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S P E C I A L  I S S U E  F E AT U R E

AN EVOLVING ORDER OUT 

OF NEW COMPLEXITY

Knowledge of the composition of oce-

anic crust is critical for calculating the 

fl uxes of mass, heat, and volatiles from 

Earth’s interior to its crust, oceans, 

and atmosphere. In the great debate 

over continental drift, Alfred Wegener 

claimed the oceanic crust, when ex-

plored, would prove to be nothing like 

the continental crust. Scientists have 

been fi ghting over its nature ever since, 

although it is clear that Wegener had it 

right. In his seminal paper, The History 

of Ocean Basins (Hess, 1962), Harry Hess 

argued: “The oceanic crust is serpen-
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tinized peridotite, hydrated by release 

of water from the mantle over the rising 

limb of a current. In other words it is hy-

drated mantle material.” In his view, the 

seismic structure and thickness of the 

oceanic crust was the product of meta-

morphic isograds, with the Mohorovi-

cic Discontinuity (Moho; the boundary 

between the crust and upper mantle) an 

alteration front at the 500°C isotherm. 

By 1971, however, a consensus arose sup-

porting the Penrose Ophiolite Model 

(Conference Participants, 1972). This 

consensus was spurred by dredging ba-

salt of amazingly uniform composition 

along ocean ridges (Engel et al., 1965) 

and identifying fossil sections of on-land 

oceanic crust (known as ophiolites). The 

latter, often exhibiting a layered stratig-

raphy of pillow lava, sheeted dikes, gab-

bro, and mantle peridotite (Figure 1a), 

matched the seismic character of the 

oceanic crust and rocks dredged from 

fracture zones (Bonatti et al., 1971; Engel 

and Fisher, 1969). Seafl oor mapping at 

slow and ultraslow spreading ridges, and 

deep drilling, however, are dissolving this 

consensus in favor of an oceanic crust 

whose composition, structure, and thick-

ness vary with spreading rate, hot spot 

proximity, ridge geometry, and mantle 

temperature and composition.

Deep ocean drilling started as a wild 

idea fl oated by Walter Munk of Scripps 

Institution of Oceanography to Princ-

eton geologist Harry Hess after a Na-

tional Science Foundation Earth Science 

panel, where after reviewing 57 solidly 

incremental proposals, they thought: 

“Why not propose something really big 

instead—why not drill to the mantle?” 

The two scientists took this idea to 

the American Miscellaneous Society 

(AMSOC) for action, and in April 1957, 

this self-declared eclectic group of lead-

ing scientists gathered one sunny morn-

ing in La Jolla, California for breakfast at 

Dr. Munk’s house—and ocean drilling 

was born. Their adventures—test drill-

ing the AMSOC hole in Puerto Rico 

and drilling on a modifi ed Navy freight 

barge, the CUSS 1—are told in the book: 

A Hole in the Bottom of the Sea (Bascom, 

1961). Their Project Mohole, however, 
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foundered in runaway budgets, Congres-

sional scandal, and sweetheart contracts 

during the Johnson administration. For 

many years, scientists avoided the word 

“Moho” anywhere near Washington. Out 

of these ashes, though, rose a more mod-

est Deep Sea Drilling Project (DSDP) 

to drill long sediment cores and inves-

tigate seafl oor spreading. Deep drill-

ing, though, remained in the scientists’ 

hearts, creeping back into the drilling 

program to greatly modify our under-

standing of the oceanic crust.

OCEANCRUST MODELS

Since the early ocean-crust models, 

much has changed. While the Penrose 

model is widely accepted for Pacifi c crust 

created at fast-spreading mid-ocean 

ridges, that is not the case for other 

oceans. In various ocean-crust models, 

the role of gabbro is critical, varying 

from the fundamental building block in 

the Penrose model, to minor or negligi-

ble importance in newer ones (Figure 1). 

