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Abstract

Integrated Ocean Drilling Program Expedition 345 (11 December 2012 to 10 February
2013) will be the second offset drilling program at the Hess Deep Rift to study crustal
accretion processes at the fast-spreading East Pacific Rise (EPR). The expedition will
take advantage of well-surveyed crustal exposures to recover the first cores of young,
primitive plutonic rocks that comprise the lowermost ocean crust. The principal ob-
jective for drilling at Hess Deep is to test competing hypotheses of magmatic accre-
tion and hydrothermal processes at fast-spreading mid-ocean ridges. These
hypotheses make predictions that can only be tested with drill core, including the
presence or absence of modally layered gabbro, the presence or absence of systematic
variations in mineral and bulk rock compositions, and the extent and nature of hy-
drothermal alteration and deformation. With detailed petrological, chemical, and
structural data for cores of deep, primitive gabbros, we will be able to address funda-
mental questions, such as, What proportion of the plutonic lower crust is constructed
through crystal subsidence, and what proportion is constructed through in situ crys-
tallization? How is melt transported from the mantle through the crust? What is the
origin and significance of layering? How, and how fast, is heat extracted from the
lower plutonic crust? What are the fluid and geochemical fluxes in the EPR lower plu-
tonic crust?

The highest priority for drilling at the Hess Deep Rift will be to sample one or more
100 to 2250 m long sections of primitive gabbroic rocks. Three primary drill sites have
been identified; however, if coring is proceeding well in the first or second of these
sites, it will be continued as long as possible in order to obtain the longest possible
continuous sample. The alternate site is located near Ocean Drilling Program Site 894,
where shallow-level gabbros are exposed. This plan differs slightly from Proposal 551,
as there is no alternate site in upper mantle peridotite. Drilling and coring operations
are anticipated to be challenging during the Hess Deep expedition because of water
depths >4800 m, a thin sediment cover, and, potentially, unstable basement forma-
tions.

Schedule for Expedition 345

Integrated Ocean Drilling Program (IODP) Expedition 345 is based on IODP drilling
Proposals 551 and 551-Add (available at iodp.tamu.edu/scienceops/expeditions/
hess_deep.html). Following ranking by the IODP Science Advisory Structure, the ex-
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pedition was scheduled for the R/V JOIDES Resolution, operating under contract with
the U.S. Implementing Organization (USIO). At the time of publication of this Scien-
tific Prospectus, the expedition is scheduled to start in Puntarenas, Costa Rica, 11 De-
cember 2012, and end in Balboa, Panama, 10 February 2013. A total of 46 days will
be available for the drilling, coring, and downhole measurements described in this re-
port (for the current detailed schedule, see iodp.tamu.edu/scienceops/). The sup-
porting site survey data for Expedition 345 are archived in the IODP Site Survey Data
Bank. Further details about the facilities aboard the JOIDES Resolution and the USIO
can be found at www.iodp-usio.org/.

Introduction

The accretion of new ocean crust at mid-ocean-ridge spreading centers is one of the
fundamental processes of Earth evolution. Understanding the nature of the crust and
mantle and the underlying geologic processes that form them is an ongoing funda-
mental justification for drilling in the ocean basins (Hess, 1960; Ocean Drilling Pro-
gram [ODP] science plan [www.odplegacy.org/program_admin/long range.html];
IODP Initial Science Plan [www.iodp.org/isp/]). The ocean crust forms by solidifica-
tion of basaltic melts produced by decompression melting in the mantle and subse-
quent modification during delivery to the lithosphere (see review by Klein, 2007).
These basaltic melts evolve through complex processes of crystallization and mechan-
ical deformation, most of which take place within the first million years or so of litho-
spheric evolution (see Coogan, in press, for a broad overview)

Studies of ophiolites (Anonymous, 1972; Nicolas, 1989) provide a framework for un-
derstanding the accretion and evolution of ocean crust and, as in the case of this ex-
pedition, provide nearly all of the extant observations of the type of crust under
study. Ophiolite studies, however, suffer from a lack or uncertainty of geologic con-
text, including such fundamental parameters as spreading rate, orientation of struc-
tures with respect to the ridge and stratigraphic level, and tectonic setting. Ophiolite
studies provide a useful overall framework for understanding the genesis and archi-
tecture of the ocean crust, but only direct observation of modern ocean crust can in-
form a definitive understanding.

The state of ocean drilling into the igneous basement is summarized in Figure F1,
where sites are organized by crustal depth and spreading rate. Two sites in particular,
Sites 504 and 1256, have achieved significant penetration, generating a wealth of in-
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formation regarding the igneous, thermal, and hydrologic state of the upper ocean
crust, formed intermediate and fast spreading rates, respectively. Although the tran-
sition into the upper plutonic crust was drilled at Site 1256, the lower plutonic crust
has not yet been sampled in an intact hole.

A complementary approach to sample the lower crust is to take advantage of “tec-
tonic windows,” where lower crust and upper mantle exposures are unroofed by tec-
tonic processes (Offset Drilling Working Group, 1994), thus bypassing the upper crust
entirely. The offset drilling approach has had varying success in terms of hole pene-
tration (Fig. F1) but has yielded significant scientific return at Hess Deep (Gillis,
Meével, Allan, et al., 1993), the Southwest Indian Ridge (Robinson, Von Herzen, et al.,
1989; Dick, Natland, Miller, et al., 1999), and the Mid-Atlantic Ridge (Cannat, Karson,
Miller, et al., 1995; Kelemen, Kikawa, Miller, et al., 2004; Blackman, Ildefonse, John,
Ohara, Miller, MacLeod, and the Expedition 305/306 Scientists, 2006).

The principal objective of Expedition 345 is to sample the lower levels of young plu-
tonic crust that formed at the fast-spreading East Pacific Rise (EPR), filling in a major
lithologic gap (dotted oval in Fig. F1). The expedition will take advantage of the offset
drilling approach by initiating holes directly into exposures of relatively deep lower
crustal rocks at the Hess Deep Rift. Expedition 345 will build on results of previous
drilling into the shallow-level plutonic rocks (Leg 147) and extensive regional map-
ping and sampling surveys, providing a comprehensive geological framework for a
composite crustal section. Current knowledge of the Hess Deep crustal sections, in
combination with geophysical studies of the EPR, drilling of the plutonic foundation
of slow-spreading crust, and studies of ophiolite complexes, allows for the formula-
tion of a series of specific questions that may be tested by drilling at Hess Deep.

Background

Prior to the discovery of axial magma chambers in the late 1980s, general views of the
geometry and evolution of the lower crust were dominated by a paradigm derived
from studies of gabbroic bodies on land—the layered basic intrusions (Wager and
Brown, 1967). These large igneous bodies form in the continental crust as large single
magma pulses that crystallize more or less in situ, producing a wide range of magma
compositions that can largely be traced to fractional crystallization with minor wall
rock assimilation. The oceanic counterpart to these is the “infinite onion” model
(Cann, 1974), whereby a single magma body with the approximate depth of the plu-
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tonic layer served as a reservoir for magmas, a source for the magmatic cumulates of
the plutonic crust, and a feeder for the overlying sheeted dike complex.

Seismic reflection studies along fast- to intermediate-spreading ridges have dramati-
cally changed our view of axial magma chambers (AMCs), revealing melt lenses <1 to
2 km below the seafloor that are ~1 km wide and a few tens of meters thick (Detrick
et al., 1987; Hooft et al., 1997; Kent et al., 1990; Singh, 1998). The region underlying
the AMC:s is a low-velocity zone interpreted to be partially molten, containing <20%
melt (e.g., Dunn et al., 2000). The internal structure of this region, such as the distri-
bution of melt and its geometry, is not well constrained because, for example, of the
uncertainties of estimating varying melt distribution. Locally, melt has been shown
to pool at or below the Mohorovicic discontinuity (Moho), both on- and off-axis, and
also within the lower crust off-axis (Garmany, 1989; Crawford and Webb, 2002; Du-
rant and Toomey, 2009; Canales et al., 2009).

