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1. LEG 209 SUMMARY: PROCESSES
IN A 20-KM-THICK CONDUCTIVE
BOUNDARY LAYER BENEATH THE
MID-ATLANTIC RIDGE, 14°-16°N"

Peter B. Kelemen,? Eiichi Kikawa,? D. Jay Miller,* and
Shipboard Scientific Party>

ABSTRACT

This paper provides a summary of postcruise scientific results from
Ocean Drilling Program (ODP) Leg 209 available to date, building upon
shipboard observations and syntheses summarized in the Leg 209 Initial
Results volume. During Leg 209, 19 holes were drilled at 8 sites along
the Mid-Atlantic Ridge from 14°43’ to 15°44’N, mainly in residual man-
tle peridotite intruded by gabbroic rocks, in order to understand the
tectonic and structural processes responsible for formation of oceanic
lithosphere with abundant residual peridotite exposed on the seafloor
coupled with a relatively low proportion of volcanic rocks.

Based on proportions of recovered lithologies, the entire area may be
underlain by mantle peridotite with ~20%-40% gabbroic intrusions
and impregnations. Impregnated peridotites with olivine + two py-
roxenes + plagioclase + spinel that apparently formed in equilibrium
probably record crystallization from primitive mid-ocean-ridge basalt at
pressures of 0.5-0.6 GPa. Metamorphic equilibria record isobaric cool-
ing to ~1100°C at this pressure. Thus, the conductively cooled thermal
boundary layer beneath the Mid-Atlantic Ridge in this region is >15 km
thick.

Combined crystallization and reaction with residual peridotite
formed a series of impregnated peridotites recording increasing Na con-
tent at nearly constant Mg#; this process could explain some of the
variation in fractionation-corrected Na (e.g., Na = 8.0) observed in mid-
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ocean-ridge basalts. Clinopyroxene textures and compositions record
such impregnation processes, and they are particularly well docu-
mented for Site 1274. Other Leg 209 gabbroic rocks formed from exten-
sive crystallization of highly evolved melts, indicating that a substantial
proportion of melt entering the thermal boundary layer crystallizes en-
tirely beneath the seafloor, with no volcanic equivalent.

Alteration of peridotites occurred over a range of temperatures and is
the result of three distinct processes: rock-dominated serpentinization
with formation of brucite in olivine-rich lithologies, fluid-dominated
serpentinization with formation of magnetite and no brucite, and fluid-
dominated talc alteration with addition of SiO, as well as H,O and
oxygen. The latter two processes also exhibit detectable trace element
metasomatism that is distinct in its character from the igneous impreg-
nation described in the previous paragraph.

Microstructures show that most residual peridotites were not duc-
tilely deformed at temperatures less than ~1200°C. Structural and pale-
omagnetic data require tectonic rotations of relatively undeformed
blocks; some rotations probably exceeded 60° around nearly horizontal
axes parallel to the rift axis. Rotations occurred along several genera-
tions of high-temperature mylonitic shear zones extending deeper than
15 km depth and numerous faults at lower temperature. Early formed
shear zones and faults were passively rotated around later features; such
a process could have produced low-angle fault surfaces without slip on
low-angle faults. This region provides end-member examples of pro-
cesses that are common at many or most slow-spreading ridges.

Osmium isotope ratios indicate an ancient history of depletion for
residual peridotites from the 14°-16°N region along the Mid-Atlantic
Ridge. Though depleted Os isotope ratios in peridotite have been re-
ported elsewhere along the global ridge system, the values from this re-
gion are among the most depleted. In general, Os isotope ratios from
mid-ocean-ridge basalts are systematically more radiogenic than Os iso-
tope ratios from ridge peridotite samples, suggesting a polygenetic het-
erogeneous source for mid-ocean-ridge basalts.

Geochemical studies of zircons from Leg 209 gabbroic rocks and im-
pregnated peridotites, together with other ridge and arc-related zircons,
indicate that ridge zircons have systematically lower fractionation-cor-
rected U and Th concentrations compared to arc zircons. This observa-
tion provides a tool for interpreting the tectonic provenance of ancient
detrital zircons and indicates an arclike provenance for Hadean detrital
zircons.

Geobiological studies and aerobiological studies were also undertaken
during Leg 209. The geobiological work found no measurable microbial
enhancement of olivine dissolution rate, possibly because the samples
from Leg 209 were sterile. The aerobiological study determined that dust
from North Africa, collected from the derrick of the JOIDES Resolution
during Leg 209, contains a variety of abundant microorganisms.

INTRODUCTION

This short paper provides a summary of postcruise scientific results
from Ocean Drilling Program (ODP) Leg 209 available to date, building
upon shipboard observations and synthesis summarized in Kelemen,
Kikawa, Miller, et al. (2004). Emphasis is placed upon published and
submitted papers, although in a few cases these are supplemented by
data and interpretations published only in abstract form. The paper is
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organized by discipline, beginning with those most central to the pri-
mary goals of the leg. Discussion and conclusions are offered within
each disciplinary group rather than in a comprehensive section at the
end of the paper.

In addition to this summary, a Leg 209 scientific synthesis paper was
submitted to both Science, where it was not reviewed, and to Nature. Ef-
forts continue to publish this paper, which is currently in revision as a
Letter to Nature (Kelemen et al., submitted [N1]). Meanwhile, the reader
is directed to the syntheses available in Kelemen, Kikawa, Miller, et al.
(2004) for a more thorough treatment of the overall results of Leg 209.

Understanding the creation of oceanic plates at spreading ridges pro-
vides the simplest template for understanding creation and evolution of
Earth’s crust and shallow mantle in all tectonic settings. Some aspects of
ridge processes are clear; for example, it is established that plate spread-
ing drives mantle upwelling and leads to decompression melting, which
in turn forms igneous crust. However, fundamental differences exist be-
tween oceanic plates formed at “fast-spreading” ridges (>2 cm/yr half-
rate) versus those formed at “slow-spreading” ridges (<2 cm/yr half-rate)
that are not well understood. Seafloor topography, fractionation-
corrected lava compositions, seismic crustal thickness, and topographi-
cally corrected gravity anomalies are all more variable at slow-spreading
ridges compared to fast-spreading ridges, but the reasons for these differ-
ences remain unclear. Unresolved debate over the past two decades has
focused on the pattern of mantle upwelling (two-dimensional, plate-
driven corner flow versus melt-buoyancy driven radial diapirs), the
causes of fractionation-corrected variation in lava compositions (varia-
tion in mantle source temperature versus variation in the depth of crys-
tal fractionation), and the reasons for variable crustal thickness along
strike (a short review of these topics is provided in Kelemen, Kikawa,
Miller, et al., 2004). ODP Leg 209 was proposed to address these prob-
lems, providing constraints via drilling of mantle peridotite intruded by
gabbroic plutons and exposed on both sides of the slow-spreading Mid-
Atlantic Ridge between 14°43’ and 15°44’'N.

