the
system, as well as to constrain complex numerical models to
address the underlying driving processes. In fact, such
modeling is ideally carried out prior to observatory
emplacement to ensure that the observations are well located
and of sufficient accuracy to address the critical scientific
questions being posed.

Ocean drilling also offers the exciting potential to develop
offshore tsunami warning facilities. Presently, warnings of
earthquake-generated tsunami are issued by authorities
based on seismic data monitored by regional or global seismic
networks. The verification of tsunami warnings is made by
monitoring tsunami heights along the coast with tide gauges.
However, the lack of accurate knowledge of seafloor motions
can lead to over- or under-estimations of wave height.
Moreover, in many cases coastal detections of tsunami
heights occur too late to issue warnings. If direct seafloor
motions can be detected through monitoring of seafloor
pressures, these data may be transmitted to shore more
quickly than teleseismic data, which can be critical for local
tsunami targets. Such data also offer the potential for
predicting tsunami direction and magnitude well before
coastal impact. Making information available in real time
will require buoy telemetry or cabled networks, both
expensive technologies. However, the costs of such

installations must be balanced against the risks and
consequences of not having on-site monitoring.

Concluding Remarks

The productive discussions during the IODP Geohazards
Workshop led to several consensus points among the partici-
pants. One of the most important is a mandate to include
geohazards in future science plans for IODP. Presently,
geohazards are included only as peripheral objectives in the
Initial Science Plan for IODP, although several IODP efforts
already address critical geohazards concerns (e.g.,
NanTroSEIZE). A directed geohazards component of IODP
would strongly complement those of other research entities,
including various national hazards programs. Scientific
drilling can provide critical ground truth to test models and
hypotheses and to assess risks and associated geohazards.

Participants also noted the outstanding opportunities to
mitigate and reduce the impacts of oceanic geohazards
through improved warning systems, effective coastal evacu-
ation plans, and infrastructural modifications, using actual
data that allows rigorous risk assessment. For success,
however, regional surveys and core analyses must be com-
bined with iz situ monitoring through cabled observatories
or buoyed telemetry to obtain meaningful data in real time.

Finally, it was agreed that IODP now has the opportunity
to define and engage in future research directions that will
have clear relevance to all of society, because the impacts of
oceanic geohazards are immediate and consequential and
represent a clear danger to life on Earth.
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New Focus on the Tales of the Earth—Legacy Cores
Redistribution Project Completed

doi:10.2204/iodp.sd.7.03.2009

Scientific drilling for marine cores began in 1968 under
the auspices of the Deep Sea Drilling Project (DSDP), whose
initial discoveries included salt domes on the sea floor and
formation of oceanic crust by sea-floor spreading along the
mid-ocean ridges rift zone. Analyses of cores in various
laboratories all over the world provided key information
toward a better understanding of Earth’s past, present, and
future including the geology of the sea floor, evolution of the
Earth, and past climatic changes. With an eye towards future
development of analytical tools for core-based research, it
was important to maintain cores in as close to their original
condition as possible for the years to come. This led to the
establishment of large repositories curating cores at 4°C,
conducting sub-sampling, and facilitating non-destructive
observation of cores while following well-defined curation
policies.

Collection management of scientific ocean drilling cores
has always been a shared responsibility. Beginning with
DSDP, drill cores from the world’s oceans were all stored in
the United States and separated geographically into two
regions. The East Coast Repository (ECR) at Lamont-Doherty
Geological Observatory in Palisades, New York was

responsible for taking care of cores from the Gulf of Mexico,
Atlantic Ocean, Southern Ocean (loosely defined as south of
60°S latitude) and their peripheral seas, whereas the West
Coast Repository (WCR) at Scripps Institution of
Oceanography in San Diego, California was responsible for
cores from the Pacific and Indian Oceans and their peripheral
seas. At the end of fifteen years of DSDP operations in 1983,
the 96 km of recovered core were almost evenly split between
the two DSDP repositories.

With the advent of the Ocean Drilling Program (ODP),
the WCR was completely filled. The Gulf Coast Repository
(GCR) was built at Texas A&M University in College Station
to store new cores from the Pacific and Indian Oceans, and
ECR continued to set up new core storage available for its
portion of the globe. A satellite repository of the GCR at the
New Jersey Geological Survey/Rutgers University stores
land-based cores from ODP Legs 150X and 174AX drilled
from 1993 through 1997, these are scientifically related to
the ODP Leg 150 and 174A marine cores taken off the New
Jersey margin. In 1994, space at the ECR was becoming
limited, and the international partners of ODP requested a
new repository in Europe, closer to many of the scientists

[A] The 5.5-m-high movable core racks in the BCR (© MARUM). [B] On-shore core description and sampling
party for IODP Expedition 307 at the BCR (© IODP-BCR). [C] IODP Expedition 310 (“Tahiti Sea Level”) Onshore Science Party at BCR: cores
laid out in the reefer before the splitting, analyses, and sampling started. (© IODP-ESO). [D] First legacy cores arrive at the KCC (© I0DP-JPIO).
[E] IODP NanTroSEIZE Stage 1A core sections (© IODP-JPIO). [F] Sampling of the NanTroSEIZE Stage 1A cores at the KCC (© IODP-JPIO).
[G] New high density core racks in the GCR for storage of the oldest DSDP cores beginning with Leg 1 (© IODP-USIO).[H] Legacy core being re-
analyzed with newly developed digital imaging system for the JOIDES Resolution, in the new GCR lab facility (© IODP-USIO). [I] New GCR sampling
station with automated sample bagging machine (© IODP-USIO).
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Progress Report

outside of North America. The Bremen Core Repository
(BCR) in Bremen, Germany thus began operations by taking
over the ECR’s Atlantic/Southern Ocean responsibilities
starting with ODP Leg 151.

After twenty years of ODP operations, another 222 km of
core had been collected, with the ECR containing roughly
75 km, the WCR still at roughly 50 km, the GCR at 120 km,
and the BCR at 75 km. These DSDP and ODP cores are now
referred to as ‘legacy’ cores.

In the early phase of the Integrated Ocean Drilling
Program (IODP) in 2004, several new developments along
with concerns of the scientific community provided an
impetus to re-evaluate the core storage strategy for both
legacy and new cores.

The oldest cores stored at the WCR and ECR were in
relatively less demand by the international scientific
community than the more recent cores at the GCR and BCR.
This reflects a normal trend for all cores, where the greatest
usage in terms of sampling usually occurs within the first
five years, after which usage steadily declines. The cost of
maintaining these low-usage core collections at their original
locations was quite high compared to the cost of the more
recent collections, simply because of the need to pay for
rental space, utilities for cold storage, and complete core
sampling labs and staff at these facilities. It was apparent
that combining these old collections with the newer ones
would reduce costs.

In early 2005 the BCR collection was moved from the
former harbor area of Bremen to the MARUM-Center for
Marine Environmental Sciences building on the campus of
Bremen University. The new core reefer in the MARUM
building and additional laboratory and office space greatly
facilitate core sampling and analysis. The infrastructure of
the MARUM and of the Faculty of Geosciences, University
of Bremen, features a unique

Core Center, or KCC, in June 2006) on the Monobe campus
of the university in Nankoku City, Japan. The center has a
movable rack system for core storage, a number of large
liquid N, freezers for the storage of microbiological and
hydrate samples, and a large set of state-of-the-art analytical
equipment including X-ray CT and XRF core scanners.
Curation of the IODP and legacy cores at KCC is managed by
JAMSTEC, while the analyticalfacility is maintained through
collaboration of the university and JAMSTEC.

Texas A&M University committed to ensuring greater
core storage capacity and to creating a shore-based analyti-
cal laboratory facility adjacent to the GCR as part of its con-
tribution to the IODP. The laboratory space was used in 2007
and 2008 for development of new shipboard analytical tools
for the newly refurbished DV JOIDES Resolution, and it is
ready for installation of its first instrument, an XRF core
scanner, in the spring of 2009. The GCR has nearly 100 km of
additional core storage capacity, contains some additional
oceanographic cores, and serves also as the core storage site
for the San Andreas Fault Observatory at Depth project of
the International Continental Scientific Drilling Program
(ICDP).

IODP became a multi-platform operation with the
construction of the DV Chikyu and with the conception of
ECORD’s Mission Specific Platforms (MSP) for drilling
projects not achievable using either the U.S. non-riser DV
JOIDES Resolution or Japan’s riser DV Chikyu.

The addition of analytical facilities complementing the
core repositories was an important advancement for improv-
ing service to the community. For example, the facilities can
be utilized to complete analytical work not carried out on
board. MSPs are normally not equipped with the laboratory
facilities that scientists are accustomed to on other IODP
drilling vessels. The Onshore Science Party (OSP) at BCR
takes place after MSP offshore operations (which capture, at

set of high capacity faci-

lities, for both the initial
handling and for highly
sophisticated analyses of
marinesediments,including
three XRF core scanners
and an X-ray CT scanner.
The new BCR has approxi-
mately tripled the capacity
of the old facility.

In April 2004, JAMSTEC
(Japan Agency for
Marine-Earth Science and
Technology) and Kochi
University established a

0° 30°E 60°E 90°E

new marine core research
center (nicknamed Kochi

Figure 1. Map of geographic distribution of ocean drilling cores at the KCC, GCR, and BCR.
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a minimum, mostly ephemeral properties) are completed.
At the OSP in Bremen, cores are split and scientists have
their first opportunity to study, analyze, and sample the cores
in detail. The utilization of the facility for personal research
also provides the advantage of minimal deterioration in the
core sample quality, which would otherwise be a concern
(e.g., contamination and rise in temperature during ship-
ment of samples from a repository to a researcher’s labora-
tory) especially for microbiological research.

All of these new developments were discussed among the
Implementing Organizations (IOs), their funding agencies,
and Integrated Ocean Drilling Program-Management
International (IODP-MI). Consequently a decision was made
that the storage of cores from the world’s oceans should now
reflect the three-way partitioning of drilling responsibilities
in the new program. A project was approved and funded to
close the ECR and WCR, consolidate their cores with those
of the BCR and GCR, and re-distribute the collections among
the three primary repositories to a new geographic system
that is fairly balanced in terms of volume of core material,
and which would include future IODP cores. After two years
of work, about two-thirds of the DSDP/ODP core collection
(>200 km) were moved, and the ECR and WCR were both
officially closed on 30 September 2008. In addition, the first
phase of IODP drilling recovered more than 15 km of new
cores between 2004 and 2008. The current status of all
scientific ocean drilling cores at the three IODP repositories
(Fig. 1) is as follows:

e The GCR stores cores from the Pacific Ocean plate,
the Southern Ocean south of 60°S latitude (except
Kerguelan Plateau), the Gulf of Mexico, and the Caribbe-
an Sea. It presently houses over 109 km of core.

¢ The BCR stores cores from the North and South Atlantic,
the Mediterranean and Black Seas, and the Arctic
Ocean. It now houses over 140 km of core.

e The KCC stores cores from the Indian Ocean and
marginal seas, as well as from the western and northern
marginal seas of the Pacific region, defined by the plate
boundaries that extend from the Aleutian Trench to the
Macquarie Ridge. It now houses over 85 km of core.

This new disposition of cores not only renders a change of
locations, but also provides an opportunity to extend the use-
fulness of even the oldest drill cores by making them easily
available to new non-destructive analytical systems that did
not exist when many of these cores were first obtained.
Therefore, the consolidation of old and new cores from simi-
lar regions within three well-balanced core storage and ana-
lytical facilities around the world is intended to enhance the
use of this vast and still growing collection. After completion
of this gigantic moving project, the curatorial staff at all
three repositories are now ready to provide improved service
to the international scientific community, including that in
the Asia-Pacific region.

We would like to thank all of our staff at the GCR, WCR,
ECR, BCR, and KCC for the smooth team effort across conti-
nents in efficiently getting through this enormous piece of
work in less time while reducing the risk for the cores
involved. Thanks in particular go to: Gar Esmay, Bruce
Horan, Susan Andershock, Yasmin Yabyabin, Helene Gould,
Steven Prinz, Roy Davis, Ted Gustafson, Phil Rumford,
Walter Hale, Alex Wiilbers, Holger Kuhlmann, Vera Lukies,
Toshio Hisamitsu, and Satoshi Hirano.

John Firth, IODP-USIO, 1000 Discovery Drive, College
Station, Texas 77845, U.S.A., e-mail: firth@iodp.tamu.edu.
Lallan Gupta, IODP-JPIO, Kochi Institute for Core Sample
Research, Japan Agency for Marine-Earth Science and
Technology (JAMSTEC), B200 Monobe, Nankoku, Kochi
783-8502, Japan, e-mail: gupta@jamstec.go.jp.

Ursula R6hl, Bremen Core Repository (BCR), MARUM—
Center for Marine Environmental Sciences at Bremen
University, Leobener Strasse, 28359 Bremen, Germany,
e-mail: uroehl@marum.de.

DSDP: http://www.deepseadrilling.org

ODP: http://www-odp.tamu.edu

IODP: http://www.iodp.org

SEDIS: http://sedis.iodp.org/front_content.php

BCR: http://marum.de/en/IODP_Core_Repository.html
ECORD: http://www.ecord.org

GCR: http://iodp.tamu.edu/curation/gcr/index.html

KCC: http://www.kochi-core.jp/en/index.html

Rutgers Satellite Repository: http://geology.rutgers.edu/
corerepository.shtml

ICDP-SAFOD: http://safod.icdp-online.org

Access data and samples: http://www.iodp.org/
weblinks/Tasks-Scientists/Request-Access-to-Samples/
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Clues of Early Life: Dixon Island-Cleaverville Drilling Project
(DXCL-DP) in the Pilbara Craton of Western Australia

doi:10.2204/iodp.sd.7.04.2009

The Pilbara Craton in NW Australia (Fig. 1) exposes one
of the well-preserved and least metamorphosed greenstone
belts in the Archean. Greenstone belts are normally
composed of a complex amalgam of meta-basaltic and
meta-sedimentary rocks. Sedimentary rocks of the green-
stone belts are good targets to search for clues of early
Earth's environment and life.