Two end-member models for crustal accretion have emerged from geophysical obser-
vations along fast-spreading ridges (see above) and geological evidence derived from
the Oman and other ophiolites (e.g., Nicolas et al., 1988) (Fig. F2). In the gabbro gla-
cier model (Henstock et al., 1993; Quick and Denlinger, 1993; Phipps Morgan and
Chen, 1993), most crystallization occurs within a shallow melt lens and the resulting
crystal mush subsides downward and outward by crystal sliding to generate the full
thickness of the plutonic layer (Fig. F2A). The latent heat of the plutonic crust is
largely lost to the overlying hydrothermal system on-axis. The sheeted sill model
(Kelemen et al., 1997; Korenga and Kelemen, 1997, 1998; MacLeod and Yaouancq,
2000) predicts that almost all of the lower crust crystallizes in situ in a sheeted sill
complex, such that melts pond repeatedly as they are transported through the lower
crust, with crystallization occurring from the Moho to the AMC (Fig. F2B). This re-
quires extensive hydrothermal cooling of the plutonic crust along the sides of the
crystal mush zone to remove the latent heat of crystallization on-axis (Chen, 2001).
Hybrid models have also been proposed, in which some crystallization occurs in the
AMC and some in situ within the plutonic crust (Boudier et al., 1996; Coogan et al.,
2002b; Maclennan et al., 2004). In fact, both end-member models require some por-
tion of each process. In the gabbro glacier model, the melt lubricates subsiding crys-
tals, allowing them to flow, would crystallize in the deeper crust. In the sheeted sill
model, more rapid cooling at shallower levels in the crust requires some crystal sub-
sidence to prevent the AMC solidifying (e.g., Maclennan et al., 2004).
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The compositional framework for the crustal accretion models is largely based on the
Oman ophiolite, where there is a significant chemical contrast between upper and
lower gabbros (e.g., Pallister and Hobson, 1981; Coogan et al., 2002b). The lava se-
quence, sheeted dike complex, and upper gabbros have mafic phases and calculated
melt compositions that are not consistent with direct derivation from liquids in equi-
librium with the upper mantle (as expressed, for example, by their Mg#). In the lower
gabbros, compositions are more primitive and range between those of the upper gab-
bros and melts in equilibrium with the upper mantle.

For comparison, upper gabbros from fast-spreading crust sampled at Hess Deep, Pito
Deep, and ODP Site 1256 all show evolved compositions (Hékinian et al., 1993; Perk
et al., 2007; Wilson et al., 2006; Koepke et al., 2011). At Pito Deep, however, nearly all
the gabbros from >300 m below the base of the sheeted dike complex are much more
primitive than at the same structural level at Hess Deep (Hanna, 2004; Perk et al.,
2007). This compositional difference suggests that primitive, mantle-derived magma
may be transported to shallow depths with little fractionation occurring along the
way (Pito Deep) and that crystal fractionation and postcumulus reactions may pro-
duce evolved rocks at these depths as well (Hess Deep, Site 1256) (Perk et al., 2007).
The new observations at Site 1256 and Pito Deep, in concert with data from Hess
Deep, suggest that the competing accretion models may both be viable when spatial
and/or temporal variability in magmatic processes along the EPR are considered
(Coogan, 2007, in press).

The rate of cooling of the plutonic crust depends on the interplay between the addi-
tion of heat by magmatic processes (latent and specific heat of cooling) and heat loss
through conductive and hydrothermal convective transport. Several theoretical stud-
ies focusing on the axial heat budget have investigated the viability of the lower
crustal accretion models (Sleep, 1975; Morton and Sleep, 1985; Chen, 2001; Cherka-
oui et al., 2003; Maclennan et al., 2004). Both accretion models, as well as hybrids of
the two, have been shown to be viable (e.g., Cherkaoui et al., 2003; Maclennan et al.,
2004); however, the lack of observational constraint on key input parameters (e.g.,
permeability) makes the results of these thermal models uncertain. For a more de-
tailed discussion of the petrochemical and thermal consequences of the competing
crustal accretion models, see the review article by Coogan (2007, in press)
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Hess Deep Rift crustal section

Geological setting

The Hess Deep Rift is located in the vicinity of the Galapagos triple junction (ridge-
ridge-ridge) at the intersection of the Cocos, Nazca, and Pacific plates (Fig. F3) (Hey
et al.,, 1972, 1977; Holden and Dietz, 1972). The north-south-trending EPR is spread-
ing at 130 mm/y, and the east-west—trending Cocos-Nazca rift is propagating west-
ward toward the EPR at a rate of 42 mm/y. The major plate boundaries are marked by
a series of minor ephemeral rifts to the north and south of the Cocos-Nazca spreading
center (Schouten et al., 2008; Smith et al., 2011). These rifts formed in response to the
regional stress fields associated with the westward propagation of the Cocos-Nazca
spreading center, similar to extension associated with the propagation of a nonerupt-
ing dike (Schouten et al., 2008; Floyd et al., 2002). Reconstruction of the bathymetry
in this region suggests that the current configuration of the Galapagos triple junction
has been active for at least 10 m.y. (Smith et al., 2011). The Galapagos microplate was
initiated at ~1.5 Ma. Although the cause is not known, it may be related to the forma-
tion of seamounts in the vicinity of Dietz Deep (Fig. F3)(Lonsdale, 1989; Smith et al.,
2011; Schouten et al., 2008).

The Hess Deep Rift is a complex region that formed by extension in the wake of the
westward propagating Cocos-Nazca spreading center. The surface expression of rifting
is first evident ~30 km from the EPR, where two 5 km wide, east-west grabens expose
~0.5 Ma crust (Fig. F4). As the rift valley traces eastward, the small grabens merge and
the rift broadens to ~20 km and deepens to >5400 meters below sea level (mbsl) at
Hess Deep. An intrarift ridge rises to 3000 mbsl north of Hess Deep. Further to the
east, the tip of the Cocos-Nazca spreading center starts to build a volcanic ridge that
spreads at 55 mm/y. Uplifted rift escarpments rise to depths <2200 mbsl to the north
and the south of the rift (Northern and Southern Escarpments), and their eastward
extension defines the boundaries of the Hess Deep Rift and the “rough/smooth
boundary” of the crust produced at the Cocos-Nazca spreading center, known as the
Galapagos gore (Holden and Dietz, 1972) (Fig. F4).

The western end of the intrarift ridge and its southern slope, described in more detail
below, has a coherent distribution of lithologies, with evolved gabbros capping the
intrarift ridge and more primitive gabbro along its southern slope toward Hess Deep.
Mantle peridotites crop out in the vicinity of Site 895 (Fig. F4) and along the western
margin of the area surveyed for microbathymetry along the southern slope (Fig. F5).
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On-bottom seismic and gravity surveys indicate that the western end of the intrarift
ridge and its southern slope are underlain by coherent crustal blocks (Ballu et al.,
1999; Wiggins et al., 1996). These geophysical results, in combination with the re-
gional geology, has led to a model whereby crustal blocks were unroofed by detach-
ment faulting and block rotation on listric normal faults (Francheteau et al., 1990;
Wiggins et al., 1996). This model is supported by structural and paleomagnetic data
for ODP Site 894 that indicate that the intrarift ridge represents a large, intact crustal
block that has been rotated along both horizontal and vertical axes (MacLeod et al.,
1996b; Pariso et al., 1996). MacLeod et al. (1996b) conclude that emplacement of the
intrarift ridge was accomplished by a combination of low-angle detachment and
high-angle normal faulting. Refinement of this model is in progress, based on new
bathymetric data collected as part of a site survey cruise for Expedition 345 (C.
MacLeod, unpubl. data, 2008), that considers the role of dynamic uplift associated
with the Cocos-Nazca spreading center (MacLeod et al., 2008) and gravitational col-
lapse linked with rifting (Ferrini et al., unpubl. data). An earlier model, that calls for
diapiric uplift of serpentinized mantle beneath the intrarift ridge uplift (Francheteau
et al., 1990), has largely been abandoned.

The EPR at the latitude of the Hess Deep Rift is made up of many short first-order seg-
ments, separated by second-order overlapping spreading centers (Lonsdale 1988).
Thus, the crust exposed at the Hess Deep Rift likely formed within a short segment,
perhaps at a segment end (Lonsdale 1988). Reconstructions of the EPR flanks indicate
several episodes of migrating offsets in the recent past and suggest that the crust now
exposed in the Hess Deep Rift formed on the western margin of the EPR (Lonsdale,
1989; Smith et al., 2011; Mitchell et al., 2011). Multichannel seismic reflection profil-
ing along the EPR flanks north of the Northern Escarpment indicates a crustal thick-
ness of 5-5.5 km, with a seismic Layer 3 thickness of 3.0-3.5 km (Zonenshain et al.,
1980).

Hess Deep Rift crustal section

The Hess Deep Rift exposes contiguous sections of the mid- to upper crust along the
northern and southern bounding escarpments and sections of the mid- to lower crust
along the rift valley floor. Extensive investigation of these crustal sections during
three submersible cruises (Francheteau et al., 1992; Karson et al., 1992, 2002), a re-
motely operated vehicle (ROV) cruise (MacLeod et al., unpubl. cruise report, 2008),
and Leg 147 (Gillis, Mével, Allan, et al., 1993), makes the Hess Deep Rift the best-stud-
ied tectonic window into fast-spreading crust. The geological relationships observed
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in the field, coupled with investigations of recovered samples, provide a comprehen-
sive framework for the igneous, metamorphic, and tectonic processes active at the
fast-spreading EPR. This geological framework is summarized below by lithologic unit
and location; the reader is referred to the cited articles for more in depth review of our
state of understanding of this region.