During Leg 209, 19 holes were drilled at 8 sites (Fig. F1). Sites were
previously surveyed by submersible and were <200 m from peridotite or
dunite exposed on the seafloor; outcrops of gabbroic rock were also
near some sites. Primary goals of Leg 209 were to constrain deformation
associated with mantle upwelling and corner flow and mechanisms of
melt migration and igneous petrogenesis.

In six holes at Sites 1269 and 1273, we penetrated a total of 112 m of
basaltic rubble; recovery was poor (3.7 m total; recovery = 3.3%) and
these holes were unstable, so drilling was terminated. Lavas at these
sites probably form nearly horizontal surfaces overlying cliffs exposing
peridotite and gabbro. These sites will not be discussed further here.

In 13 holes at 6 other sites, we drilled a mixture of residual peridotite
and gabbroic rocks intrusive into peridotite. We penetrated a total of
1075 m at these six sites and recovered 354 m of core (recovery =
~33%). This paper reports on postcruise scientific results from these six
sites.

Simplified core logs (Fig. F2) show that drilling at Sites 1268, 1270,
1271, and 1272 recovered ~25% gabbroic rocks and ~75% residual man-
tle peridotite (detailed lithologic sections are available in Shipboard Sci-
entific Party, 2004a: figs. F7, F21, F31, F37). Core from Site 1274 is
mainly residual peridotite with a few meter-scale gabbroic intrusions
(Shipboard Scientific Party, 2004a: fig. F42 and associated text). Core
from Site 1275 is mainly gabbroic but contains 24% poikilitic peridotite

F1. Drill site locations and
bathymetry, p. 25.

F2. Simplified core logs for Leg 209
sites, p. 26.
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(also known as “troctolite”) interpreted as residual peridotite that was
“impregnated” by plagioclase and pyroxene crystallized from melt mi-
grating along olivine grain boundaries. These impregnated peridotites
were later intruded by evolved gabbros (Shipboard Scientific Party,
2004a: fig. FSO and associated text). Impregnated peridotites form the
majority of core from Site 1271 and are present at Sites 1268 and 1270.
Thus, we infer that the entire area may be underlain by mantle peridot-
ite with ~20%-40% gabbroic intrusions and impregnations. The overall
proportion of gabbroic rocks versus residual peridotites from these six
sites is similar to previous dredging and submersible sampling in the
area (compiled data and references in Kelemen, Kikawa, Miller, et al.,
2004).

IGNEOUS PROCESSES

Thermobarometry

Our synthesis paper (Kelemen et al., submitted [N1]) concentrates on
three observations:

1. Compositions of plutonic rocks and primitive mid-ocean-ridge
basalt (MORB) samples from the 14°-~16°N region along the Mid-
Atlantic Ridge are indicative of relatively high pressure crystal
fractionation in a 15- to 20-km-thick thermal boundary layer.

2. Most gabbroic rocks sampled during Leg 209 are too evolved to
be complementary to crystal fractionation of MORB and may
not have a volcanic equivalent. Instead, they may represent crys-
tallization products of melts that solidified entirely in the sub-
surface, with no volcanic expression.

3. There is a marked lack of crystal shape fabric or other evidence
of penetrative subsolidus deformation of residual mantle peri-
dotites recovered during Leg 209, along with a high proportion
of ductile shear zones and faults at each site, indicative of local-
ized deformation during seafloor spreading and tectonic denu-
dation of mantle rocks within this 15- to 20-km-thick thermal
boundary layer.

In this section, we concentrate on the evidence for igneous crystalliza-
tion at relatively high pressure.

As reported in the Leg 209 Initial Results volume (Kelemen, Kikawa,
Miller, et al., 2004), unusual poikilitic peridotites from Site 1275 had
“equilibrated” textures prior to low-temperature alteration (Fig. F3). Ad-
ditional illustrations are available in Shipboard Scientific Party (2004a:
fig. FS1; 2004g: figs. F6, F18, F40). The poikilitic peridotites contain oli-
vine, orthopyroxene, clinopyroxene, plagioclase, and Cr-rich spinel.
Their whole-rock molar Mg/(Mg+Fe), or Mg#, and Ni are high, as are
Mg# and Ni contents of olivine and molar Cr/(Cr+Al), or Cr#, of spinel,
extending to residual peridotite values. However, plagioclase ranges
from 54 to 75 mol% anorthite (Fig. F4), much lower than expected in
residual peridotites, particularly because Leg 209 residual peridotites are
among the most depleted recovered from the mid-ocean ridges (e.g.,
Shipboard Scientific Party, 2004f: fig. FS1 and accompanying text). The
wide range of plagioclase anorthite content in the poikilitic peridotites
from Site 1275, at nearly constant olivine Mg# and Ni content, is best
understood as the result of “reactive fractionation” involving crystalli-

F3. Poiklitic impregnated peridot-
ite, p. 27.

F4. Normative anorthite in plagio-
clase vs. forsterite in olivines,
p- 28.
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zation during reaction between refractory peridotite and cooling, frac-
tionating melt migrating along olivine grain boundaries. In such
processes, Mg# and Ni content are “buffered” by exchange reactions
with Mg, Fe, and Ni-rich olivine, whereas the abundance of incompati-
ble elements such as Na—which preferentially partition into melt ver-
sus crystals—increases with decreasing melt mass (e.g., Kelemen, 1986).

In Figure F4, note that gabbroic rocks from very slow spreading
ridges with thin crust (e.g., Cayman Rise) have the lowest anorthite
content in plagioclase at a given olivine Mg#, whereas gabbroic rocks
from the fast-spreading East Pacific Rise, sampled at Hess Deep, have
the highest anorthite content for a given olivine Mg#. This variation
has commonly been interpreted to indicate crystallization from primi-
tive magmas with a variety of Na/Ca ratios, in turn reflecting a variety
of different degrees of melting at different mantle potential tempera-
tures, with high-Na magmas arising from low degrees of melting and
low-Na magmas from high degrees of melting (e.g., Meyer et al., 1989).
However, an alternative interpretation is that primitive Cayman mag-
mas with high Na content arose as a result of extensive “reactive frac-
tionation” in a thick thermal boundary layer, whereas Hess Deep
magmas with much lower Na contents underwent little or no “reactive
fractionation” in the shallow mantle, perhaps because the thermal
boundary layer beneath the fast-spreading East Pacific Rise is very thin
compared to that beneath the slow-spreading Cayman Rise.