In recent years, several scientific drilling programs
(e.g.: Archean Biosphere Drilling Project (ABDP), Ohmoto
etal., 2006; Deep Time Drilling Project (DTDP), Anbar et al.,
2007, Kaufman et al., 2007; PDP: Pilbara Drilling
Project, Philippot et al., 2007) were successfully completed
in the western Pilbara area, where 3.5, 2.9, 2.7, and 2.5 Ga
sedimentary units were drilled. However, there is a huge
time gap in the samples drilled by ABDP and DTDP that
represents middle Archean time , between 3.5 Ga and
2.9 Ga (i.e., ~600 Ma, equivalent to the duration of the entire
Phanerozoic). The Cleaverville-Dixon Island area of the
coastal Pilbara terrain (Fig. 1) is suited to filling in the
missing record. It contains well-preserved volcano-
sedimentary sequences (Cleaverville Group dated at 3.2 Ga)
where hydrothermal vein systems, organic-rich siliceous
sedimentary rocks, and iron-rich sedimentary rocks are
developed (Kiyokawa et al., 2006). Such geological materials
may be used to reconstruct past submarine hydrothermal

Cleaverville ™
Beach

Aerial photo showing locations of drilling sites CL1, CL2,
and DX for DXCL-DP in Cleaverville, northwestern coast of Pilbara
district, Western Australia. Coordinates of the DX site are 20°39'21"'S
and 117°00'04"E. Aerial photo is taken from “Google Earth” (http://
earth.google.com/).

activity and its influence on biological activity. Indeed, some
attempts have been made to answer the key questions.
However, the surface outcrops in this area are generally
weathered to variable degrees; thus they are apparently not
suitable for geo-biological and geochemical studies which
require unaltered original chemical/isotopic compositions
from the time of their formation in the middle Archean.
Consequently, we carried out the “Dixon Island - Cleaverville
Drilling Project (DXCL-DP)”, to obtain “fresh” samples from
the sedimentary sequences in the Cleaverville—Dixon
Island area.

The most important objective of the DXCL-DP is to under-
stand the nature of the middle Archean (3.2 Ga) marine
environment influenced by hydrothermal activity, through
detailed and systematic study of fresh drill core samples.
This objective has been pursued through (a) detailed strati-
graphy of the whole section, (b) inorganic geochemistry of
sedimentary rocks, (c) organic geochemistry of carbo-
naceous sedimentary rocks (i.e., characterization of the
carbonaceous materials including insoluble macromolecular
matter), (d) study of “microfossils”, (¢) geochemistry
(including stable isotopes) of sulfide in sedimentary rocks,
and (f) paleomagnetic study on oriented core samples in
order to explore the presence and direction of the geoma-
gnetic field in the early Earth. Various geochemical investi-
gations of shales and cherts are used (e.g., major, minor,
trace, and rare earth element geochemistry; Corg, N, S, and
Fe isotope geochemistry, etc.) to fully extract the information
from samples and to understand the influence of submarine
hydrothermal activity on the biological and chemical finger-
prints. From these data we intend to determine the original
environmental information at the time of deposition.

Our drilling targets were deeply buried organic-rich black
cherts and black shales of the Dixon Island Formation (DIF)
and Snapper Beach Formation (SBF) (Fig. 2). Both forma-
tions belong to the 3.2 Ga Cleaverville Group and are exposed
along the coasts of the Cleaverville area and Dixon Island.
The Cleaverville Group is a well-preserved submarine
sequence affected only by low-grade metamorphism
(prehnite-pumpellyite facies) without intensive deformation
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varicolor chert

“Snapper
Beach h
Formation” gray chert
I CL1
I CL2 black chert
Pillow pillow basalt

Basalt”

DX

Fe-rich chert

“Dixon
Island
Formation”

Cleaverville Group, Pilbara Supergroup

black chert

highly altered zone,
with hydrothermal
chert veins

Stratigraphic column of the 3.2-Ga Cleaverville Group of the
Pilbara Supergroup. Names of the Snapper Beach and Dixon Island
Formations are provisional. Modified after Kiyokawa et al., 2006.

(Kiyokawa et al., 2002). It is composed of volcanic rock units
andchemical-volcano-sedimentarysequences.Interpretation
of its depositional settings diverges among rift, horizontal
tectonics, accreted oceanic crust, or accreted immature
island arc (Hickman, 1983; Van Kranendonk et al., 2006).

The ~350-m-thick DIF in the lower part of the Cleaverville
Group consists mainly of highly silicified volcanic-siliceous
sequences that contain apparent microbial mats and
fossilized bacteria-like structures within black chert and
also includes a komatiite-rhyolite sequence bearing hydro-
thermal veins. The >300-m-thick SBF in the upper part of the
Cleaverville Group contains a thick unit of reddish shale,
bedded red-white cherts, and a banded iron formation. It also
contains chert fragments bearing pyroclastic beds bearing
chert fragments (Kiyokawa et al., 2006). We selected two
coastal sites at the eastern part of the Cleaverville Beach for
drilling (Fig. 3). The first site (CL1 and CL2) was intended to
drill through the lower part of the SBF (distance between
holes is 60 m along the core dip direction), and the other is
the DX site which was targeted to

drill the upper DIF.
Drilling Site
Latitude
DXCL-DP was successfully Longitude

completed in summer 2007 after
continuous drilling from 31 July to
10 August. The orientation of the
core, being perpendicular to the
bedding plane, is 52° dip to the Ceie Dicsien
southwest for the CL1 and CL2 site Dip

Depth to Start Drilling
Depth to Finish Drilling

Total Drill Core Length
Stratigraphic Thickness

Photographs of drilling sites for DXCL-DP. [A] CL1 and CL2,
and [B] DX.

and 52° dip to the northwest for the DX site. Orientations of
the core samples were taken using “Ezy-Mark” oriented
system (2iC Australia Pty Ltd). As a cooling media during
drilling, freshwater was used at CL1 and CL2 sites, and
seawater at DX site; for both, partially hydrolyzed polyacryl-
amide lubricant was added. A summary of information on
drilling sites (core length, direction, bedding, etc.) is
presented in Table 1. Stratigraphic columns of CL1, CL2, and
DX are shown in Fig. 4, and an example of drillcore (DX) ina
core tray is shown in Fig. 5.

CL1. The CL1 drill core (66.1 m long; Fig. 4), covering the
lower part of the SBF, consists of two units: black shale and
reddish shale. The black shale unit was subdivided into five
subunits (BS1 to BS5). BS1 (39.4-45 m) consists of highly
fragmented but organic-rich massive and laminated black
shales. BS2 (49-62 m) and BS3 (71-88 m) subunits consist
of massive and partly laminated black shales. BS4 (92-94 m)
and BS5 (99-105 m) subunits consist of organic-rich massive

Summary of logistical information on DXCL-DP drill cores.

DXCL-DP Dirill Core

CL1 CL2 DX
117°01'28.8" 117°01'20.1" 117°00'05.9"
20°39'06.7" 20°39'35.0" 20°39'43.6"

39.4m 47.6 m 47.7m
105.3 m 92.0m 148.3 m
66.1m 44.4m 100.15 m
40.7 m 27.3m 61.5m
160° 159° 315°
52° 50° 52°
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black shale with some fine sandstone layers. The laminated
black shales with pyrite nodules occur at the deepest (but
stratigraphically the uppermost) part. This unit partly
contains graded thin sandstone beds with cross lamination.
The reddish shale unitis either mostly fragmented laminated
red-brown-black shale (44-49 m and 62-71 m) or
well-laminated reddish to black shale (86-88 m and 95-99m).
The uppermost section down to 53 m depth is strongly
fragmented. Changes of the bedding orientation occurred at
54-57 m, 60-62 m, 72-75 m, 80-84 m, and 89-92 m depth
ranges that are accompanied by fragmentation of the rocks.

CL2. The CL2 drill core (44.4 m long; Fig. 4), covering
the lowest part of the SBF, consists of three units: weathered

CL1
40 —
. CL2 DX
50
60 —
70
80 -
'g 90
= _
o
(O]
) o E
110
- | BB weathered rocks
I black shales
120 —
I laminated black shales
- with pyrite laminations
130
140 —
150

Integrated stratigraphic columns for CL1, CL2, and DX in
DXCL-DP based on fine-scale visual inspection of the drillcores.
Note that the upper ~40-m sections of cores (highly-weathered by
recent oxidation) were not sampled.

yellowish-brown rock (WY), black shale (BS), and reddish
shale (R) units. Boundaries between each units are highly
fragmented. The WY unit, containing laminated white chert,
is highly weathered. The BS unit was subdivided into five
subunits, BS1 to BS5. Each unit mainly consists of massive
black shale with well-laminated black shale and silt bed, and
contains some fine sandstone with cross lamination. The R
unit was also subdivided into five subunits (R1 to R5), which
consist of reddish massive shale, white chert, and massive
and well-laminated black-gray-red shale. The color changes
between red and brown are gradual. The CL2 drillcore is
generally more fragmented than CL1 and DX drillcores.
Bedding orientation slightly changes at 75-76 m depth and
81-82 m depth.

DX. The DX drill core (100.2 m long; Fig. 4), covering the
upper part of DIF, consists of four units: highly fragmented/
deformed and well-laminated black shale (69-88 m, with
disturbance at 85-88 m); well-laminated black shale with
pyrite lamina (88-149 m; a partly yet highly deformed section
at 101-110 m; see Fig. 5) with several cm-thick pyrite veins
and 10-50-cm-thick massive sulfides at 138-139 m and
144-149 m depth ranges; massive and finely-laminated black
shale; and reddish shale (110-118 m) units associated with
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Representative drillcores (DX) in a core tray. Tray length is
approximately 1 m. Modern-weathering-free black shales preserve
pyrite laminations and pyrite nodules.
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deformed/fragmented zones. The normal dip of the DX
drillcore is approximately 50°. Gradual changes in the dip
orientation are observed at the 110-123 m depth range that
exhibit a few meter-scale open folds. The uppermost ~70 m of
the drillcore DX is generally highly weathered. Its upper part
(47.9-59 m) is massive and reddish, the middle part (59-63 m)
contains bleached materials, and the lower part (63—69 m) is
red but preserves the chilled margin structure of pillow
basalts.

“Dixon Island-Cleaverville Drilling Project (DXCL-DP)”
was successfully completed in summer 2007. Three holes
were cored, the CL1 and CL2 cover the Snapper Beach
Formation, while the DX drillcore covers the Dixon Island
Formation, both of which belong to the Cleaverville Group.
The CL1 and CL2 drillcores consist mainly of organic-rich
massive black shales with little cross-laminated fine
sandstone, and the DX drillcore contains very finely
laminated black shales with lamination and veins of pyrite
and weathered pillow basalt. These sulfide-containing black
shales are not found anywhere in surface outcrops. It is the
first discovery of these geological units.

A systematic combination of geological, sedimentological,
geochemical, and geobiological approaches to the drillcore
samples will be applied to obtain critical information on the
characteristics of the samples and to understand the influence
of submarine hydrothermal activity on the biological and
chemical fingerprints. From these we intend to reconstruct
the environmental conditions at the time of deposition.
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Complex Drilling Logistics for Lake El'gygytgyn, NE Russia

doi:10.2204/iodp.sd.7.05.2009

Lake El'gygytgyn was formed by astrophysical chance
when a meteorite struck the Earth 100 km north of the Arctic
Circle in Chukotka 3.6 Myrs ago (Layer, 2000) on the
drainage divide between the Arctic Ocean and the Bering
Sea. The crater measures ~18 km in diameter and lies nearly
in the center of what was to become Beringia, the largest
contiguous landscape in the Arctic to have escaped conti-
nental scale glaciation. Within the crater rim today, Lake
El'gygytgyn is 12 km in diameter and 170 m deep, enclosing
350-400 m of sediment deposited since the time of impact
(Gebhardt et al., 2006). This setting makes the lake ideal for
paleoclimate and impact research.

After several years of preparation, pre-site survey work,
and arduous logistical planning, Lake El'gygytgyn is now
the focus of a challenging interdisciplinary multi-national
drilling campaign as part of the International Continental
Scientific Drilling Program (ICDP). With drilling initiated in
late fall 2008, the goalis to collect the longest time-continuous
record of climate change in the terrestrial Arctic and to
compare this record with those from lower latitude marine
and terrestrial sites to better understand hemispheric and
global climate change. Coring objectives include replicate
overlapping lake sediment cores of 330 m and 420 m length
at two sites (D1 and D2, Fig. 1) near the deepest part of the

[A] Digital elevation model, [B] drill site locations, projected
onto a panoramic view of Lake EI'gygytgyn in May facing north,
[C] location of Lake EI'gygytgyn at 67.5°N and 172°E, ~100 km north
of the Arctic Circle in Chukotka, northeastern Russia (base map
courtesy of Arctic Climate Impact Assessment).

lake. Coring will be continued 300 m (D1) and 100 m (D2)
into the underlying impact breccia and brecciated bedrock in
order to investigate the impact process and the response of
the volcanic bedrock to the impact event. One additional
land-based core (site D3, Fig. 1) measures ~200 m in lake
sediments now overlain by frozen alluvial sediments on the
lakeshore; D3 will allow a better understanding of sediment
supply to the lake and spatial depositional heterogeneity
since the time of impact. Drilling of the primary D1 and D2
sites will take place from February to the middle of May
2009 using the lake ice as a drilling platform. The project
uses a new Global Lake Drilling 800m (GLADS800) system
modified for extreme weather conditions by Drilling,
Observation and Sampling of the Earths Continental Crust
(DOSECC). Moreover, the science and logistics involves
close cooperation with the Russian Academy of Sciences
(Far East Geological Institute-Vladivostok; and Northeastern
Interdisciplinary Scientific Research Institute-Magadan)
and Roshydromet’s Arctic and Antarctic Research Institute
(AARI), St. Petersburg.

The impetus for deep drilling at Lake El'gygytgyn is
largely based on field and laboratory studies carried out over
the past decade. Seismic work in the lake and morphostrati-
graphic work in the catchment and surrounding region
confirmed that the lake record is undisturbed, without
evidence of glaciation or desiccation (Niessen et al., 2007,
Glushkova and Smirnov, 2007). Short sediment cores demon-
strated the sensitivity of this lacustrine environment to
record high-resolution climatic change across NE Asia at
millennial timescales (Brigham-Grette et al., 2007; Melles
et al., 2007; Nowaczyk et al., 2007; Fig. 2). Documenting the
dynamics and controls on the lake’s seasonal ice cover (Nolan
and Brigham-Grette, 2007) has been key to understanding
lake circulation and has been critical to developing safety
plans for ice thickening and engineering prior to drilling
from the lake’s frozen surface.

Lake El'gygytgyn is located 255 km inland from the
village of Pevek on the coast of the East Siberian Sea. Because
there are no roads to the lake, maritime shipments with the
drilling system, fuel, mud, drill pipe, etc. need to be delivered
in the open water season by barge through the Bering Strait
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The new “Russian”GLAD assembled and modified by
DOSECC in Salt Lake City in consultation with Alex Pyne (Antarctica
Research Center, New Zeland).

by way of Vladivostok. Traversing the DOSECC drill rig and
all supplies, pipe, and equipment from Pevek to Lake
El'gygytgyn requires a 360-km overland bulldozer-
supported trek after the rivers and tundra are well frozen
and can sustain heavy loads. Most of the field party will reach
the lake by helicopter out of Pevek.