Upper crust

EPR upper crustal sections have been extensively studied along the northern rift es-
carpment ~29 km northeast of the intrarift ridge and, to a lesser degree, the escarp-
ment south of Hess Deep (Fig. F4) (Francheteau et al., 1990; Karson et al., 1992, 2002).
Lateral variation in the thickness and internal structure of the volcanic sequence and
sheeted dike complex is attributed to temporal variations in magma supply (Karson
et al.,, 2002). The lavas and dikes are normal depleted mid-ocean-ridge basalt (N-
MORB) and fall into two compositional groups (Stewart et al., 2002). The main com-
positional group, which includes most of the dikes and some lavas, has Mg# = 52-66
[Mg# = Mg/(Mg + Fe) x 100]. Significant variations in the major and trace element
concentrations and ratios of the dikes, on a scale of meters to kilometers, is inter-
preted to reflect the intercalation of dikes emanating from distinct magma reservoirs
and transported along axis. A low-Fe group composed largely of lavas is attributed to
the accumulation of plagioclase that acted to decrease magma bulk density and may
enhance eruption potential, thus leading to the dominance of lavas in the low-Fe
group (Stewart et al., 2005).

Hydrothermal alteration of the upper crust is largely focused in the sheeted dike com-
plex, where the dikes are variably altered to amphibole-dominated or, locally, chlo-
rite-dominated assemblages (Gillis, 1995; Gillis et al., 2001). No systematic variations
are apparent in alteration assemblages or peak metamorphic temperatures with
depth, similar to other sheeted dike sections (ODP Holes 504B [Alt et al., 1996] and
1256D [Alt et al., 2010]; Pito Deep [Heft et al., 2008]). The average minimum fluid/
rock ratio and fluid flux for the sheeted dike complex, calculated by mass balance us-
ing whole-rock Sr isotope compositions, are 0.7 x 106 and 1.5 x 106 kg/m?, respectively
(Gillis et al., 2005), within the range for sheeted dike complexes from other fast- and
intermediate-spreading ridges (Barker et al., 2008; Teagle et al., 2003).

Mid- to lower crust

EPR mid- to lower crust has been mapped and studied in three areas: the Northern
Escarpment, subjacent to the sheeted dike complex described above; the western end

10
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of the intrarift ridge, including core recovered at Site 894; and the southern slope of
the intrarift ridge between 4400 and 5400 mbsl (Fig. F4). The general characteristics
of the plutonic and associated rocks for each of these areas is described, followed by
a summary.

Northern Escarpment

Along the northern rift escarpment, the sheeted dike-plutonic transition is generally
marked by a narrow zone of intercalated dikes and gabbros, indicative of a gradational
boundary (Karson et al., 2002). In one location, the presence of thermally metamor-
phosed dikes suggests that locally the gabbros intruded into the base of the sheeted
dike complex (Gillis, 2008). The plutonic sequence is dominated by gabbronorite,
with lesser amounts of Fe-Ti oxide and amphibole gabbro, varitextured gabbro, oliv-
ine gabbronorite, Fe-Ti oxide gabbronorite, and rare tonalite (Hanna, 2004; Kirchner
and Gillis, in press; Natland and Dick, 1996). Where the exposed plutonic sequence
is thickest (~1000 m), a 150-200 m thick gabbro unit directly underlies the sheeted
dike complex and overlies a >500 m thick gabbronorite unit. Elsewhere along the
northern rift valley wall where plutonic exposures are much thinner (<140 m), the
sheeted dike complex is directly underlain by either gabbronorite or gabbro.

The upper plutonic sequence has a wide range in Mg# (mean Mg# = 0.56; range =
0.76-0.30), with gabbronorite being the most primitive and Fe-Ti oxide + amphibole
gabbro being the most evolved end members (Hanna, 2004; Kirchner and Gillis, in
press; Natland and Dick, 1996). The more evolved samples (Mg# < 0.6) are generally
concentrated in the upper gabbro unit, with isolated samples within the underlying
gabbronorite unit. In general, plutonic rocks from the Northern Escarpment are more
evolved than those recovered from the intrarift ridge and Site 894 (Coogan et al.,
2002a; Hékinian et al., 1993; Pedersen et al., 1996). Plagioclase displays extensive zon-
ing and a large range in composition (Anss ), and the Mg# of mafic phases is simi-
larly broad (orthopyroxene Mg# = 56-68, and clinopyroxene Mg# = 30-80) (Gillis,
1995; Hanna, 2004). Geochemical evidence from magmatic amphibole (e.g., Cl con-
tent) hosted in the evolved gabbros, and whole rock Sr isotope compositions of rela-
tively fresh gabbros (Kirchner and Gillis, in press), indicate that hydrothermally
altered dikes were assimilated along the sheeted dike-plutonic transition, with the
geochemical effects of assimilation reaching depths of at least 800 m into the gab-
broic sequence (Gillis et al., 2003). Crystal-plastic deformation in the gabbroic se-
quence is rare, and weak to strong magmatic foliation is defined by the preferred
orientation of plagioclase laths (Coogan et al., 2002a).

11
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Gabbroic samples are variably altered by pervasive fluid flow along fracture networks
to amphibole-dominated assemblages. The gabbroic rocks are significantly less al-
tered (average = 11% hydrous phases) than the overlying sheeted dike complex (aver-
age = 24%), and the percentage of hydrous alteration diminishes with depth (Gillis,
1993; Kirchner and Gillis, in press). Incipient, pervasive fluid flow along microfrac-
tures occurred at amphibolite facies conditions (average temperature = 720°C), with
slightly higher temperatures in the lower 500 m of the section (Coogan et al., 2002a;
Kirchner and Gillis, in press; Manning et al., 1996). Fluid flow at lower temperatures
leads to localized groundmass replacement by greenschist assemblages, as gabbroic
outcrops display only minimal brittle deformation (Karson et al., 2002). Lower tem-
perature alteration associated with tectonic unroofing is minimal and is manifest
largely as oxidation halos and rare occurrences of clay minerals in the groundmass
filling fractures.

Summit of intrarift ridge

Exposures of plutonic rocks at the summit of the western end of the intrarift ridge are
located very near the sheeted dike-gabbro transition. This interpretation is based
upon
1. The presence of dolerites with EPR compositions and regular north to north-
northwest-trending, steeply westward-dipping joint patterns, interpreted as
sheeted dike margins, intermixed with gabbroic rocks along the northern margin
of the intrarift ridge (MacLeod et al., 2008);

2.The compositional overlap with the gabbroic sequence that underlies the
sheeted dike complex exposed along the Northern Escarpment (Natland and
Dick, 1996; Pedersen et al., 1996; Coogan et al., 2002a); and

3. Cooling rates comparable to the uppermost gabbros at the Northern Escarpment
and Oman ophiolite (Faak et al., 2011; Coogan et al., 2007a).

The summit of the western end of the intrarift ridge is largely composed of olivine
gabbro, gabbronorite, oxide gabbronorite, gabbro, and patches of pegmatitic amphi-
bole gabbro (Fig. F6). These upper gabbroic rocks lack modal layering but locally con-
tain lithologic boundaries identified by grain-size variation (Gillis, Mével, Allan, et al.,
1993; Hékinian et al., 1993). The most chemically evolved gabbroic rocks (Mg# mean
= 0.58; range = 0.35-0.68) are found along the northern margin of the intrarift ridge,
north of proposed Site HD-04B and Site 894 (Fig. F7). The compositional range is
slightly narrower at Hole 894G (Mg# mean = 0.65; range = 0.51-0.68) and becomes
slightly more mafic along the slope immediately south of the summit (mean Mg# =

12
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0.74; range = 0.65-0.85). Similar to the Northern Escarpment, plagioclase displays ex-
tensive zoning and a large range in composition (Anss-g7), whereas the range of Mg #
for mafic phases is less broad (olivine Foe;_71, orthopyroxene Mg# = 64-74, and clino-
pyroxene Mg# = 62-81) (Pedersen et al., 1996; Natland and Dick, 1996; Kelley and
Malpas, 1996).

The gabbroic rocks at Site 894 show no systematic variation in mineral or bulk rock
compositions downhole but exhibit small-scale (1-5 m) excursions in elemental
abundances (Natland and Dick, 1996; Pedersen et al., 1996). The parental melts are
highly depleted (Pedersen et al., 1996), consistent with the refractory harzburgites re-
covered at Site 895 (Dick and Natland, 1996; Arai et al., 1997). Strongly zoned plagio-
clases and unusually high Cr contents of clinopyroxenes indicate early crystallization
from a primitive magma (Natland and Dick, 1996). Local enrichment in incompatible
elements in rocks that are relatively enriched in compatible elements indicates inter-
actions of a partly crystallized matrix with a high abundance of interstitial melt (Ped-
ersen et al., 1996). Alternatively, using a different geochemical approach that invokes
a more evolved parental magma, Natland and Dick (1996) predict that a partly crys-
tallized matrix interacted with very low abundances of interstitial melt.