Gabbro crystallizes slowly deep in the 

Earth and varies widely in composition; 

it forms as different minerals successively 

crystallize from magma and aggregate 

on the roof, walls, and sides of an intru-

sion or magma chamber. The fi rst such 

aggregation to form from a mantle melt 

is the rock dunite, consisting of nearly 

pure olivine. Dunite marks the location 

where melts fi rst emerge into the crust, 

and it fi lls the melt transport conduits 

in the mantle. Dunite, and gabbros with 

arcane names (e.g., troctolite, olivine-

gabbro, gabbronorite, oxide-gabbro), 

form complex stratigraphies refl ecting 

Figure 1. Models for crustal accretion at ocean ridges. A. Classic interpretation of the Penrose Model 

for a fast spreading ridge based on the Oman Ophiolite. B. Penrose model as modifi ed for slow-

spreading ridges based on the abundance of peridotite and frequent absence of gabbro at transforms 

following focused melt-fl ow models. C. Model for the anomalous 14°–16°N area of the Mid-Atlantic 

Ridge. D. Model for magmatic and amagmatic accretionary segments at ultraslow spreading ridges. It 

is unknown how far Hess type crust extends along Gakkel Ridge as the ridge is unsurveyed east of 85°E.
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the mechanical and chemical processes 

by which magmas are emplaced and 

solidify in the crust. Obtaining long sec-

tions of gabbro is, therefore, a major ob-

jective of drilling.

Dredging at Indian and Atlantic 

Ocean transform faults where faulting 

cuts deep into the oceanic crust, how-

ever, shows that locally it consists of de-

pleted mantle peridotite overlain by lavas 

(a depleted peridotite has had basalt re-

moved by partial melting). At the same 

time, deep drilling and mapping at the 

Atlantis II Fracture Zone on the South-

west Indian Ridge documents an enor-

mous 400-km2 gabbro massif next to the 

transform (Dick et al., 2000; Matsumoto 

et al., 2002). These data show that oce-

anic crust generated at slow- and ultra-

slow mid-ocean ridge spreading centers 

can consist of a gabbro massif centered 

beneath a magmatic ridge segment 

overlain by pillow lavas and dikes that 

extend down-axis over and into mantle 

peridotite at segment ends (Figure 1b) 

(Dick, 1989a). This structure suggests 

focused melt fl ow in the mantle towards 

ridge segment-midpoints (Whitehead 

et al., 1984).

Cannat (1996, 1997) noted massive 

exposures of serpentinized peridotite 

(peridotite that has been oxidized and 

hydrolyzed into serpentine) intruded 

by gabbro plugs on rift valley walls near 

15°N on the Mid-Atlantic Ridge (MAR). 

She proposed that the lower crust at 

slow-spreading ridges consists of vari-

ously intruded serpentinized peridotite 

overlain by a thin carapace of pillow 

basalt and dikes (Figure 1c). Impressed 

by a scarcity of dikes exposed on fault 

scarps on transform fault and rift valley 

walls, Karson (1998) further suggested 

the absence of a uniform sheeted-dike 

layer at slow-spreading ridges, and that 

the structural relationships “refl ect a 

sputtering magma supply and/or het-

erogeneous magmatic accretion across 

axial valleys over periods of tens to hun-

dreds of thousands of years.” Moreover, 

“Structurally complex oceanic crust that 

lacks a simple layered structure is likely 

to be a typical product of many slow 

spreading ridges.” 

By dredging and mapping at ultraslow 

spreading ridges, scientists have found 

long (80 km plus) amagmatic spreading 

segments replacing transform faults and 

magmatic spreading segments (Dick et 

al., 2003; Michael et al., 2003). Faulting 

at amagmatic segments exposes crust 

comprised of massive serpentinized pe-

ridotite, virtually no gabbro, and a thin 

or absent volcanic carapace (Figure 1d). 

These amagmatic segments are a newly 

recognized plate-tectonic structure, 

which can assume any angle to the plate 

spreading direction, and link to magmat-

ic segments to form the plate boundary. 

Thus, coming full circle, true “Hess-type” 

oceanic crust (serpentinized peridotite) 

has been found.

Rather than refuting any of these 

models, deep drilling seems to show that 

each may describe crust formed at dif-

ferent locations on the global mid-ocean 

ridge system.