Variation in the intensity of “reactive fractionation” has the poten-
tial to account for much of the variation in the sodium content of
primitive mid-ocean-ridge basalts, which has hitherto been attributed
to variations in mantle potential temperature. This hypothesis forms
the basis for ongoing research (Collier and Kelemen, 2005, 2006). How-
ever, this work is not yet published, and we forego a more extensive
summary here.

The pressure and temperature of equilibration between melt and a
mineral assemblage including olivine, two pyroxenes, and plagioclase
can be estimated from the melt composition using the method of Kin-
zler and Grove (1992). Rare earth element (REE) contents in Site 1275
poikilitic impregnated peridotites (Kelemen et al., submitted [N1]) are
consistent with crystallization from “normal” MORB. Kelemen, Kikawa,
Miller et al. (2004) and Kelemen et al. (submitted [N1]) used the compo-
sition of 87 primitive MORB glasses at 14°-16°N with Mg# 0.60-0.73
(from the Petrological Database of the Ocean Floor, PetDB, online at
petdb.ldeo.columbia.edu/petdb). These primitive MORB glasses could
be olivine + two pyroxene + plagioclase saturated at 0.54 GPa (+£0.14
GPa, 20) and 1220°C (£16°C, 20) (Shipboard Scientific Party, 2004a: fig.
F53 and accompanying text). Other proposed melt composition barom-
eters yield similar results (Kelemen et al., submitted [N1]).

A variety of metamorphic reactions could occur during cooling and
decompression of olivine-two pyroxene-plagioclase-spinel mineral as-
semblages. To the extent that minerals approach equilibrium during
this process, thermodynamic data for minerals in these reactions can be
used to estimate the pressure and temperature conditions for “closure,”
after which metamorphic reactions effectively ceased. The boundary
between plagioclase and spinel lherzolite facies (e.g., Green and Hibber-
son, 1970) is defined by the reaction

MgAl,O, + Mg,Si,04 + CaMgSi,O4 = 2Mg,Si,0, + CaAl,Si,Oq m
MgAl>O4 in spinel ss + enstatite in orthopyroxene + diopside in clinopyroxene =
2 forsterite in olivine + anorthite in plagioclase
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that relates the activities of the most abundant mineral end-members in
the olivine, orthopyroxene, clinopyroxene, and plagioclase solid solu-
tions in our samples. Reaction 1, together with temperature estimates
from independent geothermometers, has been used to estimate pressure
in terrestrial and lunar olivine + 2 pyroxene + plagioclase + spinel assem-
blages (e.g., Frost, 1976; McCallum and Schwartz, 2001; Newman et al.,
1999; Tartarotti et al., 2002).

To estimate closure conditions for Reaction 1 in impregnated peri-
dotites from Site 1275, Kelemen et al. (submitted [N1]) used mineral so-
lution models and internally consistent thermodynamic data for most
mineral end-members from Holland and Powell (1998) and the Sack
and Ghiorso (1991) solution model for Cr-Al-Fe-Mg spinels. An inde-
pendent estimate of temperature was derived from the Lindsley and
Anderson (1983) two-pyroxene solvus thermometer, as implemented in
the computer program QUILF (Andersen et al., 1993). Two-pyroxene
solvus temperatures based on clinopyroxene compositions, together
with analytical uncertainty, range from ~1075° to 1110°C (with one
sample representing an outlier at ~1215°C) £ 50°C. Other pyroxene sol-
vus thermometers yielded consistent results, essentially independent of
pressure. Combining these temperature estimates with Reaction 1, in-
corporating analytical uncertainty, yields pressures of 0.65 to 0.72 + 0.1
GPa (10).

In summary, Kelemen et al. (submitted [N1]) concluded that meta-
morphic net transfer equilibria involving MgAlL,O, Mg,5i,0¢,
CaMgSi, 04, 2Mg,Si1,0,, and CaAl,Si,Og in impregnated peridotites from
Site 12735 last equilibrated at pressures of ~0.68 + 0.2 GPa and tempera-
tures of 1100° = 75°C. This estimate is consistent, within uncertainty,
with isobaric cooling from the estimated igneous crystallization condi-
tions for primitive MORB from this region, described above and in Kele-
men, Kikawa, Miller, et al. (2004). Impregnated peridotites and olivine
gabbronorites at Sites 1268, 1270, and 1271 contained olivine, two py-
roxenes, and plagioclase, + spinel, prior to alteration. They have similar
whole-rock compositions to the impregnated peridotites at Site 1275
and so probably record similar conditions of crystallization.

Results of thermobarometry support the inference that igneous rocks
crystallized and began to conductively cool at depths 15-20 km below
the seafloor in the 14°-16°N region along the Mid-Atlantic Ridge. This
result is consistent with previous estimates of the thermal boundary
layer thickness beneath slow-spreading ridges based on thermal models
(Braun et al., 2000; Reid and Jackson, 1981; Shen and Forsyth, 1995;
Sleep, 1975). It is also consistent with geological inferences based on
dredging and diving in the 14°-~16°N region (e.g., Cannat, 1996; Cannat
and Casey, 1995; Cannat et al., 1997) and with interpretation of the lig-
uid lines of descent formed by spatially and genetically related mid-
ocean-ridge basalts, which indicate cotectic crystallization at pressures
of 0.4-0.6 GPa along parts of the Mid-Atlantic Ridge (Elthon, 1993;
Grove et al., 1992; Meurer et al., 2001; Michael and Chase, 1987), in-
cluding the 14°-16°N region (Xia et al., submitted [N2]). More gener-
ally, this result may also be consistent with suggestions that
crystallization of cooling melt migrating by porous flow can modify the
composition of many upper mantle peridotites beneath slow-spreading
ridges (e.g., Dick, 1989; Niu, 1997).
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Gabbroic Rock Compositions