Crystal-plastic deformation is rare in the gabbroic rocks at the summit of the intrarift
ridge, with minor undulose extinction and very rare deformation twins in plagio-
clase. Similar to the Northern Escarpment gabbroic rocks, weak to strong magmatic
foliation is defined by the preferred orientation of plagioclase laths (Hékinian et al.,
1993; Coogan et al., 2002a; Gillis, Mével, Allan, et al., 1993; MacLeod et al., 1996a).
Reorientation of some sections of the Hole 894G core to geographical coordinates
shows that the foliations are steeply dipping (mean dip = 69°) with a nearly north-
south orientation, parallel to the EPR, and that there is steeply plunging lineation
(MacLeod et al., 1996a). Measurements of the anisotropy of magnetic susceptibility
in samples show that there is also a magnetic fabric parallel to the plagioclase fabric
(Richter et al., 1996).

Similar to the upper gabbroic sequence at the Northern Escarpment, incipient fluid
flow was initiated along microfractures at high temperatures (Manning et al., 1996;
Manning and MacLeod, 1996). When this upper gabbroic section had cooled to a
temperature of ~450°C, it became influenced by the effects of Cocos-Nazca rifting,
creating a dense array of east-west tensile fractures filled with greenschist to zeolite
facies assemblages (Frith-Green et al., 1996; Manning and MacLeod, 1996). Away
from the late-stage brittle fractures, gabbroic rocks are variably altered to amphibole-
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dominated assemblages (Friith-Green et al., 1996). Whole-rock samples unaffected by
this lower temperature stage of brittle deformation are depleted in §'80 relative to
fresh values (Agrinier et al., 1995; Lécuyer and Reynard, 1996) and show minor en-
richment in 8’Sr/8Sr (Lécuyer and Grau, 1996). Calculated fluid/rock ratios using
both isotopic systems range from 0.1 to 1 (Lécuyer and Grau, 1996; Lécuyer and Rey-
nard, 1996).

Mantle peridotites are exposed in the vicinity of Site 8935, southeast of Site 894 (Fig.
F4). Clinopyroxene-poor harzburgites, at the most depleted end of the range for abys-
sal peridotites, are interpreted to be the residues of melting of an N-MORB source
(Dick and Natland, 1996). The association of dunite-troctolite-olivine gabbro with de-
pleted harzburgite records the interaction of migrating melt with depleted harzbur-
gite wall rock in the shallowest mantle (Dick and Natland, 1996; Arai and Matsukage,
1996; Arai et al., 1997). The geometry of these associations suggests that at least some
melt transport was fracture controlled. Significant modal layering in the gabbroic
rocks, a feature of the Oman mantle transition zone (Korenga and Kelemen, 1997),
was not observed.

Lower slope of intrarift ridge

Plutonic rocks dominate the central and eastern region of the southern slope of the
intrarift ridge, between 4400 and 5400 mbsl (Fig. F5). Plutonic rocks range in compo-
sition with gabbros, gabbronorites, and olivine gabbros that are, on average, more
primitive than the summit of the intrarift ridge (mean Mg# = 0.71; range 0.39-0.85)
(Fig. ¥7) (Blum, 1991; C. MacLeod, unpubl. data, 2009). Plagioclase is less zoned and
on average is more anorthitic, and the Mg# of mafic phases have a more restricted
range than the upper gabbros (plagioclase Ang;_ss; olivine Foy,_gs, orthopyroxene Mg#
= 67-88, and clinopyroxene Mg# = 65-89) (Hékinian et al., 1993). Unlike shallower
level gabbros, the Mg# and compatible elements in olivine and clinopyroxene co-
vary, such that decreases in Mg# and compatible elements in the melts and rapid de-
creases in the most compatible elements can be largely explained by fractional crys-
tallization processes (Coogan et al., 2002a; Hékinian et al., 1993). Layering was locally
observed in outcrop, and many samples display weak to strong magmatic foliation.

Similar to the upper gabbroic sequence, incipient fluid flow was initiated along mi-
crofractures at high temperatures (Agrinier et al., 1995; Coogan et al., 2002a) and was
later influenced by lower temperature hydrothermal alteration associated with Cocos-
Nazca rifting (Agrinier et al., 1995).
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Basaltic rocks associated with the intrarift ridge

Basaltic rocks, distributed throughout the intrarift ridge (labeled dolerite and basalt
in Fig. F5), have two possible origins: (1) the EPR or (2) more recent intrusion of Co-
cos-Nazca magmas into rifted EPR crust, in advance of full Cocos-Nazca spreading. Al-
though unequivocal chemical criteria to distinguish between EPR and Cocos-Nazca
spreading center origin have not yet been established, basaltic samples that are more
depleted in incompatible trace elements than EPR basalts recovered along the North-
ern Escarpment of the Hess Deep Rift (Stewart et al., 2002) or the equatorial EPR (Pet-
rological Database of the Ocean Floor, www.petdb.org/) are commonly attributed to
the Cocos-Nazca spreading center.

At the summit of the intrarift ridge, basaltic rocks along the northern margin of the
intrarift ridge have EPR compositions and regular north- to north-northwest-trend-
ing, steeply westward-dipping joint patterns indicative of a sheeted dike complex
(MacLeod et al., 2008). Rare basaltic dikes recovered from Hole 894G have more
equivocal origins, being interpreted as originating at the EPR (Pedersen et al., 1996)
or from a Cocos-Nazca spreading center source (Allan et al., 1996).

Along the southern slope of the intrarift ridge, basaltic rocks dominate between 4000
and 4400 mbsl, are intermixed with gabbroic rocks and peridotites in the central and
eastern regions between 4400 and 5400 mbsl, and dominate in the western region be-
tween 4400 and 5400 mbsl (note that the western region lacks comprehensive cover-
age) (Fig. FS5). The majority of the basaltic rocks (60%) have compositions that fall
within the range of EPR sheeted dikes and lavas exposed along the northern rift valley
wall (Stewart et al., 2002; Hékinian et al., 1993). The remaining samples are generally
more depleted and primitive than the EPR dikes and lavas and thus may be associated
with Cocos-Nazca rifting.

Summary

It is not possible to place the southern slope of the intrarift ridge into a precise struc-
tural context, as the nature of intermediate to lower plutonic crust formed at fast-
spreading ridges is largely unknown. What we know very clearly is that the primitive
gabbros structurally underlie regions where evolved gabbros dominate at the Hess
Deep Rift. The geological relationships along the Northern Escarpment provide the
best evidence for this, as evolved gabbros dominate the entire 800 m of the gabbro
exposures that extend downward from the base of the sheeted dike complex. In this
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way, the southern slope of the intrarift ridge between 4400 and 5400 mbsl is likely
analogous to the intermediate to lower plutonic rocks of the Oman ophiolite.

Gabbroic rocks from the Hess Deep Rift have a broad range in composition, from
primitive troctolites to evolved Fe-Ti + amphibole gabbros. In general, the plutonic
sequence is dominated by cumulates, with the lower gabbros being more primitive
and less enriched in incompatible elements than the upper gabbros. The nature of
mantle-crossing melts and their evolution within the crust is still being debated. The
geochemical trends constrained to date, from the Moho to the base of the sheeted
dike complex, suggest the plutonic crust is built by fractional crystallization from
primitive melts, with greater amounts of reaction with interstitial melt in the upper
plutonics or crystallization of the upper plutonics from highly fractioned melts.

Gabbros from the Hess Deep Rift provide the first constraints on fracture formation
and metamorphism in the root zones of hydrothermal systems at the EPR. Seawater
influx into Layer 3 commenced soon after crystallization, with pervasive influx of wa-
ter along randomly oriented microfracture networks and grain boundaries, mostly at
temperatures of 600°-750°C. This permeability was probably created by tensile brittle
failure upon subsolidus cooling and thermal contraction of the gabbro. When the up-
per plutonic section had cooled to a temperature of ~450°C, it became influenced by
the effects of Cocos-Nazca rifting, and a dense array of east-west tensile fractures de-
veloped.

Scientific objectives

The principal objective for drilling at the Hess Deep Rift is to test competing hypoth-
eses of magmatic accretion and hydrothermal processes in the lower ocean crust
formed at the fast-spreading EPR. These hypotheses make predictions that can only
be tested with drill cores, including the presence or absence of systematic variations
in mineral and bulk rock compositions, presence or absence of modally layered gab-
bro, and the extent and nature of hydrothermal alteration and deformation. Specific
scientific questions that address these predictions are outlined below.

How is melt transported from the mantle through the lower crust?

Melts erupting at mid-ocean ridges are almost never saturated in all mantle phases at
plausible segregation depths (O’Hara, 1968; Stolper and Walker, 1980). The upper

16



Expedition 345 Scientific Prospectus

mantle and crustal processes responsible for the evolution of mantle primary melts
into primitive MORB are the subject of a great many studies in the geochemical liter-
ature (e.g., Kelemen et al., 1997). Melts are transported and aggregated by porous flow
at both mantle and crustal levels; the latter is a process that may be identified on the
basis of textural and chemical evidence. The different mechanisms of igneous differ-
entiation (e.g., fractional crystallization, equilibrium crystallization, assimilation,
and porous reactive flow) strongly influence the chemical evolution of residual lig-
uids and host cumulates. Melt transport through the lower crust is an important
boundary condition of the crustal accretion models. Is melt transported largely via
porous flow through the lower crust, or is it transported in dikelike brittle fractures
(Kelemen and Aharanov, 1998)? Mineral and bulk chemical data for the core will pro-
vide tests for both the mechanisms of igneous differentiation and melt transport in
the base of the ocean crust.