DEEPDRILLING RESULTS

About 50 holes were drilled into “in-

tact” sections of oceanic crust, beginning 

with the DSDP in 1974 until the start of 

the Integrated Ocean Drilling Program 

(IODP) in 2004, where it was believed 

that layered crust, such as described in 

the Penrose model (Figure 1a), existed in 

the Atlantic and Pacifi c Oceans. Only at 

Hole 504B south of the Costa Rica Rift, 

and possibly at Hole 418A in 108-mil-

lion-year-old MAR crust, however, was 

seismic layer 2B penetrated, with only 

Hole 504B possibly reaching the very 

top of seismic layer 3 (Alt et al., 1993; 

Detrick et al., 1994; Dick et al., 1992). 

Drilling in young Pacifi c crust was par-

ticularly diffi cult, with 10 holes in crust 

less than 30 million years old reaching a 

maximum penetration of only 178 m—

a result attributed to the diffi culty of 

drilling abundant glassy (extrusive vol-

canic) sheet fl ows. Success was better at 

slower-spreading ridges, with seven holes 

penetrating greater than 200 m, and 

three reaching greater than 500 m (Fig-

ure 2). These drilling successes showed 

that seismic layer 2A was composed of 

basalt lavas and rubble, and that at an 

intermediate spreading ridge, seismic 

layer 2B was sheeted dikes as in the Pen-

rose model. Surprisingly, short sections 

of often brecciated serpentinized perido-

tite and gabbro, exhibiting high-temper-

ature alteration and crystal-plastic defor-

mation, were found in six Atlantic holes 

drilled into supposedly “intact” oceanic 

crust. These drilling results demonstrat-

ed unexpected tectonic complexity that 

does not fi t the simple Penrose model.

The early failure to drill deeply into 

oceanic crust was a huge disappoint-

ment. Other than sporadic drilling at 

Hole 504B, no serious attempt to drill 

oceanic crust was made for many years 

after DSDP Leg 53 (March–April 1977). 

Drilling diffi culties were attributed to 

the presence of highly fractured basalt 

and diabase and possibly thermal prob-

lems deep in Hole 504B, though these 

were likely due as much to not properly 
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designing holes for deep penetration. 

Thus, a new strategy was adopted dur-

ing the Ocean Drilling Program (ODP), 

using “tectonic windows” to drill lower 

crust and mantle (Dick, 1989b; Dick 

and Mével, 1996). This drilling strategy 

targeted peridotite and gabbro exposed 

at topographic highs at ridge-transform 

intersections: the Atlantis Bank at the 

Atlantis II Fracture Zone on the South-

west Indian Ridge; the Mid-Atlantic 

Ridge-Kane Fracture Zone intersec-

tion (MARK) at 23°N; and the Atlantis 

Massif at the Atlantis Fracture Zone at 

30°N on the MAR. ODP also drilled on 

tectonic blocks that exposed peridotite 

and gabbro in the rift mountains north 

and south of the 15°20’ Fracture Zone 

on the MAR, and at Hess Deep in the 

Pacifi c, where the amagmatic tip of the 

Cocos-Nazca rift propagates into young 

(1.5–2 million-year-old) East Pacifi c Rise 

crust. The “tectonic window” drilling 

strategy produced spectacular successes 

at ODP Hole 735B at Atlantis Bank and 

at IODP Hole U1309D at Atlantis Mas-

sif, which were drilled to 1508 m and 

1415.5 m, respectively. Although drilling 

at Hess Deep in the equatorial Pacifi c 

and at the MAR near the 15°20’ Fracture 

Figure 2. Ocean-basement holes drilled over 30 years extending deeper than 200 m. Both U1309D (Mid-Atlantic Ridge) 

and 735B (Southwest Indian Ridge) are cut by dikes at the top of the section, and were likely unroofed at the dike-gab-

bro transition. Th e dike–gabbro transition at Hole U1309D is inferred in this paper, as is the lava–dike transition for 

Holes 417D and 418A in old Atlantic Ocean crust. Diabase intruding Hole 1275D gabbros may represent a sill complex 

rather than dikes (Kelemen et al., 2006). Drill hole locations are as follows: DSDP Leg 37 drilled holes 332A, 332B, and 