Drilling in the extreme cold, darkness, and isolation of the
Arctic required that the drilling system be completely
enclosed and outfitted with a reliable heating system and
adequate power and backup systems. Moreover, the drill
system was designed to rest on a steel sledge for relocation
and for cold air to circulate underneath the rig (to prevent
melting). Crew changes and the transportation of cores from
the rig on the lake ice to the science camp on the shore will
be done in an enclosed personnel carrier. The drill sites on
the lake ice are being carefully engineered for load require-
ments of 1.5 m of ice achieved by clearing snow and flooding
the ice over an area of about 100 m in diameter. These drill
pads and the road back to camp will be monitored conti-
nuously for cracks and wear. The sediment cores will be
processed for whole-core physical properties and will be
stored at the lake in a temperature-controlled container until
they are flown to Pevek and staged for airfreight to
St. Petersburg and later trucked to the University of Cologne
for core opening and study by the international team. The
archive halves of the core will go to LacCore, University of
Minnesota.

The Lake El'gygytgyn Drilling Project is an international
effort funded by ICDP, the U.S. National Science Foundation
Division of Earth Science and Office of Polar Programs
(NSF/EAR/OPP), the Federal Ministry for Education and
Research (Germany), the Alfred Wegener Institute,
GeoForschungsZentrum, the Russian Academy of Sciences
Far Eastern Branch, the Arctic and Antarctic Research

Institute (AARI), the Northeastern Interdisciplinary
Scientific Research Institute (Russian Academy of Sciences),
and the Far East Geological Institute (FEGI, Vladivostok).
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Fig. 1: [A] photo by Conrad Kopsch, AWTI; [B] photo by Volker
Wennrich, University of Cologne; [C] base map courtesy of
Arctic Climate Impact Assessment

Fig. 2: photo by David Zur, DOSECC
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Technical Developments

New Seismic Methods to Support Sea-lce Platform Drilling

by Marvin A. Speece, Richard H. Levy, David M. Harwood,

doi:10.2204/iodp.sd.7.06.2009

Stephen F. Pekar, and Ross D. Powell

Introduction

The ANtarctic geological DRILLing Program (ANDRILL)
is currently a consortium of five nations (Germany, Italy,
New Zealand, the United Kingdom, and the United States of
America). By drilling, coring and analyzing stratigraphic
archives along the Antarctic continental margin, ANDRILL
pursues its primary goal of better understanding the role the
Antarctic cryosphere plays in the global climate system
(Harwood et al., 2006). The ANDRILL drilling system was
developed to operate on both ice shelf and sea-ice platforms
(Harwood et al., 2006; Falconer et al., 2007; Naish et al., 2007;
Florindo et al., 2008). While thick multiyear sea ice provides
stable and safe drilling platforms, identifying drilling targets
in regions where these sea-ice conditions occur can be
problematic due to a paucity of marine seismic reflection
data because near-constant sea ice limits ship access (Fig. 1).
In response to this problem ANDRILL developed new
over-sea-ice seismic methods to extend seismic reflection
data coverage to regions of multiyear sea ice.
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Figure 1. Location of key geographical features in southern McMurdo
Sound, plus inset of Antarctica. The volcanic centers of Erebus (E),
Terror (T), Bird (B), Discovery (D), and Morning (M) are annotated.
The location of the two completed ANDRILL drill holes, AND-1B
(McMurdo Ice Shelf), and AND-2A (Southern McMurdo Sound
Project) are shown. The dashed line indicates the approximate
margin of multiyear sea ice. Regions targeted for possible future
drilling from sea-ice platforms include Offshore New Harbor (ONH)
and Mackay Sea Valley (MSV). Also shown are the locations of
previous stratigraphic drill holes (DVDP, CIROS, MSSTS, and CRP).
(Modified after ANDRILL International Science Proposal, 2003;
NASA MODIS image I.D.: Antarctica.A2001353.1445.250m).

Over-Sea-lce Seismic Surveys

Previous over-sea-ice seismic experiments had limited
success due to (1) poor source coupling caused by thin sea
ice, (2) source-induced ice flexural modes that cause coherent
noise, which is difficult to remove from data, and (3) source
bubble-pulse effects caused by explosive seismic sources
placed in the water column (Cobb, 1973; Cook, 1973; Mertz,
1981; McGinnis et al., 1985; Davy and Alder, 1989; Rendleman
and Levin, 1990; Barrett et al., 2000; Bannister and Naish,
2002; Horgan and Bannister, 2004). During the austral
spring-summer of 2005, approximately 28 km of over-sea-ice
seismic reflection data were recorded in McMurdo Sound,
Antarctica (Fig. 2) for ANDRILLs Southern McMurdo
Sound (SMS) Project (Harwood et al., 2004). ANDRILL
developed seismic survey techniques for the SMS Project
that improved the quality of over-sea-ice seismic data
(Betterly et al., 2007). A Generator-Injector (GI) air gun was
used as the seismic source (Fig. 3A). Single air-gun-source
marine seismic surveys typically use a GI technique, in
which a secondary air pulse is injected into the primary air
pulse on a short time delay. The injection of the secondary
air pulse dampens the generation of the bubble pulse. The GI
air gun was lowered into the water column via holes drilled
through the sea ice. The GI air gun minimized the source
bubble effects that plagued previous over-sea-ice experi-
ments in the Antarctic. Moreover, a 60-channel seismic snow
streamer consisting of vertically oriented gimbaled
geophones with 25-m takeout spacing was employed to aid
rapid data collection (Fig. 4).

A ski-mounted insulated hut (the Thunder-Sled) housed
the recording equipment and the GI air gun (Fig. 4). The
interior of the hut was divided into two rooms. The forward
room was devoted to the GI air gun. Data recording instru-
ments and the GI air-gun shot control were located in the
rear room of the hut. Batteries, recharged by solar panels
placed on the outer walls of the hut, supplied power for the
recording and GI air-gun instrumentation. A propane heater
fed by external tanks heated the recording room.

Asingle 210-in® Gl air gun was suspended from a motorized
winch. Compressed air for the air gun was stored in cylin-
ders that were fed by a gasoline powered Bauer drive air
compressor. A kerosene heater in the air-gun room and
periodic injection of antifreeze kept the GI air-gun system
from freezing.
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Figure 2. [A] Map of the 2005 SMS seismic survey location. The light black lines indicate existing marine seismic data (PD-90-46, PD-90-01/02, and
IT-91-70), and the red lines show the location of the 2005 Southern McMurdo Sound (SMS) seismic survey (ATS-05-01 and ATS-05-02). Existing
stratigraphic drill holes are labeled MSSTS-1, CIROS-1, and AND-2A in red (after Betterly et al., 2007). Dashed blue line shows the approximate
extent of the 2005 ice breakout. [B] A fence diagram of PD-90-46 (single-channel marine profile), ATS-05-01, and ATS-05-02 (multichannel SMS
2005 seismic profiles) viewed from south to north. Horizontal values on ATS-05-01 and ATS-05-02 are Common MidPoint (CMP) locations. The
spacing between CMP locations is 12.5 m. Horizontal locations on PD-90-46 are shot locations with spacing of 45 m. Each profile shows 1.5 s and
200 ms automatic gain control applied to these data. Colored lines overlie seismic reflectors that represent disconformities that record the advance

The snow streamer consists of five cable sections with
twelve takeouts per cable section. A single geophone was
attached at each takeout every 25 m along the cable (Fig. 3B).
The geophones are constructed using 30-Hz velocity sensors
that are 360° roll gimbaled and have a 180° pitch tolerance.
Each gimbaled geophone weighs approximately 1 kg. The
cable sections have a central Kevlar stress member attached
to a stainless steel cable connection. The cables are designed
to remain flexible in extreme cold, and all connections are
waterproof and designed to withstand a load of 13,000 N.
Special sleds were built for each cable connection to reduce
the amount of drag friction from the ice and snow surface
and to protect the cable heads. The streamer was pulled

x

3
L

behind the source/recording hut, and a load cell was placed
between the hut and the streamer to monitor load on the
streamer (Fig. 3C).

The signal to noise ratio was increased during windy con-
ditions by repeating air-gun shots (stacking) at each source
location, then summing the shots. Seismic acquisition could
be carried out in higher wind conditions if the wind blew
inline, because the gimbaled geophones have a smaller pro-
file in this direction, so wind-generated noise is minimal.
Snow drifting was only a problem after major storms
requiring the snow streamer to be dug out. Generally, the
snow streamer could be removed from small snow drifts by

Snowstreamer

L]P— &

L

Figure 3. [A] Generator-Injector (Gl) air gun being deployed through an auger hole in 6-m-thick sea ice; [B] Gimbaled geophone and the snow
streamer cable; [C] Load cell attached to the back of the Thunder Sled and connected to a tow cable for the snow streamer (photos by R. Levy).
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| sleds in operational position. The Thunder
Sled consisted of a plywood hut mounted
on a Komatik sled. The hut was separated
into two rooms, one for the air-gun
system and one to contain data recording
. equipment (photo by M. Buchanan). Left
~ corner the diagram showing the setup
of the over-sea-ice system during data
acquisition. Black triangles represent
shot locations; green triangles represent
geophone locations. The source spacing
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interval was 25 m. Shot holes were
prepared by the drill vehicle, and the
60-channel snow streamer with gimbaled
geophones was towed behind the source/
recording vehicle.
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pulling it forward with a negligible force observed on the
load cell.

The GI air gun provided good source coupling and mini-
mized the source bubble effects and flexural mode problems
seen in previous over-sea-ice experiments in polar regions.
By extending the interpretations from nearby marine seismic
surveys south to aregion of thick multiyear seaice, ANDRILL
scientists were able to plan a safe location of the SMS Project
drill site.

Additional Successful Surveys

During the austral summer 2007, a Vertical Seismic
Profile (VSP) survey was conducted at the newly drilled SMS
Project borehole. The SMS Project drill core recovered a
thick succession of lower Miocene, middle Miocene, and
Pliocene to Recent sedimentary rock (Florindo et al., 2008).
The VSP survey used a GI air-gun source and demonstrated
that high-quality borehole seismic data can be collected in a
sea-ice environment. These data were collected using a
three-component clamped geophone and a single near-offset
source location. This is the first successful VSP survey con-
ducted from a sea-ice platform using a GI air gun.

In addition, during the austral spring-summer 2007,
ANDRILL collected approximately 20.5 km of high-quality
seismic reflection data in Granite Harbor on the coast of
southern Victoria Land. The Mackay Sea Valley (MSV; Fig. 1)
is a deep trough likely formed beneath Granite Harbor by
previous expansion of the Mackay Glacier. This seismic
survey’s intent was to image recent sediment layers that
accumulated in the MSV after it had been eroded and last
occupied by the ice sheet. The MSV seismic survey incorpo-
rated and refined techniques of over-sea-ice seismic data
collectionthathad been used previously duringthe ANDRILL
SMS seismic site survey. The MSV seismic survey was
successful in locating a thin succession of low-amplitude
reflections atop the higher-amplitude granite basement
reflections in the deepest parts of the valley (Fig 5). The
low-amplitude reflections are likely caused by layers of

pelagic sediment. Future coring of these recent sediments
could provide a high-resolution Quaternary climate record.

Future Plans

During the austral spring-summer 2008, an over-sea-ice
multi-channel seismic reflection survey will be conducted in
Offshore New Harbor (ONH; Fig. 1) to investigate the
stratigraphic and tectonic history of westernmost Southern
McMurdo Sound during the Greenhouse World (Eocene)
into the start of the Icehouse World (Oligocene). This planned
seismic survey will use over-sea-ice seismic methods
employed successfully by ANDRILL's 2005 SMS and 2007
MSV surveys. A new seismic recording sled with a larger air
compressor, larger air tanks, and improved air-gun winch
system is being built to improve the speed and efficiency of
data collection.
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Trace spacing is 50 m.
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National Science Foundation supports the over-sea-ice
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Technical Developments

Wireline Coring and Analysis under Pressure: Recent Use
and Future Developments of the HYACINTH System

by Peter Schultheiss, Melanie Holland, and Gary Humphrey

doi:10.2204/iodp.sd.7.07.2009

Introduction

The pressure of the deep sea and of deep earth formations
has subtle effects on all aspects of physics, chemistry, and
biology. Core material recovered under pressure, using
pressure cores, can be subjected to sophisticated laboratory
analyses that are not feasible in situ. Though many fields of
study might benefit from pressurized cores, most obviously,
any investigation on gas- or gas-hydrate-rich formations on
land or under the sea certainly requires pressure coring.

Downhole Pressure Coring and HYACINTH

Scientific investigations of marine gas hydrate formations
have provided the impetus for all wireline pressure core
development apart from proprietary oilfield technology,
including the HYACINTH (HYACe In New Tests on Hydrate,
2001) system. The first scientific wireline pressure corer, the
Pressure Coring Barrel, was developed by the Deep Sea
Drilling Project to capture gas hydrate. It was used by
Kvenvolden et al. (1983) in depressurization and gas collec-
tion experiments to quantify gas hydrate within cores. The
Ocean Drilling Program (ODP) later developed the Pressure
Core Sampler (PCS; Pettigrew, 1992; Graber et al., 2002),
and the Pressure-Temperature Coring System (PTCS) was
developed for Japan Oil, Gas and Metals National Corporation
(JOGMEC, formerly Japanese National Oil Company, JNOC;
Takahashi and Tsuji, 2005). Both of these systems were used
almost exclusively for gas hydrate research. The HYACE
(HYdrate Autoclave Coring Equipment, 1997) and the subse-

Figure 1. Map of South and Southeast Asia (based on http://www.
ngdc.noaa.gov/mgg/image/2minrelief.html) showing the location of
recent gas hydrate expeditions NGHP-1 (red squares), GMGS-1 (red
triangle), and UBGH-1 (red circle).

quent HYACINTH programs (Schultheiss et al., 2006;
Schultheiss et al., 2008a), funded by the European Union,
were also driven by the need for gas hydrate research.

The HYACINTH vision of scientific pressure coring
encompassed not only coring tools but also an array of down-
stream core processing equipment and capabilities. The two
coring tools, the Fugro Pressure Corer (FPC) and the Fugro
Rotary Pressure Corer (FRPC; previously HYACE Rotary
Corer, HRC), were designed to recover high-quality cores in
a complete range of sedimentary formations. The combined
suite of equipment (the HYACINTH system) enables these
cores to be acquired and transferred in their core liners from
the pressure corers into chambers for non-destructive
testing, sub-sampling, and storage as required.

The HYACINTH system has continually improved over
the ten years since its inception. ODP and the Integrated
Ocean Drilling Program (IODP) have played major roles in
this development, allowing the tools to be initially tested
(ODP Legs 194 and 201) and then used on both recent gas
hydrate expeditions (ODP Leg 204, Hydrate Ridge, offshore
Oregon; Tréhu et al.,, 2003; IODP Expedition 311, Cascadia
Margin, offshore Vancouver Island, Canada; Riedel et al.,
2006). Since that time, further improvements to the perfor-
mance and capabilities of the coring and analysis assemblies
have been made, and the system has allowed new scientific
insights into the structure of natural marine gas hydrate
deposits.