As noted above, Kelemen et al. (submitted [N1]) also emphasize the
evolved nature of most of the gabbroic rocks recovered during Leg 209.
As shown in Figure F5 (modified from Shipboard Scientific Party 2004a:
fig. F58), primitive MORB has an Mg# ~ 0.7 and ~50 ppm Zr, whereas
average MORB has an Mg# ~ 0.6 and ~100 ppm Zr. If Zr were a perfectly
incompatible element (concentration in crystal/liquid = 0), then dou-
bling of Zr concentration would require 50% crystallization. In fact, Zr
is not perfectly incompatible (concentration in crystal/liquid > 0),
which suggests that average MORB is the product of >50% crystal frac-
tionation. There should be a complementary reservoir of refractory
high-Mg#, low-Zr cumulates formed by this crystal fractionation. Such
a refractory cumulate reservoir is observed in the southern massifs of
the Oman ophiolite (e.g., Pallister and Hopson, 1981). However, refrac-
tory cumulates are rare among gabbroic suites sampled from mid-ocean
ridges. The average compositions of gabbroic rocks from ODP Hole
735B on the Southwest Indian Ridge (Natland and Dick, 2002) and ODP
Leg 153 sites on the Mid-Atlantic Ridge (Agar and Lloyd, 1997) are sim-
ilar to those of primitive MORB and thus cannot represent the refrac-
tory cumulate reservoir. Similarly, gabbroic plutons sampled during Leg
209 at Sites 1270, 1272, and 1275 are far too rich in iron to explain the
variation trend of MORB.

Only primitive gabbronorites at Site 1268 and impregnated peridot-
ites at Sites 1268, 1270, 1271, and 1275 have appropriately high Mg#
and low Zr to represent the refractory cumulate reservoir required by
MORSB variation. As noted above, these rocks, with their high Mg# and
abundant orthopyroxene, probably formed at depths of 15 km or more.
We infer that the more evolved gabbroic rocks sampled during Leg 209
formed at lower temperatures and shallower depths and thus that crys-
tal fractionation is polybaric in the 14°-16°N region. Many of the more
evolved gabbroic rocks are similar to MORB glass compositions and
may not be cumulates at all. Additionally, some gabbroic rocks from
Leg 209 are so evolved that they have no volcanic equivalents among
MORB. We infer that a substantial proportion of the melts entering the
thermal boundary layer in the 14°-16°N region crystallize entirely at
depth, without any eruptive products on the seafloor.

Impregnation of Residual Peridotites

Seyler et al. (2007) discuss the origin of interstitial clinopyroxene in
residual peridotites from Leg 209, commonly with symplectitic textures
involving chromian spinel (e.g., see figures and associated text in Ship-
board Scientific Party, 2004a: fig. F43; 2004b: figs. F10, F11; 2004c: fig.
F24; 2004f: figs. F17-F22). Clinopyroxenes are also intergrown with
magmatic sulfides whose composition and texture are presented for the
first time in Seyler et al. (2007). These unusual clinopyroxenes are asso-
ciated with anomalously high CaO contents at a given Al,O; concentra-
tion (e.g., Shipboard Scientific Party, 2004f: fig. F51 and associated
text).

Similarly, orthopyroxenes in residual peridotites from Leg 209 ex-
hibit interstitial textures, apparent association with embayed olivine
crystals, and coarse sympletitic intergrowths with spinel (see figures
and associated text in Shipboard Scientific Party 2004b: figs. F6, F7, F9,
F12, F44-F46, F77, F91; 2004c: figs. F19, F28, F38, F91; 2004d: fig. F42;
2004f: figs. F10-F16).

F5. Molar Mg# vs. Zr in MORB and
oceanic gabbros, p. 29.
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Using new major and trace element analyses of silicates and new
analyses of sulfides, Seyler et al. (2007) conclude that the association of
clinopyroxene, spinel, and sulfide minerals was produced by reaction
between residual orthopyroxene and a melt saturated with respect to
clinopyroxene and sulfur. The introduction of this melt into previously
depleted residual peridotites produced these intergrowths and changed
the bulk composition of the rocks. It is increasingly evident that many,
if not most, residual peridotites recovered during dredging of the mid-
ocean ridges have undergone some extent of “refertilization” by a pro-
cess similar to that proposed by Seyler et al. (2007). For example, in a
recent landmark paper, Niu (2004) showed that most dredged peridot-
ites contain enrichments of highly incompatible elements that are not
reflected in residual mineral compositions and yet involve fluid-
immobile elements such as Nb, Ta, and Th, so probably result from
addition of a late igneous phase along residual crystal grain boundaries,
without equilibration with grain interiors.

Takazawa et al. (this volume) contributed a study of ultramafic and
mafic rocks from Hole 1271B. Shipboard observations document the
lithologic assemblage of predominantly dunite, with lesser brown am-
phibole gabbro, olivine gabbro, and troctolite, and a minor amount of
harzburgite and olivine gabbronorite. The interpretation of the proba-
ble genesis of this assemblage was initial crystallization of plagioclase
and clinopyroxene from basaltic liquid migrating along grain bound-
aries. As the section cooled the flow regime changed from porous media
to fracture-focused flow, resulting in crystallization of mafic rocks in an
ultramafic host. The results reported in Takazawa et al. (this volume)
are consistent with this interpretation. They note a variance in Fo con-
tent of olivine between dunite (~89-91) and mafic rocks (~86-89) and a
concomitant variability in chrome spinel compositions. This is attrib-
uted to more refractory olivine and spinel in the dunite owing to melt-
rock reaction as the dunite represents a fossilized melt channel.

Metamorphism and Hydrothermal Alteration

Bach et al. (2004) reported on petrographic observations of alteration
in peridotites from Leg 209, supplemented by thermodynamic model-
ing of fluid/rock reactions. Petrographic data in the paper summarize
and add to extensive shipboard observations, made largely by the same
group of authors (see the “Metamorphic Petrology” sections in each site
chapter in Kelemen, Kikawa, Miller, et al., 2004). Serpentine and talc +
amphibole are observed and predicted in relatively SiO, rich residual
harzburgites, whereas serpentine and brucite are observed and pre-
dicted in SiO,-poor dunites. Alteration reactions controlled in large part
by these bulk compositions probably controlled fluid pH, fO,, and con-
centrations of dissolved species.

A notable exception to the rock-dominated alteration assemblages
observed at most sites is the extensive replacement of early formed ser-
pentine by talc at Site 1268. Some residual peridotite whole-rock com-
positions determined onboard the JOIDES Resolution were identical to
stoichiometric talc, despite the fact that textures clearly indicated that
the protoliths were olivine-rich, porphyroclastic, and protogranular
harzburgites. Although it has long been known that some altered peri-
dotites have low Mg/Si compared to unaltered protoliths, it is debated
whether this is due to Mg removal (e.g., Snow and Dick, 1995) or SiO,
addition (e.g., Boschi et al., 2006).