333A into the Mid-Atlantic Ridge at 36°N. DSDP Leg 45 drilled Hole 395A 664 mbsf into oceanic crust in the Atlan-

tic Ocean at 22°45’N, 46°5’W. DSDP Leg 51A drilled Hole 417A, Leg 51B drilled Hole 417D, and Legs 52 and 53 drilled 

Hole 418A into oceanic crust in the western Atlantic Ocean south of Bermuda. Hole 504B, drilled on seven DSDP and 

ODP legs to a fi nal depth of over 2 km, is south of the Costa Rica Rift in the Pacifi c Ocean. ODP Hole 735B drilled into 

a shallow platform in the rift mountains of the ultra-slow Southwest Indian Ridge spreading center. ODP Hole 765D 

was drilled into old oceanic crust (Argo Abyssal Plain) off  of northwest Australia. ODP Hole 801C was drilled into old 

western Pacifi c oceanic crust, seaward of the Mariana trench. ODP Hole 896A was in the Costa Rica Rift, eastern Pacifi c 

Ocean. IODP Hole 1256D was drilled into super-fast spreading rate crust in the equatorial Pacifi c Ocean. IODP Hole 

U1309D was drilled into the Atlantis Massif along the western fl ank of the Mid-Atlantic Ridge near 30°N.
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Zone produced relatively short sections 

of lower crust and mantle, these pro-

vided our fi rst look at the internal stra-

tigraphy of the deep crust and shallow 

mantle, supporting the Penrose model 

for Pacifi c crust, while showing that the 

Cannat model fi tted the 15°20’ region of 

the Mid-Atlantic Ridge.

In 1987, ODP Leg 118, staffed by ea-

ger mantle petrologists, drilled 17 failed 

holes at the Atlantis II Fracture Zone 

(Southwest Indian Ridge), attempt-

ing to penetrate mantle exposed on 

the transform wall at a slow-spreading 

center. These drilling failures proved 

that fracture zones have a lot of frac-

tured rock and are fl oored by debris 

fl ows and turbidites. With seventeen 

days left to drill, Hole 735B was drilled 

504.5 m into a smooth bare-rock surface 

in 11 million-year-old crust on Atlan-

tis Bank (a 25 km2 wave-cut platform 

at 700-m water depth at a high on the 

transform wall). ODP coring sampled 

massive gabbro with 87 percent recov-

ery (Robinson et al., 1989). Two dikes 

(1.5 m) were drilled in the upper 150 m 

of the hole. Hole 735B was reoccupied 

in 1997 by ODP Leg 176 and deepened 

to 1508 meters below seafl oor (mbsf), 

when the drill pipe broke off in a storm 

and free-fell to the bottom of the hole, 

permanently blocking it (Dick et al., 

1999). The gabbros have the physical 

properties of seismic layer 3, consistent 

with the Penrose model, and suffi cient 

magnetization to account for the overly-

ing sea-surface anomaly. A 154-m-deep 

offset hole, 1105A, drilled 1 km to the 

northeast on ODP Leg 179, recovered 

essentially the same stratigraphy as the 

top of Hole 735B, demonstrating its lat-

eral continuity.

Drilling at Hole 735B changed how 

lower crust was viewed at slow-spread-

ing mid-ocean ridges (Dick, 1991a; 

Sinton and Detrick, 1992). The section 

was complex, with 952 igneous inter-

vals described by mineralogy, grain size, 

and texture. It becomes more primitive 

and olivine-rich downward, consisting 

of dominantly olivine gabbro, intru-

sions. These intrusions are overprinted 

by interstitial late iron-rich melt redis-

tributed towards the top of the section 

by deformation and compaction prior 

to complete solidifi cation (Dick et al., 

2000). Thus, the section refl ects numer-

ous small intrusions and melts work-

ing their way upwards through partially 

solidifi ed lower crust in a tectonically 

active environment and not upward 

differentiation of a huge magma cham-

ber—the paradigm for the lower crust 

when the Penrose model was formulated 

(e.g., Cann, 1974). 