Recent HYACINTH Expeditions

Since the completion of IODP Expedition 311 in 2005, the
HYACINTH system has been used on four major gas hydrate
expeditions for quantification of gas hydrate and detailed
measurements on gas-hydrate-bearing sediments. The need
to assess the nature, distribution, and concentration of gas
hydrate in the marine environment has multiple driving
forces. Scientific interest in gas hydrate centers on carbon
cycling and climate impact, but to the oil and gas industry
hydrate is an irritating geohazard, and to national govern-
ments it is a potential resource ripe for exploitation. Political
climate change has made national energy independence a
high priority for governments, and in the last few years, the
biggest financial input into marine gas-hydrate-related
drilling expeditions has come from national governments
and their associated national energy and geological organi-
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zations. Of the four recent expeditions since IODP Leg 311
on which the HYACINTH coring and analysis system has
been used, one was to define geohazards related to oil and
gas production, and three were to quantify resources for the
governments of India, China, and Korea.

India, 2006

The first Indian National Gas Hydrate Program drilling
expedition (NGHP-1; Fig. 1) took place on the drillship
JOIDES Resolution in the summer of 2006, led by the Indian
Directorate General of Hydrocarbons (DGH) and the United
States Geological Survey (USGS). It was designed to investi-
gate the gas hydrate resource potential of sites around the
Arabian Sea, the Bay of Bengal, and the Andaman Sea
(Collett et al., 2006). This was an ambitious program, lasting
113 days, involving over a hundred scientists and technical
staff from India, Europe, and the United States, and drilling
thirty-nine locations at twenty-one distinct sites. It was a
hugely successful program, collecting more gas-hydrate-
bearing cores than any previous expedition and describing
in detail at multiple scales one of the richest gas hydrate
accumulations ever discovered (Collett et al., 2008).

As part of the coring program, forty-nine pressure cores
were recovered under pressure and analyzed at sea and
postcruise. These included IODP PCS cores as well as
HYACINTH FPC and HRC/FRPC cores. The onboard
pressure core analysis included routine core measurement of
all pressure cores in the HYACINTH Pressure Core Analysis
and Transfer System (PCATS). All nondestructive data was
collected at in situ pressure. The analytical portion of the
PCATS is designed to measure continuous profiles of P-wave
velocity and gamma density at iz situ pressure and
temperature conditions on HYACINTH pressure cores, as
well as collect high-resolution 2D X-ray images (Fig. 2).
To perform these analyses, the PCATS extracts the lined
cores from the HYACINTH corer autoclaves under pressure
and moves them past the sensors. The PCATS was modified
to accept PCS corer autoclaves. As the PCS core could not be
extracted under pressure, only gamma density and X-ray
images could be collected on these cores and at a reduced
resolution.

The X-ray images collected from pressure cores taken in
the Krishna-Godavari Basin showed hydrate structures with
remarkable complexity and in unprecedented detail (Fig. 2A).
Cores were rotated in the PCATS to understand their three-
dimensional nature. Less dense (lighter) patches in the
original X-ray (Figs. 2A, 2C) are dipping veins of gas hydrate
when seen from a perpendicular view (Fig. 2D). The P-wave
velocity and gamma density profiles also reflect this
anisotropy. In the first data set (Fig. 2C), the profiles were
taken perpendicular to (through) the major gas hydrate
veins, and a slight lowering of density and a smooth increase
in P-wave velocity is seen in the area of greatest gas hydrate
concentration (Fig. 2C). In the second data set (Fig. 2D), the
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Figure 2. Data from a HYACINTH FPC core obtained on NGHP
Exp. 1 using the PCATS and a medical CT scanner, and methane
concentration data from the same site obtained from pressure cores.
All data and images from Collett et al., 2008. In the X-ray images,
denser features (carbonate nodules) are dark; less dense features
(gas hydrate veins) are light. [A] X-ray image with enlargements
showing different gas hydrate morphologies (nodules, lenses, veins)
in fine-grained sediment. [B] Horizontal X-ray computed tomographic
slices of the same pressure core showing the complexity of cross-
cutting gas hydrate vein features present in this clay core. [C] and [D]
Two sets of PCATS data (X-ray images, P-wave, and gamma density
profiles) collected at right angles to each other on the same pressure
core. [E] Logarithm of methane concentration vs. depth, plotted
over phase boundaries for Structure | methane hydrate (calculated
after Xu, 2002, 2004). Background image is resistivity-at-bit data
(lighter=more resistive) collected in a nearby hole. Dashed line is
extrapolated depth of seismic Bottom-Simulating Reflector (BSR)
which agrees closely with the calculated thermodynamic Base of
Gas Hydrate Stability (BGHS) as indicated by the solid horizontal line
of the phase diagram.
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profiles are taken parallel to (along) the major gas hydrate
veins, showing low-density zones and a complex P-wave
velocity profile. Some extreme values are artifacts caused by
pulse interference effects from hydrate structures.

A decision was made to hold five of these cores for
additional, more detailed shore-based investigations. The
morphology of the gas hydrate within this clay-hosted deposit
is worth extended study, not only to explain the mechanisms
of gas hydrate growth in fine-grained sediments but also to
predict the sediment behavior during gas hydrate dissocia-
tion. Models predicting the behavior of such gas-hydrate-
bearing sediments during dissociation, whether for well-bore
stability, geohazard assessment, or potential methane gas
production, are certainly dependent on the small-scale
spatial relationship in the sediment. X-ray computed
tomography (CT) scans showed that the fine-grained
sediments hosted a complex gas hydrate vein network
(Fig. 2B). The pressure cores were individually transferred
into the Instrumented Pressure Testing Chamber (IPTC;
Yun et al., 2006) using the PCATS. Measurements of P-wave
velocity, S-wave velocity, electrical resistance, and strength
of the sediment were made at regular intervals along the
three pressure cores. Cores were then sub-sampled under
pressure with the HYACINTH PRESS system (Parkes et al.,
in press) or rapidly depressurized and placed in liquid
nitrogen for further analyses at varous laboratories.

The rest of the pressure cores had been depressurized
onboard the ship directly after PCATS analyses to determine
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Figure 3. [A] Gas hydrate saturation from porewater freshening (blue
circles) and from depressurization experiments and methane mass
balance from pressure cores (red circles) at Site SH2 in the Shenhu
area, South China Sea (Wu et al., in press). [B] Example of gas-
hydrate-bearing sediment from 204 mbsf at Site SH2. Though the core
has a gas hydrate saturation of approximately 30% by pore volume,
no gas hydrate was visible to the naked eye. [C] A gas-hydrate-
bearing pressure core is slowly depressurized to release methane.
A rough compositional test is sometimes performed before gas
chromatographic analysis.

the exact methane content and hence the gas hydrate satura-
tion (Fig. 2E). Pressure cores are the “gold standard” for gas
hydrate quantification and are used to calibrate other
methods of gas hydrate detection. The slow, isothermal
release of pressure from a pressure core allows gases to
exsolve from pore fluids and allows gas hydrate to dissociate.
Measuring the quantity of gas, its composition, and its evolu-
tion relative to time and pressure provides information on
the quantity, composition, and surface area of gas hydrate
(Kvenvolden et al., 1983; Dickens et al., 2000; Milkov et al.,
2004). The fundamental number obtained through these
experiments is the nominal concentration of methane in the
pore fluids, assuming all methane is in solution. If this nomi-
nal concentration is greater than the calculated methane
saturation, gas hydrate (or free gas, depending on the ther-
modynamic conditions) is assumed to be present, and the
amount can be quantitatively calculated. Data that shows the
sedimentis under-saturated in methane is equally important,
as careful pressure core analysis is the only technique that
can confirm the absence of gas hydrate. Figure 2E shows
pressure core methane data from the same site as the core
shown in Figs. 2A-D. All pressure cores taken above the
base of gas hydrate stability were oversaturated in methane,
allowing calculation of the exact quantity of gas hydrate con-
tained in the cores.

China, 2007

China’s first gas hydrate drilling expedition, GMGS-1
(Fig. 1), was carried out by Fugro and Geotek for the
Guangzhou Marine Geological Survey (GMGS), China
Geological Survey (CGS), and the Ministry of Land and
Resources of China. The expedition took place on the geo-
technical drillship SRV Bavenit, which visited eight sites in
the northern South China Sea (Zhang et al., 2007; Yang et al.,
2008; Wu et al., in press) from April to June 2007. The project
goal—to determine the gas hydrate distribution at as many
sites as possible in the allotted time—required maximum
flexibility in the drilling program. The strategy was to use
pressure cores (FPC and FRPC) and conventional wireline
piston cores to ground-truth wireline logs, and after confi-
dence was developed in the downhole log interpretation,
some locations were surveyed by downhole log alone.

Gas hydrate was detected in a thick layer (10-25 m) just
above the base of gas hydrate stability at three of the five
sites cored. PCATS pressure core analysis provided ground-
truth for gas hydrate saturation, as well as gamma density,
P-wave velocity, and X-ray images at in situ pressure. Gas
hydrate occupied pores between silty clay sediment grains,
in direct contrast to the hydrate-bearing clays cored off
India, which contained hydrate at similar overall saturations
but in distinct veins and layers. While surprising, this conclu-
sion is based on the extremely high gas hydrate saturations
(20%—-40% of pore volume), the nature of the matrix (variably
silty clay), the elevated P-wave velocities (over 2000 m s7)
without change in the gamma density, and the smooth, pre-
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dictable increases in downhole sonic velocity and electrical
resistivity.

The distribution of gas hydrate in the Shenhu region,
within the sediment column and at the grain scale, is
unusually simple and uniform. Its presentation in a relatively
homogenous layer, directly above the base of gas hydrate
stability, is the type of distribution predicted from simple
models of gas hydrate formation (Hyndman and Davis, 1992;
Xu and Ruppel, 1999). However, a clear field example of such
a gas hydrate distribution has not previously been reported.
Similarly, the homogeneous, pore-filling, small-scale hydrate
distribution found at Shenhu is the type of distribution typi-
cally used when modeling gas hydrate formation and disso-
ciation in sediments of all grain sizes. Both of these charac-
teristics would allow the gas-hydrate-bearing sediments in
the Shenhu deposit to be used to test the assumptions and
predictions, at various scales, of some gas hydrate models.

Korea, 2007

Ulleung Basin Gas Hydrate Expedition 1 (UBGH1) was
South Korea’s first large-scale gas hydrate exploration and
drilling expedition in the East Sea (Fig. 1; Park et al., 2008).
It took place from September to November 2007, aboard the
multipurpose offshore support vessel REM Etive, which was
converted to a drilling ship by Fugro Seacore using the
heave-compensated R100 portable drill rig. The Korean
National Oil Company (KNOC) and Korean Gas Corporation
(KOGAS), advised by the Korean Gas Hydrate R&D
Organization and the Korean Institute of Geoscience and
Mineral Resources (KIGAM), contracted Fugro,
Schlumberger, and Geotek to investigate five seismically
identified locations for gas hydrate in the Ulleung basin
(Stoian et al., 2008). After the previous expeditions, pressure
core analysis was recognized as the key dataset to which all
others could be referenced (Schultheiss et al., 2008b).

Gas hydrate was detected at all three sites cored in the
clay matrix as veins and layers, and as pore-filling material
within silty/sandy layers. Both types of gas hydrate habit
were observed in FPC and FRPC pressure cores via the
PCATS datasets (gamma density, P-wave velocity, X-ray
images), using a PCATS newly equipped with automated
rotational and translational capability. The shipboard PCATS
data showed that a number of cores contained a particularly
dense network of gas hydrate veins (Fig. 4A). These cores
were not depressurized onboard, but instead were transfer-
red under pressure to HYACINTH storage chambers and
saved for detailed post-cruise analysis.

At one site, a 130-m-thick gas-hydrate-bearing sedimen-
tary interval of interbedded sands and clay was penetrated.
This is one of the thickest gas-hydrate-bearing intervals to
be documented worldwide. The gas hydrate saturation from
analysis of pressure cores, which average over a one-meter
sample, was 11%-27% gas hydrate by pore volume in this
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Figure 4. [A] X-ray image collected in the PCATS from Expedition
UBGH-1 showing gas hydrate in veins and layers, similar to the
core shown in Fig. 2 ; [B] picture of gas hydrate veins from another
UBGH-1 core; [C] logging-while-drilling electrical resistivity data
from the three “type” locations cored, showing resistivity profiles
differing by orders of magnitude. Gas hydrate was present at all three
locations.

interval. Because much of the gas hydrate was in grain-dis-
placing veins and layers, there was no obvious quantitative
relationship between the electrical resistivity logs and the
average gas hydrate saturation, though the overall magnitu-
des were correlated (Fig. 4C).

X-ray CT scanning of the saved pressure cores confirmed
the PCATS data, showing a complex fracture structure
within the sediment that was filled with gas hydrate. This
information aided in the selection of locations for further
geophysical testing inside cores relative to the sedimento-
logical and gas hydrate structures. These specific locations
were tested with the IPTC, using the direct-contact probes
to measure P-wave velocity, S-wave velocity, electrical
resistivity, and strength. The combined translational and
rotational precision of the PCATS and the radial precision of
the IPTC allowed probes to be inserted into the cores with
millimeter accuracy. The preliminary data indicated that
physical properties varied on a sub-centimeter-scale in these
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pressure cores containing thin hydrate veins (Park et al.,
2009).

While five of these cores were depressurized to determine
hydrate saturation during physical measurements (“mini-
production tests”), some of the cores were preserved for
further gas hydrate studies. Two of the cores that were tested
were rapidly depressurized and portions stored in liquid
nitrogen for further testing. In addition, the most lavishly-
veined core was not tested invasively and remains stored
under pressure, awaiting equipment to be designed for
further pressurized analyses.

Future HYACINTH Developments

When a new technique appears, or an old technique is
applied in a new location, new insights follow. The recent
HYACINTH deployments have provided such new insights
into the nature and morphology of natural gas hydrate
(Holland et al., 2008). To continue these ground-breaking
studies, we are making technological improvements to the
HYACINTH system and hope to deploy it in exciting and
diverse formations, on land and under the sea.

Over their development period, both the FPC and FRPC
have been incrementally modified to improve their success
atretaining pressure and the quality of the cut core. Over the
last two years success rates for both tools has been 70%-80%.
The success of such sophisticated tools is markedly improved
when operated in a stable drill string. Experimentation with
systems used routinely in geotechnical drilling, such as
seabed frames in which to clamp the drill string, has shown
that both the success rate and core quality improve relative
to those taken in an unclamped string.