P.B. KELEMAN ET AL.
LEG 209 SUMMARY: PROCESSES BENEATH THE MID-ATLANTIC RIDGE

In the Site 1268 summary (Shipboard Scientific Party, 2004a: figs.
F12, F13, and associated text), we argued that wholesale replacement of
peridotite by talc at essentially constant Mg/Fe almost certainly in-
volved addition of SiO, (adding ~40 wt% SiO, relative to the original
rock mass). If, instead, the change was produced mainly by removal of
Mg and Fe (removing at least 16 wt% of the original rock mass), it
would be a dramatic coincidence for this process to preserve the origi-
nal Mg/Fe ratio of the protolith. Bach et al. (2004) support our conclu-
sion in the site summary, noting that the solubility of Mg in
hydrothermal fluid is very low in the presence of hydrous Mg-Fe sili-
cates at pH > 6, which is in the pH range that they calculate likely for
fluids during serpentinization and subsequent talc alteration at Site
1268. However, they hedge their bet and invoke the need for further
study. Doubtless, studies of sulfide mineralogy and, particularly, stable
isotope thermometry on samples from this site are likely to shed further
light on the conditions before and during talc alteration.

Pursuing the notion that SiO, was indeed added to harzburgites to
produce the talc-rich rocks, Bach et al. (2004) suggest that the source of
SiO, could have been the abundant gabbronorite intrusions into peri-
dotite that were sampled at Site 1268. Some Site 1268 gabbronorites
have indeed undergone metasomatism, most notably loss of CaO (Ship-
board Scientific Party, 2004a: fig. F14C and associated text). However,
in the Site 1268 summary we showed that SiO, contents in altered gab-
bronorites from Site 1268 are essentially identical to SiO, in fresh gab-
bronorite (Shipboard Scientific Party, 2004a: fig. F14), suggesting that
the extent of SiO, leaching from gabbroic intrusions was minor com-
pared to the extent of SiO, addition to peridotites. Furthermore, in
some gabbronorite samples from Site 1268, orthopyroxene is pseudo-
morphically replaced by talc (Shipboard Scientific Party, 2004b: fig. F30
and associated text), which requires addition of SiO, to the pyroxene
pseudomorphs. Thus, it seems unlikely that the gabbronorites that were
actually sampled at Site 1268 were the source of the SiO, added to the
talc-rich peridotites. Since gabbroic intrusions comprise <50% of the
volume of core from Hole 1268A, we can infer that SiO, loss from the
gabbronorites did not balance SiO, gain in the peridotites. In this view,
the source of SiO, metasomatically added to the Site 1268 talc-altered
peridotites has yet to be identified.

Paulick et al. (2006) interpret whole-rock major and trace element
characteristics of peridotites recovered during Leg 209 in terms of resi-
dues of partial melting, igneous “impregnation,” and metasomatism
during hydrothermal alteration. Following Niu (2004), they ascribe
variable light REE concentrations in samples from Site 1270 and 1271,
not correlated with heavy REE concentrations, to igneous impregnation
because the light REEs are correlated with concentrations of fluid-
immobile high field strength elements and Th. This is in agreement
with shipboard interpretation of thin section relationships and major
element chemistry in terms of addition of igneous, “cumulate,” intersti-
tial plagioclase, and clinopyroxene, with or without hornblende, zir-
con, and other minor phases to depleted harzburgite and to plagioclase-
and pyroxene-free dunite during porous flow of cooling, crystallizing
melt in the shallow mantle beneath the Mid-Atlantic Ridge.

In contrast, Paulick et al. (2006) interpret light REE variation that is
weakly correlated with both heavy REE and high field strength element
concentrations in residual peridotite samples from Sites 1268, 1272,
and 1274 to metasomatism during hydrothermal alteration. Within the
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peridotites from Sites 1268, 1272, and 1274, Paulick et al. (2006) find
that “rock-dominated” serpentinization controlled the composition of
most Site 1274 samples, with addition of H,O and oxidation but little
additional metasomatism during shallow melt migration or alteration.
This may be somewhat at odds with the evidence for impregnation of
igneous clinopyroxene in Site 1274 peridotites described by Seyler et al.
(2007), whose results are summarized above.

Alteration strongly affected the composition of residual peridotites
from Site 1268. Paulick et al. (2006) extensively describe the effects of
“fluid-dominated” serpentinization at Site 1268, including “gains in
sulfur and development of [a] U-shaped REE pattern with strong posi-
tive Eu anomalies.” High-temperature fluids (350°-400°C) with these
trace element characteristics are observed in hydrothermal vents (Pau-
lick et al., 2006).

A third type of metasomatism during hydrothermal alteration, as de-
lineated by Paulick et al. (2006), is associated with the replacement of
olivine, pyroxene, and serpentine by talc at Site 1268, yielding smooth
light REE-enriched trace element patterns with negative Eu anomalies.

Bach et al. (2006) reiterate observations on serpentinization paragen-
eses and textures from the Leg 209 Initial Reports volume (Kelemen,
Kikawa, Miller, et al., 2004), emphasizing that zones with compara-
tively high water-rock ratios (mesh rims and veins) contain serpentine
plus magnetite, whereas zones with lower water-rock ratios (mesh cores
and rims of relict olivine) contain serpentine plus brucite. High water-
rock ratios result in both hydration and oxidation of the peridotite pro-
tolith, whereas olivine-rich protoliths with low water-rock ratios show
only hydration. Both of these processes are potentially isochemical
with regard to all species other than H,O and oxygen. Bach et al. (2006)
link these observations with shipboard measurements of magnetic
properties and density; oxidized samples with abundant magnetite are
denser and have more pronounced magnetic susceptibility than unoxi-
dized samples containing brucite and no magnetite.