In November 2004, in an attempt to 

drill fresh mantle peridotite, IODP Ex-

peditions 304 and 305 (again staffed by 

eager mantle petrologists) drilled Hole 

U1309D 1414.5 m into the Atlantis Mas-

sif (Blackman et al., 2006). The hole is 

located ~ 5 km north of massive serpen-

tinized peridotite cropping out at the 

top of the transform wall and 1.4 km 

east of a seismic line giving mantle ve-

locities only several hundred meters 

below seafl oor (Blackman et al., 1998; 

Collins and Detrick, 1998; Collins et al., 

2001)—well within drilling range. Drill-

ing was successful, with an open hole 

drilled to 1415 m with 75 percent core 

recovery. The rocks recovered were a 

complete surprise, however, consisting of 

0.3 percent peridotite in the top 100 m 

of the hole, 2.9 percent dikes (mostly in 

the upper 200 m), and 97.8 percent gab-

bro with minor dunite. These cores were 

NOT the result expected from interpre-

tation of the seismic records. While also 

having a highly complex igneous stra-

tigraphy, unlike Hole 735B, there is no 

downward trend to more primitive gab-

bro, the hole bulk composition appears 

different, alteration was mostly at lower 

temperature, and high-temperature crys-

tal-plastic deformation is rare—showing 

that full knowledge of gabbroic crust in 

the oceans requires drilling more than a 

single long section.

The MAR near the 15°20’ Fracture 

Zone has huge peridotite exposures. 

Dredging and submersible dives sug-

gest a crust consisting of small gabbro 

intrusions in screens of serpentinized 

peridotite cut by dikes, and overlain by 

a thin basaltic carapace (Cannat, 1993, 

1996; Cannat et al., 1995). Basalt trace 

element and isotopic compositions 

(Dosso et al., 1991), and the extremely 

depleted peridotites (Bonatti, 1992), 

however, are like those associated with 

hot spots—not the anemic volcanism 

and great ridge depth found in this lo-

cation. Though the 15°20’ region is not 

representative of typical slow-spreading 

crust, ODP Leg 209 explored the pattern 

of shallow mantle fl ow during rifting by 

drilling 19 holes at 8 sites from 14°43’N 

to 15°39’N along the MAR (Kelemen et 

al., 2004). Most of the peridotites had 

little deformation, which was localized 

instead at high-temperature shear zones 

and brittle faults. This observation sug-

gests that the mantle rose passively to 

the base of the thermal boundary layer 

at 15–20 km beneath the ridge, and then 

cooled, with subsequent corner fl ow 

at shallow depth accommodated along 
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shear zones as the plates pulled apart 

(Kelemen et al., 2004). About 40 percent 

of the core represented small gabbro in-

trusions, confi rming Cannat’s interpreta-

tion (Kelemen et al., 2004). 

At Hess Deep near the ultra-fast-

spreading East Pacifi c Rise (EPR), ODP 

Leg 147 drilled seven holes in gabbro 

at Site 894 and six holes in peridotite 

at Site 895. Gabbro was drilled up to 

154.5 m downhole (30 percent recov-

ery); peridotite was drilled up to 93.7 m 

downhole (20 percent recovery). Site 894 

represents a high-level gabbro sequence 

near the sheeted dike-gabbro transition 

(Gillis et al., 1993; Pedersen et al., 1996), 

possibly the frozen substrate of an EPR 

magma lens (Natland and Dick, 1996). 

Analysis of these gabbros suggests that 

they are too iron-rich to be a source for 

EPR basalt or much of the lower crust 

(Natland and Dick, 1996). At Site 895, 

holes were drilled in peridotite across a 

dunite-fi lled melt transport conduit (Gil-

lis et al., 1993). The peridotites are highly 

depleted compared to slow-spread-

ing ridges, indicating a more depleted 

EPR shallow mantle (Dick and Natland, 

1996). The dunites contain gabbro veins 

crystallized from mid-ocean ridge basalt 

(MORB) magmas (Arai and Matsukage, 

1996; Dick and Natland, 1996) showing, 

for the fi rst time, that whereas the pro-

cess of mantle melting produces a range 

of melt compositions, these composi-

tions aggregate in the mantle to form 

MORB before reaching the crust.