Like all equipment in a state of continuing development,
the HYACINTH tools currently have some intrinsic limita-
tions and inconsistencies, which are being addressed over
time as funding and opportunities allow. The diameter of the

core recovered by the two corers is 57 mm for the FPC and 51
mm for the FRPC, and developments have been planned to
increase the diameter of the FRPC core to match that of the
FPC for increased compatibility in downstream analyses. An
increase in the length of the recovered cores (currently one
meter) is also planned to ensure recovery of the target forma-
tions and to maximize the use of valuable ship time.

The ability to manipulate cores, take sub-samples, and
make measurements—all at i situ pressures—were major
objectives of the HYACINTH project. Like the coring tools
themselves, the PCATS has been improved over the past few
years and has major new improvements planned in the next
few years. Non-destructive measurements of pressure cores
in the PCATS have been vitally important as an immediate
survey of the core, to determine if a successful core has been
retrieved and to look for obvious signs of the presence of gas
hydrate. PCATS measurements have also provided primary
data on sediment-hydrate properties to ground-truth larger-
scale measuremnts. The main analytical improvement that
has been made to the PCATS system is the core manipula-
tion capabilities, that now include fully automated transla-
tional and rotational control (+0.5 mm and +0.5° of accuracy,
respectively). A combination of precise rotational capability
with high-resolution X-ray imaging provides three-dimen-
sional X-ray visualization through the core that enables
complex structural features to be examined in detail. This
capability has been used to provide remarkable images,
showing the complexity of gas hydrate vein networks that
can exist in fine-grained sediments, as well as crucial clues
to hydrate vein origin and growth mechanisms. In the future,
CT software integration could enable PCATS to collect and
display X-ray CT data along with the current high-resolution
gamma density and P-wave velocity profiles.

Planned improvements to the PCATS infrastructure in
the near future include lengthening the system to accept
core up to 3.5 m long and active temperature control. In
addition, a versatile cutter arrangement to subsection long

Figure 5. Interfacing third-party equipment to the HYACINTH PCATS. [A] Quick-clamp; [B] ball valve (65 mm internal diameter) and mating flange;
[C] the DeeplsoBug, showing ball valves and quick-clamps in use ; [D] diagram of the complex subcoring and sampling mechanism at the heart of
the DeeplsoBug. All manipulations are carried out under hyperbaric pressure equivalent to in situ hydrostatic pressure.
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cores into custom lengths will allow further analysis or
storage, as is most appropriate. Parts of a core might be
depressurized on board ship, while other parts of the same
core could be stored under pressure for shore-based studies.
This increased flexibility will enable all cores to be more
fully assessed and will further increase the value of every
pressure core recovered.

PCATS was envisaged and designed as the midpoint, not
the endpoint, of a full pressure coring and pressure core
analysis system. Upstream compatibility to new coring tool
developments and downstream compatibility to third-party
equipment is paramount to its future evolution. The
specifications for the HYACINTH mating flange, clamps,
and ball valves used in the PCATS (Fig. 5) are publicly
available, and any investigator may design “PCATS-
compatible” pressurized equipment. Independent research
scientists have already developed pressurized equipment
that has been used with the PCATS and stored HYACINTH
cores, including the previously mentioned IPTC and the
DeeplsoBug (Schultheiss et al., 2006; Parkes et al., in press).
The DeeplsoBug, designed to take aseptic slices of a subcore
for use in pressurized microbial culturing, has prototyped
some extremely complex core sampling mechanisms under
pressure (Fig. 5D). There are also developments underway
for other PCATS-compatible test apparatus to enable more
sophisticated geotechnical measurements on pressure core
samples.

The ODP and the IODP have been fundamental to the
development of the HYACINTH tools and infrastructure.
Since its last use for IODP on Exp. 311, the system has
continued to be used and improved on commercially funded
expeditions. With the restart of JOIDES Resolution drilling,
the scientific community can reap the benefits of these
commercial improvements in pressure coring and analysis,
and will be able to realize its initial investment in these
pressure coring and pressure core analysis systems.
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Scientific Collaboration on Past Speciation Conditions in
Lake Ohrid-SCOPSCO Workshop Report
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Klaus Reicherter, Sasho Trajanovski, and Giovanni Zanchetta

doi:10.2204/iodp.sd.7.08.2009

Transboundary Lake Ohrid between Albania and
Macedonia (SE Europe, Fig. 1) is considered to be the oldest
continuously existing lake in Europe with a likely age of
three to five million years. The lake has a surface area of 360
km? and is 289 m deep. An extraordinarily high degree of
endemism, including more than 210 described endemic
species (Fig. 2), makes the lake a unique aquatic ecosystem
of worldwide importance. Due to its old age, Lake Ohrid is
one of the very few lakes in the world representing a hot spot
of evolution and a potential evolutionary reservoir enabling
the survival of relict species (Albrecht and Wilke, 2008). Its
importance was emphasized when the lake was declared a
UNESCO World Heritage Site in 1979.

The continuous existence since the Tertiary makes Lake
Ohrid an excellent archive of environmental changes in the
northern Mediterranean region. Because of its geographic
position and its presumed age, Lake Ohrid represents an
important link between climatic and environmental records
from the Mediterranean Sea and the adjacent continents. In
the eastern Mediterranean Sea, most records focus on the
Late Pleistocene and Holocene history (Geraga et al., 2005),
and only few cover several glacial-interglacial cycles
(Schmiedl et al., 1998). Similarly, most terrestrial records
from this region are restricted to the Late Pleistocene and
Holocene (Deneéfle et al., 2000; Sadori and Narcisi, 2001).
Longer continuous records covering more than the last
glacial-interglacial cycle are relatively sparse (Wijmstra,
1969; Tzedakis et al., 1997). Extant sedimentary records
from Lake Ohrid were re-

demism in the lake, these records are too short to provide
information about the age and origin of the lake and to
unravel the mechanisms controlling the evolutionary de-
velopment. Molecular clock analyses of mitochondrial DNA
genes from several endemic species flocks (i.e., groups of
closely related species) indicate that Lake Ohrid is probably
two to three million years old (Albrecht and Wilke, 2008).
Moreover, concurrent genetic breaks in several invertebrate
groups indicate that major geological and/or environmental
events must have shaped the evolutionary history of endemic
faunal elements in Lake Ohrid (Albrecht and Wilke, 2008).

Different site surveys between 2004 and 2008 (Wagner
et al., 2008b) focused on a detailed seismic investigation
of the sedimentological inventory of the lake and on the
recovery of sediment sequences spanning the last
glacial-interglacial cycle. The results of these site surveys
emphasized the potential of Lake Ohrid for deep drilling.
Such a drilling will allow us to:

e understand the impact of major geological/environ-
mental events on general evolutionary patterns and on
generating an extraordinary degree of endemic biodi-
versity as a matter of global significance,

e obtain a continuous record containing information on
tectonic and volcanic activities and climate changes in
the northern Mediterranean region, and
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Figure 1. [A] Map of the northern Mediterranean region showing the study area (rectangle) and Italian
volcanic regions (circles). [B] The digital elevation model of Lake Ohrid at the Albanian/Macedonian border
showing that the lake is part of a NNW to SSE striking graben system. [C] Bathymetry of Lake Ohrid with
25-m contour intervals. The dashed line indicates the border between Albania and Macedonia; the red line
shows the position of the seismic profile shown in Fig. 3.
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Figure 2. Photographs from two representatives of the more than 210
endemic species of Lake Ohrid.

e obtain more precise information about age and origin of
the lake and, thus, meet key issues of International
Continental Scientific Drilling Program (ICDP).

Under the auspices of the ICDP, on 13-17 October 2008 a
workshop was held on the Scientific Collaboration On Past
Speciation Conditions in Lake Ohrid (SCOPSCO) in the city
of Ohrid, Republic of Macedonia. Its intent was to review the
existing datasets and interpretations as well as discussions
on objectives and intended achievements, required labora-
tory analyses and techniques, scientific collaboration and
responsibilities, drill sites and operations, logistics, legal
issues, and funding. Altogether, thirty-four scientists from
eleven nations (Albania, France, Germany, Italy, Macedonia,

Workshop Reports

Netherlands, Poland, Sweden, Switzerland, U.K., and U.S.A.)
participated in the workshop. The agenda included the pre-
sentation of posters and talks on the first day, the formation
of breakout groups and a half-day excursion on the second
day, and the presentation and discussion of the results and
goals defined by the breakout groups, as well as a discussion
of future steps towards deep drilling, on the third day.

Overall, nineteen talks provided a general introduction
into the SCOPSCO project, the history of the region and the
Hydrobiological Institute in Ohrid, and an overview on
existing geological, recent biological, tectonic, and sedimen-
tological datasets. In addition, five posters focusing on
tectonic and biological aspects were presented. After the
presentation of talks and posters on the first day, three
breakout groups were formed in order to define the specific
aims and drill sites of a future deep drilling campaign. The
three breakout groups focused on the following topics:
(1) speciation and endemism in Lake Ohrid, (2) seismic and
neotectonic issues in Lake Ohrid and its vicinity, and
(3) sedimentological and tephrostratigraphical questions to
be addressed within the scope of the SCOPSCO project.

The breakout group on speciation and endemism in Lake
Ohrid defined two to three drill sites close to recent
subaquatic springs in the lake where a high degree of
endemism can be observed. The seismic and neotectonic
breakout group defined several drilling target sites on the
basis of more than 500 km of seismic profiles across the lake
(Figs. 1 and 3). Drilling less than about 200 m into the
sediments at these sites will allow for a better understanding
of the sediment input into the lake, the formation and
chronology of foresets and slides (particularly in the southern
part of the lake), and the fault development mainly along the
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Figure 3. Brute stack of a multichannel air-gun seismic profile collected in 2007 (Krastel et al., unpublished
data). The central part of the profile indicates a >700-m-thick succession of undisturbed sediments.
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springs, will reduce the number of total target sites to about
five or six. For all sites, downhole logging and core logging
issues were discussed and defined.

The excursion in the afternoon of the second day led to
the Galicica Mountains, which separate lakes Ohrid and
Prespa, and later to the southeastern part of Lake Ohrid to
visit St. Naum springs, which form a major part of the water
supply to the lake. The third day of the workshop focused on
future steps towards an ICDP deep drilling campaign, with
respect to logistic and legal issues, funding within the scope
of national and international programs, and support by local
ministries and institutes. Finally, the schedule for submis-
sion of a full proposal was established.

In summary, the SCOPSCO workshop provided a reliable
platform to discuss the present state of knowledge and future
steps towards a deep drilling campaign. A full proposal for an
ICDP drilling campaign will be submitted in 2009.
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Introduction

What is the relationship between the kinds of volcanoes
that ring the Pacific plate and nearby hydrothermal systems?
A typical geometry for stratovolcanoes and dome complexes
is summit fumaroles and hydrothermal manifestations on
and beyond their flanks. Analogous subsurface mineraliza-
tion is porphyry copper deposits flanked by shallow Cu-As-Au
acid-sulfate deposits and base metal veins. Possible reasons
for this association are (1) upward and outward flow of mag-
matic gas and heat from the volcano’s conduit and magma
reservoir, mixing with meteoric water; (2) dikes extending
from or feeding towards the volcano that extend laterally
well beyond the surface edifice, heating a broad region; or
(3) peripheral hot intrusions that are remnants of previous
volcanic episodes, unrelated to current volcanism.

These hypotheses are testable through a Mutnovsky
Scientific Drilling Project (MSDP) that was discussed in a
workshop during the last week of September 2006 at a key
example, the Mutnovsky Volcano of Kamchatka. Hypothesis
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Figure 1. Kamchatka Peninsula with location for Mutnovsky and Goroly
volcanoes shown (from Lees et al., 2007; image from http://earthob-
servatory.nasa.gov/images/imagerecords/2000/2967/PIA03374 _Irg.
jpg) and http://maps.grida.no/go/graphic/kamchatka_sites.

(1) was regarded as the most likely. It is also the most attrac-
tive since it could lead to a new understanding of the
magma-hydrothermal connection and motivate global
geothermal exploration of andesitic arc volcanoes.

Geology and Volcanic Activity of
Mutnovsky Volcano

Mutnovsky Volcano on Russia’s Kamchatka Peninsula
(Fig. 1) isexemplary of associated hydrothermal and volcanic
regimes. The volcano has gone through four stages span-
ning late Pleistocene through Holocene time. Each stage
probably reflects the evolution of a small shallow magma
reservoir, and the transition from one stage to the next has
involved a shift of the eruptive center and perhaps the active
reservoir by as much as 1 km. All stages except for the
current incompletely developed stage have produced
magmas ranging from basalt to dacite (Selyangin, 1993).
Mutnovsky IV is characterized by basaltic andesites.
Mutnovsky III ended its eruptive cycle with a Holocene erup-
tion of dacitic pyroclastic flows and emplacement of a dacite
dome within its crater (Fig. 2). This crater has been enlarged
by explosion, collapse, and/or erosion and is now occupied
by a crater glacier, possibly the main recharge source of the
hydrothermal system. The breach in Mutnovsky III crater,
cut by a river, exposes a magnificent dike swarm (Fig. 3).

The crater of Mutnovsky III is the scene of intense fuma-
rolic activity, modestly superheated and arranged in a ring,
apparently defining the conduit margin of the late dacite
dome. A powerful phreatic explosion in 2000 at the edge of
the adjoined Mutnovsky IV crater reopened a large pre-
existing sub-crater. This event appears to have been caused
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Figure 2. Mutnovsky Volcano from the west. The Crater Glacier and
the hydrothermal plume of Mutnovsky Il crater is visible through
the breach formed by the Volcannaya River in Dangerous Ravine
left of center. The larger plume from the Active Crater of Mutnovsky
IV rises to the right. Width of the field of view is approximately 3 km
(photo by J. Eichelberger).
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by a dike propagating upward
and intersecting the hydro-
thermal system centered
beneath Mutnovsky IV. A
second power-ful explosion
occurred in 2007, excavating
a new sub-crater on the floor
of the active crater of
Mutnovsky I'V.

Mutnovsky’s geothermal
field (Dachny) was discov-
ered in 1960 and described
in detail by Vakin et al. (1976).
The active crater (Mutnovsky
IV) has fumaroles as hot
as 620°C, emitting a con-
tinuous  SOs-rich  plume
(92.8 wt% steam, 3.3wt % COo,
2.9 wt% SO,, 0.6 wt% H,S,

1000 MWt
100 T day” SO-

Mutnovsky Vol.

| Zone of mixing of magmatic
and meteoric fluids
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Figure 4. Cross-section and conceptual geothermal/hydrogeological model of the Mutnovsky volcano
(Mutnovsky geothermal field system). MSDP1: potential borehole for the Mutnovsky Scientific Drilling
Program. Upflow rates estimated based on numerical models are 50-60 kg s with enthalpies of
1270-1390 kJ kg™". (by A. Kiryukhin and J. Eichelberger)

0.3 wt% HCI, 0.1 wt% HF and

H,). Mutnovsky craters’ com-

bined thermal (1000 MWt

with temperatures above 600°C) and gas emission
(~100 T d* SO,; Trukhin, 2003) imply shallow magma de-
gassing (Wallace et al., 2003) and cooling at a rate on the
order of 1 m® s, a rate comparable to recent dome lava
discharge rates of Mount St. Helens. This is exceptional for a
volcano in repose and would seem to require robust magma
convection within Mutnovsky’s conduit. Moreover, the
magmatic contribution is an underestimate because the
hydrothermal system is apparently scrubbing gas output, an
important issue in volcano monitoring. Scrubbing has given
rise to an extraordinarily diverse population of Sulfolobus, a
single-celled Archaea micro-organism. The opportunity to
define the pressure and temperature limits of such microbio-
logical activity as well as constrain its rate of evolution in a
primordial environment is an exciting one, with implications
for the origin of life on Earth and existence of life elsewhere
in the solar system.