Moll et al. (this volume) report microprobe analyses of a variety of
primary and alteration phases in peridotite samples from Leg 209. Pri-
mary minerals at Site 1274 are very “depleted” with high Fo contents in
olivine and high Cr/Al in spinel, as anticipated from whole-rock com-
positions determined during Leg 209. As was clear during the cruise
(e.g., Shipboard Scientific Party, 2004f: fig. F51 and accompanying text)
and reiterated by Seyler et al. (2007)—described above—and Harvey et
al. (2006)—summarized below—these are among the most depleted re-
sidual peridotites known along the mid-ocean ridges. In samples where
pseudomorphs of olivine and orthopyroxene may be clearly distin-
guished, Moll et al. (this volume) analyzed alteration phases replacing
these minerals. Although there are some differences between serpen-
tines replacing olivine compared to those replacing pyroxene, the simi-
larities are striking and suggest that major element cations were
extensively redistributed during alteration. It is clear that the authors
plan to publish a more complete analysis of the chemical changes asso-
ciated with alteration at a later date, and one can anticipate that this
will be very interesting.

Sulfide mineral compositions from Hole 1268A are reported by
Miller (this volume). Sulfide mineral species change downsection from
millerite and chalcopyrite in shallow cores to pyrrhotite and pentland-
ite with depth. The general downhole trend suggests sulfide mineral
precipitation in conditions with decreasing sulfur and oxygen fugacity.
This trend is interrupted coincident with cores that recovered a brecci-
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ated gabbroic intrusion. Sulfide minerals that indicate precipitation at
relatively higher sulfur and oxygen fugacity as well as sphalerite occur
in the central core of the intrusion breccia. Strongly contrasting pyrite
compositions suggest at least two episodes of pyrite precipitation, but
there is no clear morphological distinction between phases.

STRUCTURE AND TECTONICS

One of the main aims of Leg 209 was to measure ductile deformation
fabrics in residual mantle peridotites in order to constrain the mode of
mantle upwelling and corner flow beneath slow-spreading ridges. We
hoped to use mineral shape fabrics, as well as lattice-preferred orienta-
tion of olivine, to determine whether ductile deformation was radial,
consistent with three-dimensionally focused, buoyancy-driven up-
welling, or orthogonal to the rift axis, consistent with two-dimensional,
plate-driven upwelling. Our expectations were based on extensive ob-
servations of mineral shape fabrics in residual mantle peridotites; in
particular, field and laboratory measurements of spinel and pyroxene
lineation, together with laboratory observations of olivine elongation
and subgrain orientation, have been used to map ductile deformation
trajectories in the Oman ophiolite and other massifs (e.g., Nicolas et al.,
1972; Nicolas and Violette, 1982).

Summary of Shipboard Observations

As noted above, the third important observation emphasized in our
synthesis paper (Kelemen et al., submitted [N1]) was that most peridot-
ites lacked textural evidence for subsolidus plastic deformation. Instead,
shipboard observations indicated that in most peridotite both spinel
and pyroxene form equant grains or irregular grains interstitial to oliv-
ine crystals (Shipboard Scientific Party, 2004b: figs. F6, F7, F9, F44;
2004c: figs. F19, F91; 2004d: fig. F38; 2004e: figs. F16, F42; 2004g: figs.
F10-F15, and especially figs. F22 and F36). Spinel, in particular, forms
skeletal grains whose extensions are commonly <100 pm wide but ex-
tend along olivine grain boundaries over millimeters in two and three
dimensions. In some cases, these spinels are intergrown with pyroxene
and could have been armored by “strong” pyroxene porphyroclasts
during ductile deformation of olivine. However, in other samples the
spinel was present along pyroxene-free olivine grain boundaries. Simi-
larly, at every site we recovered peridotites in which pyroxenes are
poikilitic or interstitial to olivine.

The shipboard structural geology team used a semiquantitative scale
of crystal-plastic deformation intensity in peridotites, ranging from a
lack of any crystal-plastic shape fabric (0, also called “protogranular”),
through several stages of foliation and porphyroclast development, to
mylonitic (4) and ultramylonitic (5) fabrics. Recovered peridotites from
Site 1268 had an average deformation intensity of ~0.9, those from
1270 had an average intensity of ~1.2, from 1271, ~0.5, from 1272,
~0.2, and from 1274, ~0.3. Impregnated peridotites at Site 1275 had an
average ductile deformation intensity <0.1. Omitting mylonitic rocks
(crystal fabric intensity > 3), these averages become ~0.5 for Site 1268
and ~1 for Site 1270. Averages are not changed significantly by omit-
ting mylonitic intervals for all other sites. In contrast, peridotites from
ODP Site 895 at Hess Deep, deformed beneath the East Pacific Rise (e.g.,
Meével, Gillis, Allan, and Meyer, 1996), and from the intermediate- to
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fast-spreading Oman ophiolite (e.g., Nicolas et al., 2000; Nicolas and Vi-
olette, 1982) generally have well-developed spinel shape fabrics and dis-
cernable orthopyroxene shape fabrics, corresponding to a crystal-plastic
deformation intensity of 2-3 on the shipboard scale used during Leg
209.

The presence of interstitial spinel without pyroxene, and interstitial
pyroxene without spinel, virtually rules out subsolidus exsolution of
spinel from pyroxene as the cause for the interstitial textures. Instead, we
infer that the interstitial textures formed during melting, melt migration,
igneous dissolution, and/or precipitation from melt migrating by porous
flow along crystal grain boundaries. Given that these rocks, and mixtures
of these peridotites with small amounts of primitive basaltic melt, have
solidus temperatures >1200°C at 0.4-0.7 GPa (e.g., Hirschmann, 2000),
we infer that most peridotites recovered by drilling during Leg 209 have
not recorded measurable shear strain at temperatures <1200°C. Given the
estimates for the thickness of the thermal boundary layer summarized in
“Thermobarometry,” p. 4, above, this inference indicates that most
peridotites recovered during Leg 209 were not penetratively deformed at
depths less than ~20 km below the seafloor.

High-temperature (>900°C) mylonitic shear zones with recrystallized
olivine, pyroxene, and/or plagioclase grain sizes 20-100 pm cut weakly
deformed peridotites and gabbroic rocks at Sites 1268, 1270, 1271, and
1274. Nlustrations can be found in the Leg 209 Initial Reports volume
(Shipboard Scientific Party, 2004a: figs. F20, F22; 2004b: figs. F48, F49,
F50; 2004c: figs. F12, F20, F21, F39, F51, F60, F65, F77, F80; 2004d: figs.
F39, F41, F42 2004f: figs. F6, F40). These mylonites formed by localized
high-strain ductile deformation. Many of the Leg 209 peridotite mylo-
nitic shear zones are substantially coarser than peridotite mylonites pre-
viously dredged from the Mid-Atlantic Ridge that formed at ~600°C and
high stress (e.g., Jaroslow et al., 1996). We infer that the coarser mylo-
nites recovered during Leg 209 formed under lower stress conditions at
temperatures >900°C because they have olivine grain sizes in the same
range as in well-documented high-temperature shear zones in ophio-
lites and mantle massifs (Dijkstra et al., 2002; Kelemen and Dick, 1995;
Newman et al., 1999; Vissers et al., 1991). Most, though not all, of the
Leg 209 mylonites formed along contacts between residual peridotite
and gabbroic rocks.