What is the origin and significance of layering?

Modally and compositionally layered gabbroic rocks are common in the lower crustal
sections of ophiolites (e.g., Anonymous, 1972). A layered lower crust is thus one of
the key and nearly ubiquitous features of all models of the fast-spreading lower crust.
However, modal layering of the sort observed in major ophiolites has rarely been ob-
served or sampled on the ocean floor so far. This may be because commonly used sam-
pling and observation methods are not ideal to detect such layering readily, the right
areas have not been sampled, or the layering is absent. If ophiolites indeed represent
sections of normal mid-ocean-ridge crust, we expect to drill significant thicknesses of
layered igneous rocks in this expedition. Their nature and extent is likely to have a
strong bearing on the applicability of ophiolite-based accretionary models for the for-
mation of the lower ocean crust.

How, and how fast, is heat extracted from the lower plutonic crust?

Hydrothermal fluids initially penetrate all levels of the plutonic crust along micro-
fracture networks at high temperatures, with fractures sealing at 600°-800°C (Alt et
al., 2010; Manning et al., 1996; Coogan et al., 2002a). Initiation of incipient cracking
in the upper gabbros at Hess Deep overlaps the solidus temperatures of the most
evolved lithologies, as recorded in magmatic amphibole (850°-925°C) (Gillis et al.,
2003) and zircon (690°-790°C) (Coogan and Hinton, 2006). Whether this is the case
in the lower plutonic crust, where more primitive lithologies dominate, is not known.
Penetration of fluids at high enough temperatures could promote hydrous partial
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melting (Koepke et al., 2007); if and at what depth this process occurs is not known.
Cooling rates for upper gabbro sections from fast-spreading crust and equivalent sec-
tions from the Oman ophiolite are rapid (4000°-5000°C/m.y.) (Coogan et al., 2002b,
2007a), indicative of significant convective cooling. Slower cooling rates in the Oman
ophiolite suggest that heat flow was largely conductive (Coogan et al., 2002b, 2007a),
cooling rates for lower gabbro sections from fast-spreading crust are not known.

Coring will allow us to determine the thermal history of the lower plutonic rocks us-
ing recently developed geospeedometric and thermometric methods. Temperature-
time paths may be constructed by dating minerals with different thermal histories
(e.g., John et al., 2004) and cooling rates may be calculated using Ca-in-olivine, Li-in-
plagioclase, and other developing geospeedometers that quantify the diffusive ex-
change of elements between minerals (e.g., Coogan et al., 2005, 2007a). Using these
and other approaches, it will be possible to determine the timing and rate of hydro-
thermal cooling in the lower plutonics, addressing questions such as, What is the rate
of cooling with depth? Is hydrothermal flow along microfracture networks an effec-
tive mechanism to cool the lower crust? When is hydrothermal cooling initiated?
Does fluid penetration occur at high enough temperatures to induce hydrous partial
melting? Does the lower crust cool largely by conductive or convective heat trans-
port?

What are the fluid and geochemical fluxes in the EPR lower plutonic
crust?

Our understanding of the extent of fluid flow and reaction in the lower crust is pres-
ently very limited. Thermal models developed to test the crustal accretion models pre-
dict that advective cooling of the lower plutonic crust at or very close to the EPR
would lead to a progressive decrease in the fluid flux and attendant fluid-rock inter-
action with depth, whereas more gradational conductive cooling over a broader time
frame would likely lead to lower fluid fluxes and more limited fluid-rock interaction.
Bulk rock Sr isotope data have constrained the time-integrated fluid fluxes for the up-
per crust (Bickle and Teagle, 1992; Gillis et al., 2005; Teagle et al., 2003; Kirchner and
Gillis, in press); application of this approach will allow us to constrain fluid fluxes in
the lower crust. Thermodynamic modeling predicts that high-temperature fluid flow
and reaction would leave little macroscopic evidence (McCollum and Shock, 1998),
which is supported by §'80 data for petrologically fresh samples (Alt and Bach, 2006;
Gao et al., 2006). Thus, it will be critical to combine petrological and geochemical
data to assess the extent of fluid-rock interaction in the lowermost plutonic crust.
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Well-established petrological and geochemical techniques may be used to character-
ize the extent, nature, and timing of chemical exchange between the lower plutonic
crust and seawater. Stable isotope compositions of minerals and geothermometers
may be used to determine the temperature of hydrothermal replacement (e.g., Alt et
al., 2010; Friih-Green et al., 1996, Manning et al., 1996). Major and trace elements
and stable and radiogenic isotope compositions of minerals and whole rocks will pro-
vide constraints on the chemical evolution of fluid compositions and their origin
(e.g., seawater-derived versus magmatic fluids) (e.g., Gregory and Taylor, 1981; Teagle
et al., 1998; Gillis et al., 2003). Using these and other approaches, it will be possible
to address questions, such as, How does the extent of alteration vary with depth? How
does fluid flux vary with depth? What is the extent of chemical exchange between
the lower crust and seawater? At what temperature is fluid-rock interaction initiated?
What is the role of magmatic fluids?

In order to address the questions listed above, it will be important to distinguish be-
tween structures and hydrothermal alteration that formed at and near the EPR versus
those associated with Cocos-Nazca rifting. This may be achieved by using standard
petrographic techniques, in combination with Formation MicroScanner and struc-
tural data, as was done successfully on cores from Hole 894G (e.g., MacLeod et al.,
1996b).

Drilling strategy and operations plan

The highest priority for drilling at Hess Deep will be to sample one or more 100 to
>250 m long sections of primitive gabbroic rocks. Three primary drill sites have been
identified; however, if coring is proceeding well in the first or second of these sites, it
will be continued as long as possible in order to capitalize on good drilling conditions
and obtain the longest possible continuous sample.

The primary drill sites (proposed Sites HD-01B, HD-02B, and HD-03B) are situated on
a flat-lying, east-west-trending, sedimented bench at ~4850 mbsl along the southern
slope between the intrarift ridge and Hess Deep, in an area dominated by primitive
gabbros (Figs. F5, F8). A ~200 m wide, flat-lying bench is covered with ~15 m of pe-
lagic sediment mixed with lithic debris. The slope north of the bench is the footwall
of a steeply dipping, southward-facing normal fault. The bench itself has a series of
5-15 m high, northward-striking narrow ridges that are attributed to the combined
effects of variation in sediment thickness, sediment draping over small-scale base-
ment structures, and/or relief caused by westward-dipping, northward-striking nor-
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mal faults. The three drill sites are carefully located to be as far removed from these
surface features as possible and to maximize the lengths of unfaulted sections that we
will drill. The drill holes should encounter contiguous vertical sections on the order
of 90-290 m in the footwall (Fig. F5). Our drill sites are spaced from 300 to 400 m
apart along the bench to maximize coverage of the area where primitive gabbros (Mg#
= 75-85) crop out within 150-200 m to the north and south (see distribution of oliv-
ine gabbros in Figs. F5, F8). As described above, an east-west transect is not intended,
rather drilling will proceed at one or more sites as long as possible. In case drilling
conditions at these sites prove impossible, we are requesting permission to relocate
sites anywhere on the bench. These strategies are intended to maximize our chances
of meeting our principal scientific objectives, which are to determine how melt is
transported from the mantle through the crust, where melts fractionate and crystal-
lize, and the extent and nature of hydrothermal alteration and deformation.

Alternate proposed Site HD-04B is located a few hundred meters north of Hole 894G,
at the summit of the western end of the intrarift ridge (Figs. F4, F6). The summit is
covered by <10 m of flat-lying pelagic ooze mixed with lithic debris (Gillis, Mével, Al-
lan, et al., 1993). At alternate proposed Site HD-04B, a borehole would start in evolved
upper gabbros but there is potential of recovering more primitive lithologies at several
hundred meters depth because the gabbroic rocks become more mafic along the slope
of the intrarift ridge immediately to the south.

Operations plan

Although we present an example operations plan in Table T1, the single primary goal
of our expedition is to establish a hole that can be reentered multiple times, allow for-
mation stability to be maintained, and core/log that hole as deeply as possible. When
this occurs, all remaining available time may be spent on this hole and other holes/
sites will not be established.

We anticipate that drilling, coring, and logging operations in the Hess Deep Rift may
be quite challenging. We are preparing a range of potential operational approaches
that we might apply to address challenges that include very thin sediment cover, ini-
tiating/maintaining a hole through the basement contact, and coring deeply through
potentially unstable basement.