Figure 3. Dike swarm exposed in the wall of Mutnovsky Ill crater. Height of
field of view is approximately 500 m (photo by J. Eichelberger).

Seismic modeling of Mutnovsky IV volcano’s magma
chamber, performed recently by Utkin et al. (2005), yielded
the following estimations of chamber parameters:
elevation-1.7 km (approximately 3 km depth), radius 1.5 km,
temperature 900°C-1250°C. Heat content of the chamber
and adjacent hostrocksis estimated to be 3 x 101 J. Fumaroles
of the volcano are grouped as the Upper Field (UF) and
Bottom Field (BF) of Mutnovsky III Crater and the Active
Crater (AC) of Mutnovsky IV (Fig. 4).

In the laboratory, volcanic gases sampled with evacuated
bottles were analyzed for SO, and H,S. Condensates were
analyzed for HF, HC], and HBr, and 8D and 830 values were
determined in water from condensates. On a 8D-8'%0 plot, all
sampling points are close to a classic mixing line between
magmatic water and local meteoric waters (Fig. 5). However,
correlations between isotopic and chemical compositions
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Figure 5. Integrated 3D vs 8'80 data of the Mutnovsky geothermal
field (red circles - production wells, blue circles - meteoric waters;
Kiryukhin et al., 1998; 2002) and Mutnovsky crater fumaroles
(Zelensky et al., 2002).
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divide all fumaroles into two independent hydrothermal
systems.

The Mutnovsky Geothermal Field

The main and the most powerful hydrothermal system
discharges at the active crater and the BF. Gases of this
system originate from mixing of magmatic 800°C fluid with
low temperature (100°C-150°C) hydrothermal steam. The
source of the steam, according to its isotopic composition,
may be meteoric waters from 900 m elevation. Another
powerful hydrothermal system discharges as the upper
fumarolic field (UF) with rather high temperature (300°C)
meteoric steam along with a very low content of acids. The
steam mixes with cold meteoric water from 1500 m eleva-
tion,probablyfromtheadjacentcraterglacier. Complementary
to the fumarole volatiles, an isotopic geochemistry study has
been performed on the trace metals in the fumaroles. The
solutions in the boilers have compositions that appear to be
unique in the world due to extremely high contents of Cl, Cr,
Ni, Co, Ti, V, and B (Bortnikova et al., 2007). These elements
are extracted from magma and wall rocks by acid magmatic
gases and then concentrated in zones of secondary boiling.
Thus, a modern ore-forming zone exists in the region of
brine formation.

Exploration work began in 1978, including delineation of
surface manifestations, temperatures, soil gas surveys,
resistivity surveys, T-gradient drilling, and drilling of
eighty-nine exploration wells. Flow tests from production
wells, conducted during the 1983-1987 time period, and
modeling confirmed the potential for 50 MWe production.
Hence, in 1999 a pilot 12 MWe power plant was put into
operation, followed in 2002 by the Mutnovsky 50 MWe power
plant, located about 8 km NNE of the Mutnovsky II Crater.
Mutnovsky’s geothermal power plant provides one-third of
the nearby city of Petropavlovsk’s electric power

Conceptual Model of the Mutnovsky
Magma-Hydrothermal System

At Mutnovsky there are two strong arguments for a direct
connection between geothermal production and active
magma beneath the volcano. First, the main production zone
in the Mutnovsky field is a dyke-like plane of high permeabil-
ity that if projected towards the volcano intersects the active
conduit at shallow depth. Second, there is a component of the
producing fluid, defined in terms of O and H isotopic compo-
sition, for which the only known equivalent is the crater
glacier. The glacier apparently acts as the main source of
meteoric water recharge area for the fluids producing by
exploitation wells. Meteoric recharge is accelerated by melt-
ing of the glacier due to high heat flows in the crater
(Fig. 4).

Thermal input to the production zone may alternatively
come from other magmatic bodies accumulated in the North

Mutnovsky volcano-tectonic zone. Some of the wells bottom
in diorite intrusives that could represent a local heat source.
It is not clear at present whether or not such bodies are (1)
directly connected to the magmatic system of the active
Mutnovsky volcano, (2) isolated remnants of magma intruded
into the plane of hydro-magma-fracturing created by
Mutnovsky volcano, or (3) as some have argued, much older
intrusions related to a predecessor magmatic system
unrelated to the current volcanic activity.

Mutnovsky Scientific Drilling Project
Workshop 2006

Thirty-nine presenting scientists from Russia and six
countries abroad, and many additional Russian participants
for atotal of about seventy, met in Petropavlovsk-Kamchatsky
in September 2006 to consider scientific drilling at
Mutnovsky. The meeting was held at the Institute for
Volcanology and Seismology (IVS), Academy of Science of
the Russian Far East.

The project concept, as introduced at the start of the
meeting, was to drill and sample the magma-hydrothermal
system at a point intermediate between the active craters
and the geothermal production field, and to conduct hydraulic
and chemical tests to assess their connectivity. With a system
geometry characterized by lateral transition from magmatic
vapor to dilute hydrothermal fluid at <2 km depth, Mutnovsky
is an attractive drilling target for understanding
magma-hydrothermal interactions. The presentations and
discussions included a number of past and current scientific
drilling projects such as deepening of commercially drilled
wells for scientific purposes. Further deliberations
highlighted the research on several wells that have been
drilled to depths exceeding 2000 m and to temperatures
exceeding 300°C.

Through the efforts of Russian scientists and the local
development company, a large body of data already exists for
the Mutnovsky system concerning fluid composition and
conditions in the geothermal and volcanic systems. Some
interesting pressure excursions have been associated with
regional earthquakes, suggesting that the entire system may
be a sensitive strainmeter. The three fumarole fields within
the crater were defined as related through dilution of mag-
matic gas by meteoric water. Fumaroles depositing pyrite
and arsenopyrite explain the remarkable chemistry (for
example, the highest fumarolic Cr concentrations ever
recorded). Mutnovsky’s fumaroles are an epithermal
ore-depositing system in action and have been termed
“a unique natural chemical reactor” where thirty-five
previously unknown hydrothermal minerals have been dis-
covered. In counterpoint, some scientists view the volcano as
a parasitic chimney on a more powerful and older Mutnovsky
hydrothermal system. It should also be noted that the diverse
microbiological population of extremophiles is an object of
extensive international research.
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The workshop moved to the Mutnovsky Power Plant for
two days of tours and discussions. The highlight of the meet-
ing was the visit to Mutnovsky’s craters. Under the leader-
ship of Adam Simon, proposals for this pre-drilling phase of
the project are being submitted to the U.S. National Science
Foundation.

Proposed Surface and Holes of
Opportunity Investigations

There are a number of surface investigations that will
contribute to testing the single system hypothesis and help
to guide and complement later dedicated scientific drilling.
Thermal horizons, both magmatic and aqueous, have very
low electrical resistivity in comparison with host rocks, and
this resistivity provides a basis for using surface electromag-
netic methods for their spatial definition. Magneto-telluric
soundingscanbeusedtoilluminate the magma-hydrothermal
system by imaging conductivity distribution. Self-potential
(SP) anomalies are directly related to subsurface heat and
fluid movements; thus, SP mapping and modeling are strong
tools to investigate the structure of a volcanic body and
geothermalreservoir. In studying the Mutnovsky geothermal
field, an SP mapping survey will be conducted widely in and
around the Mutnovsky volcano.

In the area around the volcano there are no seismic
stations. The nearest one is near Gorely Volcano at a distance
of about 12 km to the northwest. In this situation, it is impos-
sible to define seismic activity at Mutnovsky Volcano on a
satisfactory level. One of the main tasks for future investiga-
tions in this area is acquisition of sufficient local seismic and

geodetic observations in order to differentiate between
production-caused and natural events and to assess the
connectedness of the volcano and geothermal system
(Fig. 6). If there is a hydraulic connection between the
volcano and the geothermal field due to migration of magma,
fluids, or both, the 4-D pattern of deformation and seismicity
should detect it.

The project also proposes to establish and monitor a
micro-gravity network and a continuous-gravity network at
Mutnovsky, both of which will require GPS elevation control.
The aim of the micro-gravity and ground deformation
network is to quantify any sub-surface mass movements
occurring as a result of magma movements, degassing
episodes, hydrothermal activity and geothermal exploitation.
In particular, microgravity data may be able to differentiate
between deformation caused by migration of fluids and that
caused by migration of magma.

Investigation of aqueous geochemistry of the system will
be expanded so that analysis of surface and borehole fluids
from the north flank of Mutnovsky and the production field
span the same range of elements and isotopes as the
thoroughly studied crater fumarole fields. These data will
permit a much better assessment of Mutnovsky Volcano’s
contribution to the geothermal system than is possible now.

At this time there is just one well, where pressure moni-
toring with a capillary tubing system has been conducted
from 1995 until September 2006. Intriguing pressure excur-
sions have been recorded during and just prior to regional
earthquakes. The hydrothermal system appears to function

as a sensitive strainmeter.

Gorely
Valcano

Mumovgky £
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Figure 6. Proposed 20-station real-time seismic network at Mutnovsky Volcano and geothermal field. Earth-
quake epicenters (2001-2005) range in magnitude from MI=1.8 to 3.8. Red lines mark the high permeability
planes where production wells are located. Blue lines mark geothermal contours at 250 mbsl (from Kiryukhin
et al., 1998). Earthquake data are from the Kamchatka Branch of the Geophysical Service (KBGS), and the

This is consistent with many
recent studies citing seismicity
at volcanoes triggered by
distant earthquakes, and spec-
ulating that earthquakes could
trigger eruption. The utility of
pressure sensors in multiple
boreholes in assessing
connectivity of the system is
obvious, and it may even be
possible to capture the fluid
pressure signal in the near and
far fields from phreatic
explosions such as occurred in
2000 and 2007.

. d5 Telemetered station
5 On-site recording

~ © Earthquake

A considerable amount of
core has already been acquired
in the course of exploration
and development of the
Mutnovsky geothermal field.
Core parameters are planned
to be measured: density,
porosity, gas permeability,
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pore space structure, microfracture network, sonic veloci-
ties, geomechanical characteristics (compression and tensile
strength, elastic modulus), thermal and magnetic properties,
and then interpreted according to the rocks’ petrography.
These subsurface properties will be used to create improved
geophysical and surface deformation models. Chemical
investigations of available core and surface samples will also
reveal the internal geochemical stratigraphy of Mutnovsky
Volcano. This work will involve unit-by-unit, high-quality
geochemical analyses of drill core recovered by the project.
The analyses of major and trace elements by X-ray
fluorescence spectroscopy will also serve to identify hydro-
thermal alteration processes and the extent of alteration of
the original magmas. These data will define the magma
evolution of the Mutnovsky systems and its relationship to
mineralization.

A goal of hydrothermal petrology of core will be to under-
stand the permeability controls and chemical evolution of
high-temperature, magmatically driven hydrothermal
systems, mechanisms for focusing ore-formation, and energy
use of Mutnovsky-type geothermal resources. The gas and
heat output of the volcano can be viewed as providing a
measure of the amount of magma undergoing decompression
and cooling, respectively, per unit time. Taking the rough
estimate of Mutnovsky’s fumarolic SO» output of ~100 T d!
and applying a value of solubility of S in basaltic andesite of
400 ppm (Wallace et al., 2003) yields a result that about
1 m? s? of magma must be decompressed to maintain this
discharge rate. Cooling this amount of magma would satisfy
the ~1000 MWe thermal budget as well. This is not
insignificant, being equivalent to the rate of extrusion of
domelavain 2007 at Mount St. Helens volcano, yet Mutnovsky
isnot erupting. The only obvious explanation for this behavior
is that magma is vigorously convecting within the conduit
that is undergoing decompression, but the degassed and
cooled magma is flowing back down the conduit rather than
erupting. An ascent rate of 1 cm s?, (equivalent to that
commonly inferred for lava eruptions) over a cross-sectional
conduit area of 10 m2 would supply the observed SO,
discharge. When combined with new data on geochemistry
of Mutnovsky magma and melt volatiles as a function of time,
coupled gas/heat/mass flux observations will provide an
unprecedented definition of the source term for the
Mutnovsky magma-hydrothermal system.

Drilling Investigations

If the hypothesis of a direct magma-hydrothermal
connection at Mutnovsky is correct, then our objective will
become to penetrate and sample the transition zone. Such a
borehole will become a key observation midpoint and sample
port in a ~10-km-long fracture-hosted system, with active
magma at one end and geothermal production at the other.
The magmatic end will be monitored at the surface within
Mutnovsky III and active craters, and the geothermal end
will be monitored at depth through existing wells. In addition

to obtaining direct information on the current chemical and
physical state of the system, it will be possible to use time-
dependent behavior to determine the hydraulic character-
istics of the entire system.

The plan for drilling will be developed in parallel with
progressin the surface investigations; however, some aspects
of drilling can be considered now. It seems clear that drilling
should penetrate as far beneath the Mutnovsky edifice and
as close to the active conduit as possible. The borehole will
therefore need to be directionally drilled. Its path should
take it across the projection of the plane of geothermal
production. The science team will continue discussions with
the local geothermal company concerning the extent to
which geothermal and scientific objectives can be combined
and hence costs shared (for example, whether this could be
a geothermal well that will be deepened for the scientific
objectives). An important question is how close the well or
wells can be sited to the volcano. If drilling conditions are
favorable and data indicate that the active conduit is within
reach, a subsequent stage of the project will be proposed
aimed at intersecting, quenching at depth, and sampling
magma. This is an objective embraced by the decadal white
paper of ICDP (Harms et al, 2007) and would provide an
unprecedented “ground truth” in volcanology, both in terms
of the internal structure and conditions of volcanoes and the
state and composition of unerupted magma. It will also be
envisaged that MSDP will support continuation of the
International Volcanological Field School based on
Mutnovsky and founded in 2003 by the Kamchatka State
University and University of Alaska Fairbanks.