In addition to ductile shear zones, we recovered fault gouge and cata-
clasites at Sites 1268, 1270, 1271, 1272, 1274, and 1275. These formed
in numerous brittle fault zones (Shipboard Scientific Party, 2004a: figs.
F41, F48; 2004b: figs. F57, F58, F64; 2004d: fig. F53; 2004e: figs. F47,
F48; 2004f: figs. F7, F32, F47, F48; 2004g: figs. F56-F60).

It is striking that we recovered samples from more than one ductile
shear zone at Sites 1268, 1270, and 1271 and more than one brittle
fault zone at Sites 1268, 1270, 1271, 1272, and 1274. In addition, based
on bathymetry and dive observations, at Sites 1270, 1274,and 1275 the
seafloor is interpreted as a fault surface. Thus, several zones of localized
deformation were recovered at all gabbro and peridotite sites except Site
1275, where only one significant fault—at the seafloor—was observed.
This indicates that the “typical” spacing between adjacent shear zones
and faults in the 14°-16°N region—at least close to the seafloor—is
<100-200 m.

12
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Shipboard and Shore-Based Analysis
of Paleomagnetic Data

Garcés and Gee (2007) synthesized paleomagnetic data from Leg 209
core using shipboard observations (Kelemen, Kikawa, Miller, et al.,
2004) and subsequent shore-based laboratory analyses. Expanding on a
hypothesis formed at sea (Shipboard Scientific Party, 2004a: figs. F16,
F17, F18, F28, F29, F30, and accompanying text), Garcés and Gee (2007)
demonstrate that large tectonic rotations (>90°) have occurred in the
footwall(s) to currently low-angle faults recovered in core and thus that
the paleomagnetic data are consistent with nucleation and slip along
high-angle normal faults, followed by passive rotation of the high-angle
faults to their current, nearly horizontal orientations. Original fault ori-
entations dipped steeply toward the spreading axis.

Lattice-Preferred Orientation of Minerals
in Site 1274 Peridotite

In their 2005 American Geophysical Union abstract, Achenbach et
al. report on preliminary measurements of olivine and pyroxene lattice-
preferred orientation in a few samples from Hole 1274A. They find a
weak shape foliation in olivine and orthopyroxene and weakly devel-
oped olivine lattice fabrics consistent with dislocation creep at ~1200°C
with flow in or near the plane of the foliation. Using paleomagnetic
data and assumptions about ridge-parallel tectonic rotation (e.g., Garcés
and Gee, 2007; Kelemen, Kikawa, Miller, et al., 2004) they attempt to
restore the microstructural observations to their geographical orienta-
tion at the time that the remnant magnetization was acquired (proba-
bly, during serpentinization at ~200°-300°C). They conclude that there
was subhorizontal foliation with horizontal ridge-parallel olivine a-axis
lineation at the time of magnetization. With the additional assumption
that there were no significant tectonic rotations of the rocks during the
time for cooling from ~1200°C to ~300°C, these results are consistent
with high-temperature ridge-parallel ductile flow in the mantle beneath
the Mid-Atlantic Ridge near Site 1274.

Discussion of Structure and Tectonics Results

The geometry of plate spreading, together with the observation of re-
sidual mantle peridotites and high-pressure igneous cumulates on the
seafloor, demands that some rocks underwent tectonic uplift and rota-
tion during corner flow within the upper 15-20 km below the seafloor.
The paucity of ductile deformation fabrics in most peridotites, coupled
with the abundance of localized mylonitic shear zones and faults, sug-
gests that blocks of peridotite were passively uplifted and rotated along
localized shear zones extending deeper than 15 km. Whereas some
faults observed in the region, particularly at Site 1275, could have
formed at shallow depth—for example, at the “dike-gabbro transition”
as inferred by Escartin et al. (2003) for this same area—denudation of
nearly undeformed residual peridotites and high-pressure cumulates
requires uplift along localized shear zones and faults that extend to
depths of more than 15 km.

The 14°-16°N region along the Mid-Atlantic Ridge has commonly
been interpreted as unusual. Numerous studies have documented the
presence of extensive outcrops of mantle peridotite on both sides of the
rift valley, extending for at least 50 km from the 15°20” Fracture Zone
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(summarized in Kelemen, Kikawa, Miller, et al., 2004), whereas along
other geologically well known parts of the Mid-Atlantic Ridge, exposed
mantle peridotite is typically limited to one side of the rift valley, gener-
ally on inside corner highs within 10-30 km of a large-offset fracture
zone (e.g., Tucholke and Lin, 1994). Thus, although peridotite expo-
sures along the Mid-Atlantic Ridge are commonly interpreted as the re-
sult of asymmetric deformation along detachment faults, it has
generally been thought that the 14°-16°N region is tectonically more
complex (with alternating dips of normal faults) and “magma starved.”

For this reason, the processes outlined in the previous section of this
paper—igneous crystallization and localized deformation throughout a
thermal boundary layer >15 km thick beneath the Mid-Atlantic Ridge—
could be unique to this unusual area. However, as noted above, theoreti-
cal calculations suggest that the thermal boundary layer beneath most
or all slow-spreading ridges could extend deeper than 15 km, and petro-
logical studies of lavas suggest that mantle-derived melts begin to crys-
tallize at depths of 15 km or more in many places along the Mid-Atlantic
Ridge. In addition, shipboard observations during Leg 209 suggest that
localized shear zones form along contacts between residual peridotite
and gabbroic intrusions, perhaps because the rheological contrast
between peridotite and gabbro enhances localization of deformation
between ~1200° and 600°C. Thus, Kelemen et al. (submitted [N1]) sug-
gest that the 14°-~16°N area may simply be an end-member example that
reveals typical slow-spreading processes in their best known, clearest
expression.