With the advent of the IODP, plans 

began again for total oceanic-crust pen-

etration in the Pacifi c. As a start, Hole 

1256D was drilled to 1507 mbsf (1257-m 

subbasement) in 15 million-year-old 

super fast-spreading crust in the Pacifi c 

Ocean (> 200 mm yr-1) (Wilson et al., 

2003). The site exploited the inverse re-

lationship between spreading rate and 

depth to low-velocity zones (thought to 

represent magma chambers) along mod-

ern mid-ocean ridges to try and reach 

seismic layer 3 at shallow depth. Consis-

tent with the Penrose model, IODP cored 

through 754 m of lavas, a short 57-m 

transition zone, 350 m of massive dikes, 

and into gabbros at 1407 mbsf (Figure 3) 

(Wilson et al., 2006). Gabbro was reached 

where predicted by the seismologists. 

Greenschist-facies minerals were found 

in the upper dikes, while deeper, higher-

temperature amphibolite-facies rocks 

were found, refl ecting a steep geothermal 

gradient in the dikes. In the bottom 50 m 

of the hole, the dikes were recrystallized 

by intruding gabbro. The gabbros fall at 

Figure 3. IODP Hole 1256D drilling location and results abstracted from the Expedition 

309/312 Preliminary Report (http://iodp.tamu.edu/publications/PR/312PR/312PR.html). 

A hyaloclastite breccia, diabase dike, and gabbro are shown from each of the three princi-

pal stratigraphic horizons.
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the primitive end of Hole 1256D lavas 

and dikes, and closely resemble those ex-

posed beneath sheeted dikes on the wall 

of Hess Deep and drilled in Hole 894G. 

As at Hess Deep, the lower crust could 

not form by subsidence of such high-

level evolved gabbro.

DISCUSSION

Where We Now Stand

Deep basement drilling in the oceans 

began 32 years ago with DSDP Leg 34 

in 1974 amidst great hopes and expecta-

tions. It has proceeded in fi ts and starts, 

with great failures, and spectacular suc-

cesses. In all, only 15 holes have reached 

200 m below the top of igneous base-

ment, and only four have penetrated 

greater than 600 m (Figure 2). Notably, 

once this depth is reached, drilling con-

ditions improve remarkably: all four 

deep holes have penetrated greater than 

1200 m, and their failure was due largely 

to accidents and poor engineering. Only 

two holes, U1309D and 1256D, were ac-

tually planned and engineered for deep 

penetration, and both are still open. This 

success shows that we are fi nally learning 

how to drill deeply. 

Here, we have focused on the results 

most pertinent to understanding crustal 

architecture—the original goal of deep-

ocean drilling—testing the Penrose Mod-

el. This model appears to hold up well 

at the EPR, though seismic layer 2 thick-

nesses appear dependant on spreading 

rate. Again, at the intermediate-spread-

ing-rate Cocos-Nazca Spreading Center, 

shallow crustal stratigraphy also fi ts the 

Penrose Model. At slow and ultraslow 

spreading ridges, a different situation 

emerges. No one model fi ts slow and ul-

traslow spread crust, with architecture 

varying with spreading rate and tectonic 

environment (Figure 1). There may even 

be areas where no organized stratigra-

phy exists (Karson, 1998; Lagabrielle et 

al., 1998). The studies at Atlantis Bank 

and Atlantis Massif, however, show that 

modifi ed Penrose-type crust exists lo-

cally at slow and ultraslow ridges, though 

their different igneous stratigraphies sug-

gest the internal structure of the lower 

crust may be quite variable at the seg-

ment scale. At the same time, the Cannat 

model (Figure 3) works well for the MAR 

near 15°20’N. Finally, as discussed earlier, 

Hess-type crust formed at an ultra-fast 

spreading center also exists at ultraslow 

ridges at amagmatic segments. 

Where Do We Go from Here?

Drilling accomplished to date shows that 

we can successfully explore the oceanic 

crust and mantle with well-planned 

programs using deep holes and offset-

section drilling. Big questions remain. 