Summary

The MSDP proposes a comprehensive geophysical and
geochemical research program with stages wherein drilling
will play an increasingly important role. Immediate priorities
are magneto-telluric, seismic, geodetic, and gravity surveys
to define the extent and behavior of the magma-hydrothermal
system. The geothermal development company is currently
drilling new 2000-m wells. This firm and the scientific
drilling consortium formed at the workshop have agreed to
collaborate in order to maximize scientific gain from drilled
wells.

Based on results from this first phase, MSDP will drill a
more proximal portion of the system that is hotter and more
enriched in magmatic components than subsurface fluids
previously sampled. Physical properties measurements on
core will be used to refine initial geophysical models,
particularly rheological properties relevant to inversion of
measured surface displacements. Tracer and hydraulic tests
will be used to assess overall connectivity of the system,
from crater to production zone. Natural events, the numerous
strong regional earthquakes and occasional eruptions, will
also provide pressure perturbation tests. Finally, if feasibility
can be demonstrated, we hope that the project will attempt to
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penetrate Mutnovsky’s active conduit. The goal of reaching
magma in a decadal time frame is one endorsed by the
International Continental Scientific Drilling Program White
Paper (Harms et al., 2007).

We anticipate important results in the following areas:

1. The relationship of hydrothermal activity to active
volcanism, with implications for future geothermal
exploration of circum-Pacific and other supra-subduction
zone volcanoes.

2. Therelationship of active ore deposition to fluid regimes,
transitioning from high-temperature acid magmatic to
moderate-temperature neutral hydrothermal.

3. The extent and evolution of life in a sulfur-rich environ-
ment spanning a large temperature and pressure range

4. New constraints on the volatile budget of arc volcanoes;
in particular, an assessment of subsurface “losses” to
hydrothermal systems relevant to use of SO, emission
as a monitoring and eruption-predictive tool.

5. The deep structure of arc volcanoes and the nature of
unerupted magma.

6. Engagement of students from a number of countries in
international, resource-oriented research.
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Introduction

The structure and mechanics of active Low Angle Normal
Faults (LANFs) have for decades been posing questions—in
particular, if low angle normal faults accommodate crustal
extension, and if they generate large magnitude earthquakes,
or if they move aseismically. To shed new light on these
challenging questions, MOLE intends to drill (down to
4-5km) an active LANF in the Umbria-Marche sector of the
northern Apennines (Fig. 1) and to establish a deep borehole
observatory. The target site offers a unique opportunity to
reach a LANF at drillable seismogenic depth to unravel the
“low angle normal fault mechanical paradox” (Wernicke,
1995; Axen, 2007).

In order to discuss the scientific background and plan the
MOLE project, sixty-two scientists from various research
fields attended an international workshop in Spoleto, Italy, on
5-8 May 2008. The workshop focused on the following goals
that need to be achieved: (I) to collect new observational
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Figure 1. Schematic seismotectonic map of the Umbria-Marche
area (modified after Mirabella et al., 2004). Historical earthquakes
(gray squares) between 461 BC and 1997 AD (from Boschi et al.,
2000). Focal mechanism solutions: (1) Gubbio earthquake (Haessler
et al.,, 1988); (2) Gualdo Tadino earthquake, and (3, 4, 5) Colfiorito
sequence (Ekstrom et al., 1998); (6) Norcia earthquake (Deschamps
et al., 2000). SD (San Donato) and MC (Monte Civitello) well sites
with A-A’ represent the section of Figure 2.

data at depth for constraining the fault zone structure; (II) to
perform laboratory experiments with gouge and fault zone
materials to understand frictional properties and weakening
mechanisms; (III) to record microearthquakes at distance
comparable to the source radius, and (IV) to obtain stress
and strain measurements and geochemical data in and near
the fault zone at depth to understand the mechanics of earth-
quakes and faulting.

Scientific Background - the LANF Paradox

The question whether or not moderate-to-large magni-
tude earthquakes can nucleate on LANFs and contribute to
accommodate extension of continental crust is widely
debated in the literature (Wernicke, 1995 and references
therein; Axen, 2007). Indeed, from a theoretical point of view,
in an extensional tectonic setting characterized by a vertical
principal stress 61, no slip is expected on faults dipping less
than 30° with a friction coefficient ranging between 0.6 and
0.85 (Byerlee, 1978). In boreholes at depth in the vicinity of
many high-angle, normal faults around the world, direct
stress measurements are consistent with both theory and
laboratory-derived coefficients of friction (Zoback, 2007).
Nevertheless, observed slip on LANFs implies the reactiva-
tion of severely misoriented low angle structures (Sibson,
1985) occurring either because of anomalously weak
frictional conditions (g << 0.6) or because of abrupt rotation
of principal stress directions. If the orientation of principal
stresses rotates in the direct vicinity of a LANF, it can be
determined by stress measurements in a borehole through
the fault zone (Zoback, 2007). High fluid pressure may be
causing slip on a LANF, which means that the fault zone itself
must be overpressured with respect to the rocks in the
adjacent hanging wall and footwall.

Seismological  observations  indicate  that no
moderate-to-large magnitude earthquakes have been
documented on LANFs based on well-constrained focal
mechanisms (Collettini and Sibson, 2001; Jackson and White,
1989). On the contrary, geological evidence of active
low-angle normal faulting has been documented in
numerous field-based structural studies and also interpreted
on seismic reflection profiles. Therefore, the role of LANFs
and their contribution to seismic risk are still controversial.
Despite recent studies which provided observational
evidence and physical interpretations (Axen, 1999; Collettini
and Holdsworth, 2004; Floyd et al., 2001; Hayman et al.,
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2003; Holdsworth, 2004; Sorel, 2000), more experimental
data and iz situ studies are needed to shed light on these MC well o SD well
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located on the hanging wall of the subsiding areas.

The Alto Tiberina Fault (ATF) is a NE-dipping LANF

Several moderate-magnitude earthquakes struck the
study area in the past (Fig. 1). This seismicity is clearly
associated with Quaternary faults. The most recent earth-
quakes are the 1979 Norcia M¢=5.5, the 1984 Gubbio M¢=5.3,
the 1988 Gualdo Tadino My=5.1 events, and the 1997-98
Colfiorito earthquake sequence 5.2<My<6.0 (Amato and
Cocco, 2000). However, all these earthquakes ruptured
SW-dipping normal faults antithetic to the Alto Tiberina
Fault (Fig. 2).
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Figure 2. Geological cross-section through the Tiber Valley and the Gubbio anticline (modified after
Collettini and Barchi, 2002). The section (see location A-A’ on Fig. 1) is based on the data set acquired
during the CROPO3 NVR project, including surface geology data, seismic reflection, and refraction pro-
files, calibrated by deep boreholes (Anelli et al., 1994). SD and PG2: San Donato and Perugia 2 boreholes,
respectively.
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cutting the upper crust in Central Italy, a region charac-
terized by active extension and moderate-magnitude
seismicity (Fig. 1). The subsurface geometry of the ATF
(Fig. 2) has been depicted along a deep seismic, nearly
vertical reflection transect (CROPO03; Pialli et al., 1998),
further constrained by a set of seismic reflection profiles
(Mirabella et al.,, 2004) and calibrated by deep boreholes
(e.g., San Donato and Perugia 2 wells). All these data define

in detail a portion of the ATF
(N150° trending) which is at
least 55-60 km long. In
cross-section, the ATF is
characterized by a staircase
trajectory with a mean dip of
15°-20° recognizable in the
seismic profiles down to a
depth of about 12 km (Fig. 2).
Seismo-tectonic  data  and
preliminary geodetic investiga-
tions (D’Agostino et al., 2008)
demonstrate that the ATF
is presently active and accom-
modates crustal extension.
Moreover, the absence of
historical earthquakes doubt-
lessly associated with the ATF
and the presence of a source of
over-pressurized fluids located
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in the fault hanging wall

(Chiodini et al., 2004) suggest
that the fault most likely moves
through a combination of
seismic/aseismic slip and creep
with  repeating  microearth-
quakes (Collettini, 2002). The
ATF detaches an active hanging
wall block from an aseismic
footwall. In the hanging wall
block, seismic reflection profiles
and seismological data reveal the
presence  of  moderately-to
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confirming that it is an active
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allowed the recording of nearly
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Figure 4. [A] Map of the area and location of seismic sections. [B] Vertical cross-section perpendicular to
the Apenninic belt showing the relocated composite seismicity and (in orange) the 1984 Gubbio sequence.
[C] Three vertical cross-sections showing the seismicity distribution and the available fault plane solutions
computed for seismic data acquired from 2000 to 2001. Their positions are shown in [A] together with the
width used to plot hypocenters. The heavy red lines plotted in each cross-section represent the trace of
the ATF fault as imaged on the depth-converted seismic reflection profiles (modified from Chiaraluce et
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2000 (M<3.2) earthquakes
(Piccinini et al.,, 2003). The
integration of geological observations and seismicity data,
together with the interpretation of seismic reflection profiles,
led to a clear identification of a 60-km-long portion of the E-
dipping low angle normal ATF (Fig. 4). The analysis of this
multidisciplinary data set shows that in the last 2 Ma this
structure has accumulated 2 km of displacement.

The computed focal mechanisms of microearthquakes
(Chiaraluce et al., 2007) are in agreement with the geometry
of the faults (Fig. 4). The latter are nicely highlighted by the
earthquake distributions that appear in seismic reflection
profiles in accord with a stress field characterized by a nearly
vertical 61 and a NE-trending o3, perpendicular to the strike
of the ATF, which has also been inferred from regional stress
data (Mariucci et al., 2008; Montone et al., 2004). This micro-
seismicity is uniformly distributed over the ATF plane, and
the earthquake distribution in the down-dip direction reveals
a fault zone thickness ranging from 500 m to 1000 m.
Repeating earthquakes occur in very small slip patches
whose dimensions are of the order of 10-100 m (Chiaraluce
etal., 2007).

Collettini and Holdsworth (2004) brought up the
hypothesis that the ATF at depth consists of a phyllosilicate-
rich fault core. This relies on analogy with the Zuccale Fault,
an older, presently inactive, ATF-like structure cropping out
west of the Alto Tiberina fault on the island of Elba. This
hypothesis is consistent with the proposed aseismic behavior

of a misoriented fault in which microseismicity might be
generated by local, short-lived build-ups in fluid pressure
during regional scale degassing of the deep crust and the
mantle, associated with regional tectonic extension (Chiodini
et al., 2004). However, their theory must be corroborated by
in situ observations and experimental evidence.

Workshop Program and Results

During the MOLE workshop participants from eight
countries discussed drilling deep (4-5 km) into the Alto
Tiberina Fault. During the first day other deep fault drilling
projects were presented, followed by a session on the
seismotectonics, geology, seismology, geodesy, and
geochemistry of the target area during the second day.
Another session focused on laboratory experiments on rock
friction and rock mechanics using fault zone materials. The
third day was dedicated to outlining preliminary studies,
investigations during the drilling phase, and research after
drilling. The potential drill site (Fig. 5) and some major
normal faults of the region were visited during a half-day
field trip. During the last afternoon, the key scientific and
technical issues associated with the deployment of the deep
borehole and the long-term multidisciplinary observatory at
depth were summarized, and a scientific rationale for the
MOLE deep drilling project was drafted. An unusually large
set of geological and geophysical data is available, including
detailed geological mapping, seismic reflection profiles, deep
boreholes data, seismicity data, GPS measurements, and
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Figure 5. Digital Elevation Model around the planned MOLE borehole
(red circle) showing the seismicity (instrumental from Chiaraluce et
al., 2007 and historical from Boschi et al., 2000), T-axes from focal
mechanisms (Montone et al., 2004), breakout data (Mariucci et al.,
2008) and Alto Tiberina Fault isobaths (Mirabella, 2002).

more. These data support the fact that the ATF is an active
LANF. The workshop participants concluded that the
potential ATF drilling site is ideal for setting up a unique
laboratory to investigate the mechanics and the seismogenic
potential of active LANFs. However, prior to drilling it will be
necessary to improve hypocenter determination and collect
site survey data in new seismic and geodetic campaigns,
including high resolution seismic reflection data to better
image and constrain depth of the target.

An interesting opportunity that emerged during the work-
shop was the re-opening of Monte Civitello well, which was
closed many years ago by AGIP company through the injec-
tion of several plugs. The ATF was not identified during the
drilling of Monte Civitello well probably because the drilling
was stopped just above it. We are presently evaluating the
possibility of re-opening Monte Civitello in order to install a
deep array of seismometers and possibly to monitor geofluids
at an expected maximum depth of nearly 2000 m.

Another key conclusion from the workshop was to start
drilling with a 2-km-deep pilot hole very close to the final
MOLE borehole. This will allow for further detailed observa-
tions at depth to refine existing crustal structure models and
to implement monitoring activities with particular attention
to deep geo-fluids. Moreover, this will provide new data
through borehole logging and sampling that will help to set
up a permanent observatory at depth and improve planning
for the deep hole.

Summary

One of the main conclusions of the workshop was that
drilling through the Alto Tiberina Fault will provide infor-
mation on crustal stress and fluid pressures. It will also allow
us to do the following: (I) sample fault zone materials to
measure their physical properties; (II) install down-hole
seismometers, strainmeters, and fluid chemistry recorders
to measure seismicity, strain rate, and transmigration of
fluids; and (III) better understand the fault zone structure of
a normal fault dipping at ~15°-20°, of which the seismogenic
potential is unknown. Taken together, these studies will
directly address many of the key questions related to the
LANF paradox with particular regard to the understanding
of the local stress field within the fault zone and the role of
fluids in this process.

While the main goals of the MOLE project are to improve
the understanding of the mechanical and physico-chemical
behavior of LANFs, the impact of the project is certainly
broader. The collected data and direct observations will
provide a step toward more realistic models of earthquake
nucleation and strain localization within fault zones.
Laboratory experiments on rock friction with real and fresh
fault zone materials can provide important constraints on
fault friction and dynamic fault weakening processes. In
general, MOLE will become a natural laboratory for moni-
toring and modeling the geophysical and geochemical
processes controlling normal faulting in an active tectonic
setting.
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European Geosciences
Union General Assembly

19-24 April 2009, Vienna, Austria

& 1ODP

ECORD
DRILLING FROGRAM Booth
No. 54-55
will be
opened
Monday to
Friday, 20-24 April 2009 as a meeting
point for the scientific drilling commu-
nity. A joint ICDP-IODP Townhall
meeting will also be held on Thursday,
23 April 2009, Room 1.

Detailed information will be regu-
larly posted on the ECORD web site at:
http://www.ecord.org/pi/egu09.html.
Contact: ema@jussieu.ipgp.fr.