Given all this, it is unlikely that the expedition operations will unfold as presented in
Table T1.
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Operational approach(es)

To maximize the potential to achieve the operational and scientific objectives of ini-
tiating and advancing a deep hole, we plan to provide the hardware and supplies to
implement a variety of operational approaches. Maintaining maximum operational
tlexibility will provide the highest chance of success in this challenging environment.
There are many combinations and permutations of operational scenarios possible
which will continue to be evaluated leading up to the expedition and will all be under
consideration as the expedition progresses. Sediment thickness, nature of upper base-
ment drilling/coring conditions, and hole stability will determine which approach
may be the most viable. The operational scenarios can basically be categorized into
four general approaches depending upon the actual conditions encountered. At each
site, a series of pilot holes will be drilled/cored to verify formation conditions.

Standard reentry cone approach

Deployment of a standard reentry cone is the most favored operational approach.
This approach is shown in Figure F9 and Table T1. If successful, this approach allows
the best chance of success at achieving the deeper objectives because it allows the best
chance to combat anticipated unstable hole conditions and provides a possible op-
portunity to case off upper basement formation if required. This approach starts with
jetting in a standard reentry cone with a short section of 20 inch casing. Then an 18.5
inch hole is drilled into uppermost basement into which 16 inch casing is installed
and cemented. Rotary core barrel (RCB) coring and logging would extend below the
base of the casing. If necessary to stabilize the hole, a third casing string (10.75 inch)
may also be deployed. The thinnest sediment cover in which a standard reentry cone
has been successfully deployed is ~38 m during Expedition 336. Attempting to do this
in less sediment, as expected at the drill sites, may be problematic (see below). One
concern is possible undermining of the reentry cone base plate from drilling circula-
tion while drilling the 18.5 inch hole into basement.

Free-fall funnel approach

Another possible operational option is to deploy a free-fall funnel (FFF) or “nested”
FFFs in an attempt to facilitate multiple reentries of an existing hole. There is a spec-
trum of possible operational options that entail using FFF or “modified” FFF technol-
ogy. A couple of potential options are shown in Figure F10. This approach may take
a bit less operational time to deploy than a standard reentry cone; however, it does
not provide an option to deploy casing to stabilize any unstable basement below nor
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does it provide as robust a seafloor structure to remediate an unstable hole or prob-
lematic drilling conditions. Historically there can be problems with FFFs being pulled
out of the hole when pulling the core bit out of the hole. FFFs also can occasionally
interfere with reentering the basement portion of the hole because of washing of the
sediment overlying the basement contact and offsetting of the bottom of the FFF cas-
ing from the hole in basement. One potential way to address this would be to cement
the FFF into the basement as shown in Figure F10.

Bare rock reentry approach

This operation would be to rely on the ability make multiple reentries into small di-
ameter (10-20 inch) bare rock holes without installation of a seafloor structure. This
is shown in Figure F11. Once again, this approach has many potential operational
combinations and permutations. This approach is likely to be the quickest at getting
to RCB coring and could be attempted at any of the pilot holes. Although bare rock
reentries have been successful in the past, this approach will likely require the most
amount of time for subsequent reentries; is more impacted by changes in environ-
ment such as variable current, changing sea states, and so on; and is the least capable
of supporting remedial actions caused by unstable hole problems. A larger diameter
hole near the surface to facilitate reentry and potentially accommodate subsequent
seafloor structure installation could also be made with an underreamer or bi-center
reamer positioned above the main bit (e.g., create a countersunk hole; Figure F11, sce-
nario 3); however, its likely that no coring can be undertaken when running these
reamers.

Bare rock installation of a reentry cone with short casing pup

This scenario would allow a cased hole on bare or thinly sedimented rock (<10 m).
After a large-diameter hole is drilled a few meters into basement, a short section of
casing with casing hanger and reentry cone is lowered into the hole. The hole then
would be able to be continued deeper with casing as described above (see “Standard
reentry cone approach”). However, lowering such a seafloor structure into the hole
is probably not possible with the standard camera system, which cannot see around
and below the reentry cone. This likely would require a through-pipe camera, which
is not part of the normal operational equipment available.

Tentative planned sequence of operations

1. Locate site per coordinates provided, deploy camera/sonar system, and conduct
limited seafloor survey to confirm acceptability of proposed drilling area.
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. Conduct a series of probes into the seafloor to basement at multiple locations to
determine approximate variation in sediment thickness and estimate slope of
seafloor and basement contact. This can be done by “jetting” the drill string
through the sediment until the basement contact is reached. This should be a
fairly rapid operation given the drill string only has to be pulled clear of the sea-
floor between probes and the camera can remain deployed.

.Based upon the camera survey, probe information, and other available data,
identify a location to attempt drilling a pilot hole.

. Spud and deepen a pilot hole 50-100 m into basement using the RCB. Ultimate
depth of the pilot hole will be determined by hole stability, core recovery, and
science evaluation of the core data. Note that multiple pilot holes may be re-

quired before a suitable drilling location is identified.

. Based on pilot hole drilling conditions, three options are suggested:

a.

If the pilot hole is going well and there is reasonable belief that the hole can
be successfully deepened and valuable core data obtained, then the coring
operation should be terminated based upon a “conservative” estimate of
rotating bit hours (40-45 h) and the drill string round-tripped for a bit
change. A FFF can be deployed prior to clearing the seafloor, or plans can be
made to reenter the bare rock hole with a second RCB core bit.

If the pilot hole determines that this location is not suitable for attempting to
achieve the scientific objectives, then the area can be abandoned and another
location selected for evaluation.

If the pilot hole is not considered suitable for deepening but the location is
considered adequate for an attempted deeper “reentry” hole, then the
operational approaches identified above can be discussed and an operational
approach decided upon using the hardware and personnel resources available
onboard.

Recent improvements in drilling unstable hard rock formations

Several improvements in drilling/coring fractured hard rock formations have been

made recently. We now use “blended” cement made up of standard American Petro-
leum Institute (API) Class G cement blended with 0.25 1b of Cello Flake lost circula-
tion material (LCM) per 94 Ib sack of cement. We have had much better success

cementing casing in fractured formations using this blended cement.
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Standard API Class G cement has also recently been used successfully during Expedi-
tion 335 to cement problematic zones within a borehole, allowing further successful
advancement of the hole.

Also, we have determined that significantly larger mud sweeps are required to achieve
adequate hole cleaning in these environments. In the past, typical mud sweeps
ranged from 15 to 25 bbl. Recently, during Expedition 327 (Juan de Fuca), mud
sweeps in excess of 100 bbl were used with good success.

Finally, in the past there was concern that “working” a hole too much could in effect
do more damage than good. Whereas this is always a possibility, we have found that
in many cases tenacity and multiple wiper trips actually eventually paid dividends in
cleaning up the hole and allowing successful advancement.

All of these improvements will be kept in mind as we tackle the challenges of success-
ful drilling/coring operations in the Hess Deep environment.

Operational challenges

Drilling and coring operations are anticipated to be challenging during the Hess Deep
expedition. Water depths in excess of 4400 m will impact routine operations such as
pipe tripping, reentry, and wireline coring/logging, making these operations more
time consuming than they would be in shallower water. Because of the anticipated
limited sediment cover on location, the installation of a reentry structure may be
more problematic than normal. Following installation of a reentry system, basement
drilling/coring operations are expected to be difficult, with unstable hole conditions
and difficulty performing effective hole cleaning. If a sustainable hole is achieved and
deepened, core recovery in basement is typically fairly low and deployment of wire-
line logging tools may not be possible in unstable holes. Despite these challenges, the
ultimate operational goal is to establish a hole capable of sustaining multiple reentries
(allowing multiple bit changes), with “adequate” hole stability, deepen that hole as
far as possible with continuous RCB coring, and recover a full suite of wireline logs.

Wireline logging

Wireline logs will be recorded at every site to measure the in situ physical properties
of the formation and to complement the incomplete core recovery that is typical of
basement drilling and expected in this challenging drilling environment. These data
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will help define the thickness of lithologic units, characterize alteration patterns, or
estimate fracture density. They will also be crucial to characterize the local structure
and provide orientation to structural features observed on the cores. The data from
the wireline logging will be integrated with measurements on the core in order to pin
individual core pieces to a specific wireline depth, to geographically orient the core
pieces, and to constrain to the extent possible the characteristics of the uncored in-
tervals.

Two logging strings will be used:

1. The triple combination (triple combo) tool string will include the High Resolu-
tion Laterolog Array (HRLA), which measures the resistivity of the formation; the
Accelerator Porosity Sonde (APS), which measures porosity; the Hostile Environ-
ment Litho-Density Sonde (HLDS), which measures density; and the Hostile En-
vironment Natural Gamma Ray Sonde (HNGS), which measures spectral gamma
radiation and the contributions of uranium, thorium, and potassium. The caliper
of the HLDS will measure the size of the hole that will allow an assessment of the
quality of the data and the hole conditions for the following string.