It is certain that lower crust and mantle 

in tectonic windows unroofed at a rift 

valley wall is not fully representative of 

mature oceanic crust, particularly its 

extent and nature of alteration. We do 

not know how well the Penrose model 

fi ts the lower crust and the nature of 

Moho remains undetermined: is it a ser-

pentinization front, a gradational intru-

sive boundary, a sharp contact between 

primitive gabbro and peridotite, or all of 

these (Figure 4)?

There is a consensus among Earth 

scientists that a total penetration of Pa-

cifi c crust is our highest priority and that 

working towards this goal, we should 

deepen Hole 1256D as soon as possible 

(Moho Workshop Participants, 2006). 

Thermal problems, however, prevent 

drilling to the Moho in “intact” oceanic 

crust except in water deeper than can be 

reached with the IODP’s current 2500-m 

riser on the drillship Chikyu for at least 

5 to 10 years. Moreover, a single deep 

hole in Pacifi c crust is a one-dimensional 

solution to a problem that is highly three 

dimensional within a spreading segment 

and among ocean basins. EPR crust 

represents one end-member for crustal 

formation. Site 1256 in super-fast crust, 

with its thin dike layer, appears to be an 

end-member for this end-member; it 

is therefore not representative of even 

“normal” Pacifi c Ocean crust. At least, 

another end-member in another ocean 

should be explored in detail, though 

more drilling investigations in different 

crustal regimes are required if we are 

truly to assess the composition of the 

oceanic crust and planet. 

One drilling strategy is to immediately 

deepen Hole 1256D (Figure 3) in the Pa-

cifi c Ocean as far as possible. At the same 

time, we need to determine if another 

site, more representative of Pacifi c crust, 

could be drilled (noting that penetra-

tion through the upper crust may or may 

not be done easily elsewhere). Although 

it may be diffi cult to obtain more than 

short sections at highly tectonized Hess 

Deep, another drilling leg there would 

provide a means to determine the lateral 

variability of EPR shallow mantle and 

deep crust at the segment scale. Thus, 

when a riser system becomes available for 

deep water, and a total penetration pos-

sible, the results can be put in context to 

assess the composition and architecture 

of Pacifi c crust and shallow mantle.

In the Atlantic and Indian Oceans, 

tectonic windows should be used to as-

sess the variability of the lower crust and 
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mantle at the segment scale by drilling a 

suite of 200- to 500-m offset holes in sev-

eral locations. This drilling requires only 

two to three legs in relatively young crust 

(< 3 million years old) at locations such 

as the Kane Megamullion and Atlantis 

Massif in the Atlantic where the geologic 

and geophysical controls required to drill 

already exist. Because drilling the lower 

crust at one location is unlikely to be 

representative, Hole U1309D in the At-

lantic should be deepened as far as pos-

sible to enable comparison of its stratig-

raphy to a deep Hole at Atlantis Bank in 

the Indian Ocean. An offset hole should 

also be drilled near U1309D that is lo-

cated in the best possible place to test 

whether fresh mantle peridotite is really 

present at shallow depth as suggested by 

the seismic data. 

While penetration to the Moho in 

“intact” slow-spread crust is not pos-

sible now, we should obtain a compos-

ite section by drilling partial sections. 

Atlantis Bank, situated at 700-m water 

depth in the Indian Ocean, offers the 

best opportunity to drill the igneous 

crust-mantle boundary and the (seismic) 

Moho by virtue of easy drilling condi-

tions, low temperatures, short pipe-trip 

time, and a crustal age of 12 million 

years (Moho would be attainable by 

drilling to ~ 5 km mbsf). Drilling at the 

Atlantis Bank, however, will not recover 

typical slow-spread oceanic structure 

or alteration. Another option is a deep 

penetration well into seismic layer 3 

into “intact” Atlantic crust in the vicin-

ity of DSDP Site 332. The water depth 

there is less than 2000 m, which allows 

use of Chikyu’s riser system. Because of 

to the young age (3.5 million years old) 

of the crust here, it is likely that ther-

mal problems may end drilling before 

the Moho is reached. This possibility 

remains to be tested. Most of these sites 

are thoroughly surveyed and extensively 

reviewed. Thus, we are ready to answer 

major global questions about the archi-

tecture and composition of the oceanic 

crust and shallow mantle.
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