EC&RD

European Consortium for
Ocean Research Drilling

Beyond 2013—The Future of
European Scientific Drilling
Research

A session

EC@RD “Beyond
raxSapisiie 2013—The
Future of

European Scientific Drilling Research”
will be held at the EGU General
Assembly 2009 in Vienna, Austria. The
session, convened by G. Camoin and
R. Stein, will be followed by a two-day
workshop April 24-25 specifically
addressing the future of European
scientific drilling research. Its main
objectives are to define and document
the European interests in IODP beyond
2013, and to prepare for the IODP
renewal conference INVEST (p. 66, this
volume). More details at: http://www.
essac.ecord.org/index.php?mod=
workshop&page=euroforum.

Session: 23 April 2009, Vienna
Workshop: 24-25 April 2009
At the University of Vienna, Geocenter

NERC UK IODP Directed
Program: Two-Day Conference

18-19 May 2009, Royal Society, London,

K 0o

DRILLING FROGRAM

The aim of this conference is to high-
light important scientific achievements
from the current IODP phase, and to
solicit contributions and challenges that
will take Ocean Research Drilling for-
ward post-2013, when the existing IODP
program ends. It is envisaged that the
two-day conference will cover a range
of scientific themes from the evolution
of the planet through climate change
and the deep biosphere. We also hope to
showcase post-graduate, PhD and post-
doctorate research, which has made
use of the extensive wealth of data col-
lected during the varied IODP expedi-
tions. A session of the conference will
be an open discussion on the future
IODP program beyond 2013.

Information on the event will be
available at the UKIODP website (www.
ukiodp.bgs.ac.uk). For enquiries please
contact the UKIODP Science Coordi-
nator at ukiodp@bgs.ac.uk.

Continental Scientific
Drilling Workshop

4-5 June 2009, Denver, Colorado
Application Deadline: 15 April 2009

A forward-looking
workshop will identify
areas where significant
scientific advances in
the understanding of

continental or whole

cc Earth processes and

history require samples or data that can
only be obtained by continental drilling
or coupled continental-ocean drilling.
The workshop will also stress devel-
oping collaborations with parallel
communities, such as those that partici-
pate in IRIS, IODP, NCAR, MARGINS,
and EarthScope. The aim of the work-
shop will be to produce a brief docu-
ment, with supplementary information,
that will inform the geologic commu-
nity, support planning of future funding,

and supply a template for future conti-
nental scientific drilling. This work-
shop is the first step in developing a
general science plan for continental
drilling. Topics to be addressed range
broadly: global climate and environ-
mental change at all time scales, geody-
namics of faults and hotspots, magmatic
andvolcanic processes, impacts, natural
resources, the deep biosphere, and the
facilities necessary to optimize return
on investment in drilling projects. The
organizers hope that other topics will
emerge during the planning process or
at the workshop itself.

The organizers seek participation of
a diverse group of active investigators.
International applications are welcome.
For further information, to apply to par-
ticipate, or for others, please contact
Tony Walton at twalton@ku.edu or call
at 1-785-864-2726. Related web links at
DOSECC (http://www.dosecc.org) or
the University of Kansas (http://www.
geo.ku.edu/).

4th International Symposium
in Okinawa, Japan

29 June-3 July 2009, Okinawa, Japan

Com

Seven other

sponsors are
also support-
ing this event.

INTER
RIDGE

S

The 4th International Symposium on
“Chemosynthesis-Based Ecosystems”
will be held on 29 June-3 July 2009 in
Okinawa, Japan. This symposium high-
lights the recent achievements in the
field of unique ecosystems driven by
chemosynthesis rather than photosyn-
thesis. Major topics include biogeogra-
phy, biodiversity, evolution, symbiosis,
ecology, physiology, geochemistry,
microbiology, and research technology
& methods. Venue is the Bankoku
Shinryokan (http://www.shinryokan.
com) in Nago City, Okinawa, Japan,
which is set next to beautiful sandy
beaches. Coral reefs and subtropical
forests with exotic wildlife surround the
venue. For updated information, visit
the website: http://www.jamstec.go.jp/
xbr/4th_CBE/. Contact: Yoshihiro
Fujiwara or Yoshiko Takeoka, E-mail:
4th_CBE_office@jamstec.go.jp.
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ECORD Summer School

31 August—11 September 2009, Bremen,
Germany

Eceh RD ECORD
European Consortiumfor Summer
Ocean Research Drilling School on

“Geodynamics of mid-ocean ridges”
will be held at the Center for Marine
Environmental Sciences (MARUM),
University of Bremen. Lecture topics
range from mantle melting to tectonic
exhumation of mantle to hydrothermal/
microbial interactions. Participants will
be introduced to a full range of IODP
related topics from general introduction
to the program to writing IODP propos-
als. In The Virtual Ship, ocean drilling
cores from the Mid-Atlantic Ridge
stored at the IODP Bremen Core
Repository (BCR) will be used to teach
“shipboard” methodologies applied on
the drilling vessels of the program.
These include core curation, visual core
description, physical properties mea-
surements, and petrographic observa-
tions. Also, planned is a field trip to a
Devonian submarine volcanic province.
A registration form will be circulated in
spring 2009. For further information,
see http://www.glomar.uni-bremen.de/
ECORD_Summer_School_2009.html.

el —,

Photo Credit: Wolfgang Bach, MARUM, Bremen
University, Germany

Conference Call: IODP New
Ventures in Exploring
Scientific Targets—INVEST

23-25 September 2009, Bremen,

Germany

“ I O D P The IODP
f ,

QY e INVEST. it

planned as a large, multidisciplinary,
international, scientific meeting to

Now stepping forward to future scientific
drilling program.

define the scientific research goals of
the second phase of IODP scheduled to
begin in late 2013. INVEST will take
place at the University of Bremen in
Germany on 23-25 September 2009.
The meeting, open to all interested
scientists and students, provides the
principal opportunity for science
community members from everywhere
to influence the future of scientific
ocean drilling. The goal of INVEST is
to build the framework for the next tier
of success in scientific ocean drilling.
Input from a broad swath of scientists
actively working in or having a future
interest in IODP is solicited. INVEST
will seek to sum-marize the state of
knowledge across interdisciplinary
geoscience themes, identify emerging
science, new re-search initiatives, and
implementation strategies. Also, identi-
fying technological and fiscal needs will
be pur-sued.

For more information on INVEST
steering committee and meeting
program, please see www.marum.de/
en/iodp-invest.html. or www.iodp.org.
Registration opens 4 April 2009. Travel
support programs are being organized
by all current IODP members.

ICDP Training 2009 Goes to
the Projects

. The Operational
ICd p I Support Group of

" \ ICDP is in prepa-
ration for two
train-ing sessions for 2009. The first
one is in cooperation with and hosted by
the Swedish Deep Drilling Program
(SDDP). The SDDP working group is
planning a drilling program for four
world-class deep boreholes over a

ten-year period. Accordingly, an adapt-
ed training program in Sweden in early
summer 2009 will comprise the modules
Planning of Scientific Drilling Projects
and Writing of an ICDP Proposal in addi-
tion to the basic module Fundamentals
of Scientific Drilling. A second training
program in fall 2009 will be held in con-
junction with the envisaged Campi
Flegrei Drilling Project in southern
Italy and will address high-temperature
drilling issues in addition to the basic
element on fundamentals of drilling. A
limited number of places in these cours-
esis open to scientists from ICDP mem-
ber countries with preference for those
involved in planned ICDP projects.
Further information: http://www.sddp.
se and http://www.icdp-online.org.

GESEP: German Scientific
Earth Probing Consortium
agencies

u G; SEP s.\lf . .
and insti-

tutes invested significantly in infra-
structure and know-how for scientific
drilling for many decades. But, until
now there was only limited coordina-
tion for exchange or joint use of facili-
ties and industry cooperation. To
overcome this weakness the “Deutsche
Forschungsgemeinschaft” (DFG) has
supported the formation of GESEP, an
alliance founded by university and
non-university earth science institutes.
Its major goal is focusing interests of
researchers and engineers in scientific
drilling. GESEP opens with a short
course for postgraduates (Earth
Drilling School) in Potsdam on 18-19
March 2009. Current plans are to estab-
lish GESEP as a knowledge center on
scientific drilling. First milestones
envisaged are establishment of a core
repository for continental drill cores
and related samples to complement the
Bremen Core Repository, plus design
and set-up of a related data bank and
information platform. GESEP will also
act as a contact to ensure that long-term
partnerships are generated for adapta-
tion of energy service industry tools
and methods for scientific drilling and
monitoring tools. GESEP will organize

German
funding
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meetings, provide a contact point for
questions on scientific drilling and
coordinate  public relations and
outreach. Advanced training courses
and schools will be based on various
expertise in participating institutes.
URL: http://www.gesep.org.

GESEP members already include:

o Alfred-Wegener-Institute, Bremerhaven

e German Research Centre for
Geosciences, GFZ, Potsdam

e |Institut fur Geologische
Wissenschaften, Free University Berlin

e |eibniz Institute for Applied
Geophysics, Hannover

e |eibniz Institute for Marine Sciences,
IFM-GEOMAR, Kiel

e MARUM, Centre for Marine
Environmental Sciences, Bremen
University

¢ |Institute for Earth Sciences, Frankfurt
University

¢ |nstitute for Geology and Mineralogy,
Cologne University

e |nstitut for Chemistry and Biology of the
Marine Environment, Oldenburg
University

e |nstitute for Earth Sciences, Potsdam
University

e |nstitute of Environmental Geology,
Technical University Braunschweig

New Drill Site on the Ross
Ice Shelf

T h e

ANDRILL axtoree
DO eaitdd  ccologicl

DRILLing
(ANDRILL) Program is developing new
drill sites for the Coulman High (CH)
Project in the western Ross Sea (http://
www.andrill.org/science/ch). The CH
Project will target an early Miocene and
Paleogene section to address evolution
and stability of the cryosphere; warm
climate periods in the Early Tertiary;
orbital variability controls on climate;
and tectonics within the West Antarctic
Rift System. Drill sites are on the CH at
the former C-19 giant iceberg calving
site (Fig. 1) located on a seismic profile
completed at the Ross Ice Shelf edge in
2003, now covered by the advancing ice
shelf. The stratigraphic record here
would extend the Miocene and younger
data obtained from ANDRILL sites MIS
and SMS (Sci. Drill., 2006, 3:43-45;
Sci. Drill., 2008, 6:29-31) and recover
underlying sediments representing the
Early Tertiary greenhouse world.
Technical challenges include drilling

« Ross

Coulman

& Isiand Coulman 2003 lca
) High Drilt  High Drill  sparedge
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"5"‘-5 * @ s
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Fig. 1. Coulman High Drilling Project site
location map. Proposed drill sites (yellow
dots) are 125 km from McMurdo Station. Prior
successful ANDRILL drill sites SMS and MIS
are shown (stars).

into the seabed while the ice is moving
north at more than two meter per day
and maintaining an open hole through
the nearly 250-m-thick ice shelf. A U.S.
proposal is under review, and proposals
for New Zealand and Europe are under
development. ANDRILL (www.andrill.
org) is currently seeking international
partners in developing a multinational
collaboration for this exciting new
effort. For more information please con-
tactthe ANDRILL Science Management
Office at ch@andrill.org.

Modernized JOIDES Resolution is Tested
and Ready for IODP Science Operations
“ The JOIDES Resolution—

I O D P a 20-year workhorse on behalf
‘,, of scientific ocean drilling—
sailed away from a Singapore
shipyard on 25 January after a complete transformation to
modernize and upgrade the ship. To get the JR into the
shape she’s in now has taken years of diligent effort by a
talented team of project managers, dozens of IODP-USIO
staffers, thousands of skilled shipyard laborers (averaging
roughly 350 per day), and more.

INTEGRATED OCEAN
DRILLING PROGRAM

Restored JOIDES Resolution ready for sailing. (Departing from
Singapore)

The renovation, funded mostly by the U.S. National
Science Foundation (NSF) and partly by Overseas Drilling
Limited, includes state-of-the-art upgrades to the ship’s
science laboratories and facilities, all-new, expanded and
refined accommodations, refurbishment and renewal of
ship equipment and infrastructure, advanced safety and
environment safeguards, and augmented logging and
drilling capabilities.

An external scientific assessment team boarded the ship
in Guam on 7 February. Sea trials took place at Ontong Java
Plateau, ODP Site 807, and transit to Honolulu followed,
making the ship ready again for IODP expeditions in early
March. The JR is now poised to help IODP continue to push
the edge of science. A multimedia overview of the “new” JR,
including daily reports, is available online from http://
oceanleadership.org/node/2000.

In early March 2009, the JR will set sail from Honolulu
for the equatorial Pacific for the first of two nine-week
expeditions. The second expedition will follow immedi-
ately, commencing in May 2009, and both are grouped into
one science program. This science program, known as the
Pacific Equatorial Age Transect, will investigate how the
equatorial Pacific is intricately linked to major changes in
the global climate system. http://iodp.tamu.edu/science-
ops/expeditions/equatorial_pacific.html.
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Schedules

IODP - Expedition Schedule http://www.iodp.org/expeditions/

ESO Operations * Platform Dates
313 - New Jersey Shallow Shelf MSP May 2009-Aug. 2009 TBD
325 - Great Barrier Reef MSP Sep. 2009-Dec. 2009 TBD
USIO Operations ** Platform Dates
320 - Pacific Equatorial Age Transect JOIDES Resolution 05 Mar. 2009-05 May2009

321 - Pacific Equatorial Age Transect/
Juan de Fuca Cementing Operations

323 - Bering Sea JOIDES Resolution 05 Jul. 200904 Sep. 2009

E 324 - Shatsky Rise JOIDES Resolution 04 Sep.2009-04 Nov.2009

317 - Canterbury Basin JOIDES Resolution 04 Nov. 2009-04 Jan. 2010

E] 318 wikes Land JOIDES Resolution 04 Jan. 2009-09 Mar. 2010
CDEX Operations *** Platform Dates

319 - NanTroSEIZE Stage 2: Riser/Riserless

Observatory 1— Sediment Inputs Chikyu 05 May 2009-31 Aug. 2009 TBD
322 - NanTroSEIZE Stage 2: Subduction Input )
10 NanTroSEIZE—Riserless Observatory Casing Gl O} SiE7en ADUID Ot 20U 8D
MSP = Mission Specific Platform TBD = to be determined

* Exact dates in this time frame dependent upon final platform tender.
** Sailing dates may change slightly. Staffing updates for all expeditions to be issued soon.
*** CDEX schedule subject to OTF and SAS approval.

ICDP - Project Schedule http://www.icdp-online.org/projects/

ICDP Projects Drilling Dates
Iceland Deep Drilling Project Jun. 2008-2010
Lake El'gygytgyn Drilling Project Oct. 2009-May 2010
New Jersey Shallow Shelf** May 2009—-Aug. 2009
Lake Van Jul. 2010-Sep. 2010

**|ODP-ICDP joint project
Exact dates in this time frame dependent upon final platform tender.
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