2. The FMS-sonic tool string is composed of the Dipole Sonic Imager (DSI), which
measures sonic velocity, and the FMS, which provides microresistivity images of
the borehole wall. As part of the FMS, the General Purpose Inclinometry Tool
(GPIT) includes a three-axis accelerometer and a three-axis magnetometer to
monitor tool motion and provide orientation for the images of the surrounding
structure. In addition to the shear and compressional velocity of the formation,
the DSI uses two orthogonal dipole sources to measure acoustic anisotropy that
can be used to determine preferred mineral and/or fracture orientations, fracture
densities, and stress directions. Stoneley waveforms will also be recorded that
could help identify fractures and constrain the permeability around the bore-
hole.

A potential additional logging tool string with the Magnetic Susceptibility Sonde
(MSS) and the multisensor Magnetometer Module (MMM) may be available. These
two tools are in development and testing is planned prior to Expedition 345. If the
tests are successful, these tools will be available for the expedition. If time allows, they
could be deployed to investigate the in situ magnetic properties of the crust recovered
at Hess Deep.

All of the wireline tools and their applications are described at iodp.ldeo.colum-
bia.edu/TOOLS_LABS/index.html.
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Research planning: sampling and data sharing strategy

Shipboard and shore-based researchers should refer to the IODP Sample, Data, and
Obligations policy posted on the Web at www.iodp.org/program-policies/. This
document outlines the policy for distributing IODP samples and data to research sci-
entists, curators, and educators. The document also defines the obligations that sam-
ple and data recipients incur. The Sample Allocation Committee (SAC; composed of
Co-Chief Scientists, Staff Scientist, and IODP Curator on shore and curatorial repre-
sentative on board ship) will work with the entire scientific party to formulate a for-
mal expedition-specific sampling plan for shipboard and postcruise sampling.

Before the expedition, all shipboard scientists are required to submit research plans
and associated sample/data requests at smcs.iodp.org before 1 September 2012. Based
on sample requests (shore based and shipboard) submitted by this deadline, the SAC
will prepare a tentative sampling plan, which will be revised on the ship as dictated
by recovery and cruise objectives. For the purpose of developing sample requests, par-
ticipating scientists should expect to receive 25-100 samples each of no more than
~25 cm?3. These are just guidelines based on historic precedent from ODP and IODP
designed to enable scientists to complete a research program and meet the established
publication deadlines. In any case, all postcruise research projects should justify sci-
entific reasons for desired sample size, numbers, and frequency. The sampling plan
will be subject to modification depending upon the actual material recovered and col-
laborations that may evolve between scientists during the expedition. Modifications
to the sampling strategy during the expedition must be approved by the SAC.

The minimum permanent archive will be the standard archive half of each core. All
sample frequencies and sizes must be justified on a scientific basis and will depend on
core recovery, the full spectrum of other requests, and the expedition objectives.
Some redundancy of measurement is unavoidable, but minimizing the duplication of
measurements among the shipboard party and identified shore-based collaborators
will be a factor in evaluating sample requests.

If critical intervals are recovered (e.g., mineralization, veins, breccias, dike or glassy
margins, thin gabbroic intervals, etc.), there may be considerable demand for samples
from a limited amount of cored material. These intervals may require special han-
dling, a higher sampling density, or reduced sample size. A sampling plan coordinated
by the SAC may be required before critical intervals are sampled.
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We strongly encourage, and may require, collaboration and/or sharing among the
shipboard and shore-based scientists so that the best use is made of the recovered
core. We anticipate coordination of postcruise analytical programs to ensure that the
full range of geochemical, isotopic, magnetic, and physical property studies are un-
dertaken on a representative sample suite. We expect that all sampling will take place
on board the ship and encourage scientists to start developing collaborations before
and during Expedition 345.
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Table T1. Model operations plan and time estimate, Expedition 34S5.

Drilling  Wireline
Transit Coring Logging
(days)  (days)  (days)

Location Seafloor
Latitude Depth Operations Description
Site Longitude (mbrf)

Puntarenas, Costa Rica Begin Expedition 5 Port Call Days

Transit ~1098 nmi to HD-01A @ 10.5 kt 4.4

HD-01B 2°15.175'N 4855 Hole A - Pilot Hole

101°32.570' W RCB core 50-100 meters into basement to determine sediment

thickness and the basic nature of upper basement hole stability
- multiple pilot holes likely required

3.4 0.0

Hole B - Reentry Hole 20.3 1.0

Deploy reentry cone and short 20 inch conductor casing

Reenter and drill 18.5 inch diameter hole 6-10 m (?) into basement
Reenter and cement 16 inch casing 5-6 m (?) into basement
Reenter, drill out cement, and RCB core to ~340 mbsf (3 bit runs)

Conduct downhole wireline logging (two tool strings)

Sub-Total Days On-Site:| 24.7

Note: Primary goal is to establish a hole that can be reentered multiple

times, allow formation stability to be maintained, and core that hole as

deeply as possible. If this occurs then all remaining available time will be
spent on that hole and other holes/sites will not be established.

Transit ~0 nmi to HD-02A @ 1.5 kt 0.0

HD-02B 2°15.138'N 4860 Hole A - Pilot Hole 3.4 0.0

101°32.750' W RCB core 50-100 meters into basement to determine sediment
thickness and the basic nature of upper basement hole stability

Hole B - Reentry Hole 16.9 0.9

Deploy reentry cone and short 20 inch conductor casing

Reenter and drill 18.5 inch diameter hole 6-10 m (?) into basement
Reenter and cement 16 inch casing 5-6 m (?) into basement
Reenter, drill out cement, and RCB core to ~265 mbsf (3 bit runs)

Conduct downhole wireline logging (two tool strings)

Sub-Total Days On-Site:| 21.3
Transit ~1343 nmi to waypoint@ 10.5 5.3
Transit ~94 nmi to Balboa @ 10.5 0.4

Balboa, Panama End Expedition 10.1 44,1 1.9

Port Call: 5.0 Total Operating Days:| 56.0
Sub-Total On-Site: 46.0 Total Expedition:] 61.0

This table is a model only. It is likely that the sequence of operations will be different. See “Drilling strategy and operations plan” for explana-
tion. The single primary goal of our expedition is to establish a hole that can be reentered multiple times, allow formation stability to be main-
tained, and core/log that hole as deeply as possible. When this occurs, all remaining available time may be spent on this hole and other holes/
sites will not be established. RCB = rotary core barrel.
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Figure F1. Schematic of existing basement holes that have major penetrations into the ocean crust
and upper mantle as a function of spreading rate. The lithologic units are schematically distributed
vertically, meaning that the total crustal thickness and the depth of lithologic transitions are not
constant with spreading rate. The vertical axis therefore is not intended to imply true crustal thick-
ness. The relative lengths of the bars for each site indicate the maximum thickness of penetration
for each hole. Dominant rock types are color-coded: green = peridotite, yellow = gabbro, red = ba-
salt.
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Figure F2. Models for the formation of the lower oceanic crust. Note the dramatically different dis-
tribution of hydrothermal heat extraction in the two models caused by the difference in where the
latent heat of crystallization of the lower crust is released. Figure modified from Coogan (in press).
A. A “gabbro-glacier” model (Quick and Denlinger, 1993; Phipps Morgan and Chen, 1993; Henstock
et al., 1993) in which the lower oceanic crust crystallizes in a thin magma lens at the base of the
sheeted dike complex from which cumulates subside downwards and outwards to form the lower
crust. B. A “sheeted sill” model (Bédard et al., 1988; Kelemen et al., 1997) in which the lower oce-
anic crust forms through the crystallization of multiple sills.
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Figure F3. Map of the Galapagos triple junction in the eastern equatorial Pacific showing bathyme-
try derived from satellite altimetry data and archived multibeam bathymetry data available from the
Global MultiResolution Topography Data Portal at Lamont Doherty Earth Observatory. The map
was generated using GeoMapApp (Ryan et al., 2009). Tectonic boundaries modified from Smith et
al. (2011).Red box with dashed lines indicates location of the map in Figure F4. EPR = East Pacific
Rise, TJ = triple junction.
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Figure F4. Regional bathymetric map of the Hess Deep Rift showing key morphological features and locations of ODP Sites 894/895
and Expedition 345 proposed Sites HD-01B-HD-04B. Boxes indicate where smaller scale maps of the western end of the intrarift
ridge and the southernmost slope of the intrarift ridge are shown in Figures F5 and F6. Regional multibeam bathymetry data were
acquired using the hull-mounted Kongsberg Simrad EM120/SBP120 system (12 kHz). Newly acquired swath data were gridded at be-
tween 50 and 150 m depending on the density of data coverage, with the smallest grid spacing in the center of Hess Deep, and com-
bined with existing swath data in this region available from the Marine Geoscience Data System (www.marine-geo.org). Existing
data were from cruises aboard the R/V Thomas Washington in 1982 (principle investigator [PI]: P. Lonsdale), 1985 (PI: P. Lonsdale),
and 1992 (PI: L. Dorman) and aboard the R/V Melville in 2000 (PI: D. Fornari) and 2002 (PI: E. Klein). Map prepared by D. Shilling-

ton and V. Ferrini.
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Figure F5. Contoured, microbathymetry map for southern slope between 4300 and 5400 mbsl
showing the location of proposed Sites HD-01B-HD-03B and the location and rock type for samples
recovered by the ROV Isis (MacLeod et al., unpubl. cruise report, 2008). Rock types were determined
by shore-based petrographic analysis (C. MacLeod, unpubl. data, 2009). Microbathymetry data were
acquired at a nominal altitude of ~100 m and speed of 0.3 kt by a Simrad SM2000 (200 kHz) multi-
beam sonar system mounted on the Isis. Swath widths during Isis surveys were ~200-350 m depend-
ing on noise and seabed characteristics (dip and reflectivity). See Figure F4 for location within the
Hess Deep Rift. Detailed bathymetry and geology of the sedimented bench in the vicinity of the
drill sites outlined by the dashed line is shown in Figure F8. Note that the NazCoPac samples are not
shown because their locations are not precisely known. Map prepared by D. Shillington and V. Fer-
rini. (Figure shown on next page.)
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Figure F5 (continued). (Caption shown on previous page.)
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Figure F6. Contoured bathymetry map for the summit of the intrarift ridge showing the location of
proposed drill site and the location and rock type for samples recovered by the ROV Isis. Rock types
were determined by shore-based petrographic analysis (C. MacLeod, unpubl. data, 2009). Contour
interval is 20 m. See Figure F4 for location. Map prepared by D. Shillington and V. Ferrini.
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Figure F7. Bulk rock Mg# versus depth for Hess Deep Rift gabbroic rocks. Note that the base of the
sheeted dike complex occurs at ~2900 mbsl along the Northern Escarpment and at ~3000 mbsl at
the intrarift ridge. Data sources: ODP Site 894 (Pedersen et al., 1996), Cruise JC021 (C. MacLeod, un-
publ. data, 2009), NazCoPac cruise (Blum, 1991), Northern Escarpment (Hanna, 2004; Natland and
Dick, 1996). IR = intrarift ridge.
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Figure F8. A. Contoured microbathymetry map of the sedimented bench in the vicinity of the drill
sites. B. [lluminated microbathymetry map of the sedimented bench showing the location of the
drill sites and rock types for samples recovered by the ROV Isis (MacLeod et al., unpubl. cruise re-
port, 2008). Contour interval = 20 m. C. Three north-south seafloor depth profiles centered at each
drill site. We assume that the slope above the bench is the footwall of a normal fault that projects
beneath the bench. The depth of the normal fault beneath the center of the bench (listed on each
panel) is constrained in two ways: (1) the upper slope is projected beneath the bench—this con-
strains the minimum depth of the fault below the bench, and (2) a slope of 60° (i.e., expected slope
of a normal fault prior to erosion) is projected beneath the bench—this constrains the maximum
depth of the fault below the bench (120-263 mbsf at proposed Site HD-01B; 87-208 mbsf at pro-
posed Site HD-02B; 97-269 mbst at proposed Site HD-03B). Map prepared by D. Shillington and V.
Ferrini. (Figure shown on next page.)
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Figure F8 (continued). (Caption shown on previous page.)
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Figure F9. Schematic cartoon of a standard reentry cone and casing used for initiating a borehole
that facilitates multiple re-entries and allows additional casing strings to stabilize uppermost base-
ment. See “Drilling strategy and operations plan” for explanation of operational approaches to be
used to address expected drilling challenges.

OPTION A — STANDARD REENTRY CONE SCENARIO
(MOST FAVORED APPROACH IF POSSIBLE)
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Figure F10. Schematic cartoon of a modified free-fall funnel (FFF) used for initiating a borehole that
facilitates multiple re-entries. See “Drilling strategy and operations plan” for explanation of oper-
ational approaches to be used to address expected drilling challenges.
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Figure F11. Schematic cartoon of a hole opener (underreamer or bi-center reamer) used for initiat-
ing a borehole that creates a larger hole near the seafloor. This might facilitate bare-rock re-entry
and/or installation of a seafloor structure. See “Drilling strategy and operations plan” for explana-
tion of operational approaches to be used to address expected drilling challenges.
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Site summaries

Site HB-01B

Priority: Primary
Position: 2°15.175'N, 101°32.570'W
Water depth (m): 4855
Target drilling depth (mbsf): | 2265
Approved maximum Requesting no limit to penetration; pending IODP Environmental Protection
penetration (mbsf): and Safety Panel (EPSP) and Texas A&M Safety Panel (TAMU SP) approval
Survey coverage: See Figure AF1
Obijective(s): Recover core and logs of lower crust
Drilling program: RCB core and downhole logging as deep as possible; seafloor structure and
casing as required to achieve this objective
Logging program: ¢ Triple combo
e FMS-sonic
Nature of rock anticipated: Gabbro
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Site summaries (continued)

Site HB-02B

Priority: Primary

Position: 2°15.138'N, 101°32.750'W
Water depth (m): 4860

Target drilling depth (mbsf): | >265

Approved maximum
penetration (mbsf):

Requesting no limit to penetration; pending IODP Environmental Protection
and Safety Panel (EPSP) and Texas A&M Safety Panel (TAMU SP) approval

Survey coverage:

See Figure AF1

Obijective(s):

Recover core and logs of lower crust

Drilling program:

RCB core and downhole logging as deep as possible; seafloor structure and
casing as required to achieve this objective

Logging program:

e Triple combo
* FMS-sonic

Nature of rock anticipated:

Gabbro
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Site summaries (continued)

Site HB-03B

Priority: Primary

Position: 22°15.138'N, 101°32.90'W
Water depth (m): 4855

Target drilling depth (mbsf): | >265

Approved maximum
penetration (mbsf):

Requesting no limit to penetration; pending IODP Environmental Protection
and Safety Panel (EPSP) and Texas A&M Safety Panel (TAMU SP) approval

Survey coverage:

See Figure AF1

Obijective(s):

Recover core and logs of lower crust

Drilling program:

RCB core and downhole logging as deep as possible; seafloor structure and
casing as required to achieve this objective

Logging program:

e Triple combo
* FMS-sonic

Nature of rock anticipated:

Gabbro
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Site summaries (continued)

Site HB-04B

Priority: Alternate

Position: 2°18.05'N, 101°31.55'W
Water depth (m): 3050

Target drilling depth (mbsf): | >265

Approved maximum
penetration (mbsf):

Requesting no limit to penetration; pending IODP Environmental Protection
and Safety Panel (EPSP) and Texas A&M Safety Panel (TAMU SP) approval

Survey coverage:

See Figure AF2

Obijective(s):

Recover core and logs of lower crust

Drilling program:

RCB core and downhole logging as deep as possible; seafloor structure and
casing as required to achieve this objective

Logging program:

e Triple combo
* FMS-sonic

Nature of rock anticipated:

Gabbro

53




Expedition 345 Scientific Prospectus

Figure AF1. Summary of site survey data used to select primary proposed Sites HD-01B-HD-03B. A. Regional contoured bathymetric map of the Hess Deep Rift with locations of primary and alternate proposed sites and
ODP Sites 894 and 895. Contour intervals = 100 m. Black box identifies the area enlarged in B; dashed north-south line indicates the location of the seismic reflection profile shown in C. B. Contoured microbathymetry
map with locations of primary proposed drill sites and the distribution of rock types recovered by the ROV Isis. Contour interval = 20 m. C. North-south trending multichannel seismic reflection across the Hess Deep Rift.
Line HD207 was collected during Cruise EW0305 on board the R/V Ewing in 2003 (G. Christensen, unpubl. data). The poor quality of the profile caused by the extreme topography at the Hess Deep Rift, therefore these
data were not used to select the primary drill sites. D. Seafloor image of the sedimented bench on which proposed Sites HD-01B-HD-03B are located. E. Photo of a hand specimen of olivine gabbro collected from within

100 m of proposed Site HD-02B. F. Seafloor photo of an olivine gabbro outcrop located 100 m south of proposed Site HD-01B. Width of photo = ~1 m.
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Figure AF2. Summary of the site survey data used to select the alternate proposed Site HD-04B. A. Regional contoured bathymetric map of the Hess Deep Rift with locations of the primary and alternate proposed sites and
ODP Sites 894 and 895. Contour intervals = 100 m. Black box identifies the area enlarged in B; dashed north-south line indicates the location of the seismic reflection profile shown in C. B. Contoured bathymetry map
with location of alternate proposed site and the distribution of rock types recovered by the ROV Isis. Contour interval = 100 m. C. North-south trending multichannel seismic reflection across the Hess Deep Rift. Line
HD207 was collected during Cruise EW0305 on board the R/V Ewing in 2003 (G. Christensen, unpubl. data). The poor quality of the profile is caused by the extreme topography at the Hess Deep Rift, therefore these data

were not used to select the alternate drill sites.
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Expedition scientists and scientific participants

The current list of participants for Expedition 345 can be found at iodp.tamu.edu/
scienceops/expeditions/hess_deep.html
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