In this context, Kelemen et al. (submitted [N1]) question some of the
common interpretations of this region. For example, is this area really
“magma starved”? Leg 209 observations, coupled with previous work,
suggest that the entire 14°-16°N area may be underlain by mantle peri-
dotite hosting 20%-40% gabbroic intrusions and impregnations. Gab-
bro of 30% in the upper 21 km of an oceanic plate would correspond to
7 km of “normal” oceanic crust. Gabbro of 30% (7.2 km/s) + 75% peri-
dotite (8.2 km/s) yields a “mantle” compressional wave velocity (V;)
(7.9 km/s) greater than or equal to sub-Mohorovicic Discontinuity
(Moho) V, observed in about half of the seismic refraction studies of
oceanic crust that have been conducted to date (Shipboard Scientific
Party, 2004a: fig. F8 and associated references).

Recently, Lizarralde et al. (2004) performed a refraction experiment
along a flow line in the Atlantic south of Bermuda. They found that an
episode of relatively slow spreading formed seismic crust ~5 km thick,
compared to 7-km-thick crust formed at faster spreading rates. Shallow
mantle V; is slower beneath the 5-km-thick crust, compared to that be-
neath the 7-km-thick crust. The difference in V, is consistent with the
presence of ~7.5% gabbroic material distributed within the uppermost
mantle beneath the 5-km-thick crust, so that the total proportion of
gabbroic rocks formed during the slower and faster spreading episodes
could be the same. Furthermore, Lizarralde et al. (2004) observed that
areas with 5-km-thick crust had Bouger gravity anomalies 20-30 mGal
higher than areas with 7-km-thick crust, even though the proportion of
gabbroic rocks could be the same in both areas. They modeled the grav-
ity data for the area with 5-km-thick crust as the result of 7.5% gabbroic
material distributed over 30-60 km of the uppermost mantle. General-
izing from this result, Kelemen et al. (submitted [N1]) hypothesized
that some of the observed variation of seismic crustal thickness and
Bouger gravity anomalies along the Mid-Atlantic Ridge may be due to
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variable depth and distribution of gabbroic intrusions rather than to
variable overall proportions of gabbroic rocks.

Finally, the strength of seismic anisotropy in the shallow mantle—
formed by alignment of olivine a-axes during viscous deformation—will
be smaller where corner flow in the uppermost mantle is accommodated
by block rotation along localized shear zones, rather than by penetrative
ductile deformation of high-temperature peridotites. At fast-spreading
ridges, where the adiabatic geotherm probably extends to the base of the
crust, corner flow in the shallow mantle is probably accommodated en-
tirely by ductile deformation of all peridotites (e.g., Nicolas et al., 2000).
Beneath slow-spreading ridges, localized deformation and passive rota-
tion of undeformed blocks is likely in the uppermost mantle (Fig. F6).
Thus, during Leg 209, we hypothesized that seismic anisotropy in the
upper 15-30 km of the mantle would be greater beneath crust formed at
the fast-spreading East Pacific Rise compared to the slow-spreading Mid-
Atlantic Ridge. We were delighted to discover that this hypothesis is
consistent with the recent results of Gaherty et al. (2004).

Amplifying the paleomagnetic results and shipboard observations of
shear zone and fault structure, Schroeder et al. (submitted [N3]) present
a tectonic synthesis of data from Leg 209. They endorse a “rolling
hinge” model for large normal faults that denude mantle peridotite,
intruded by gabbroic plutons, to the seafloor, coupled with later devel-
opment of other normal faults with smaller displacement.

To summarize, recent seismic and gravity observations of old Atlantic
seafloor southwest of Bermuda independently suggest that gabbroic
material is distributed throughout the uppermost mantle below the
Moho during periods of relatively slow spreading and that the role of
penetrative ductile deformation is much smaller in the shallow mantle
beneath the Atlantic compared to the Pacific. These interpretations are
consistent with the central results from Leg 209. Thus, many or most
slow-spreading ridges may be characterized by igneous crystallization
and localized deformation throughout a thermal boundary layer
thicker than 15 km. Continued geological and geophysical studies can
test this hypothesis and help to define the regional extent of oceanic
plates that form in this way.

CONTRIBUTIONS TO GLOBAL GEOCHEMISTRY

Osmium Isotope Geochemistry

Harvey et al. (2006) present new Os isotopic data, together with
other new geochemical data, on residual peridotites recovered from Site
1274. They also provide an excellent summary of Os isotope data from
previous studies of oceanic peridotites, sulfides in peridotites, and
MORB glasses. All of the 20 peridotite samples analyzed record '87Os/
18805 less radiogenic than proposed for “primitive upper mantle” (PUM),
indicating an ancient depletion event, probably more than 1 billion
years ago. Although abyssal peridotites with '870s/1880s lower than
PUM have been observed previously, the mean of previous data is close
to PUM, whereas the Site 1274 data are consistently lower than PUM.
The unradiogenic Os isotope ratios in Site 1274 samples range as low as
0.117, slightly lower than the previous minimum value of 0.118
observed in mid-ocean-ridge peridotites (Standish et al., 2002).

Sulfide grains from the least radiogenic peridotite sample from Site
1274 generally have '87Os/'80s consistent with the whole-rock value. A

15§

F6. Igneous accretion and seafloor
spreading at fast- vs. slow-spread-
ing ridges, p. 30.




P.B. KELEMAN ET AL.
LEG 209 SUMMARY: PROCESSES BENEATH THE MID-ATLANTIC RIDGE

few radiogenic grains have low Os and high Re. A few single sulfide
grains show lower '87Qs/'80s ratios than the most depleted whole-rock
values, as low as 0.114, indicating that—whereas overall Os isotope
ratios may have been raised by melt-rock or seawater-rock interaction—
some samples record an ancient Re depletion event. This event can be
modeled as having occurred more than 2 billion years ago. These data
confirm the observation of '870s/'880s as low as 0.110 in hydrothermal
fluid from the Juan de Fuca Ridge (Sharma et al., 2000), indicating a
highly depleted, ancient mantle component in the mantle source of
mid-ocean-ridge basalts.

It remains unclear why there is so much variability in '80s/1880s in
the Site 1274 peridotites (0.11691-0.12665). The least radiogenic sam-
ple is only 12 m from the sample with the third highest 870s/'880s and
<30 m from the most radiogenic sample. Either (1) the mantle in the
melting region beneath the Mid-Atlantic Ridge is variable in '87Os/'80s
on a ~10-m scale and/or (2) tectonic processes have juxtaposed peridot-
ites from larger heterogeneous domains in the melting region and/or
(3) melt/rock reaction during MORB transport from source to surface
has created small-scale '870s/'88QOs variation in shallow mantle peridot-
ites and/or (4) interaction with seawater has substantially modified
whole-rock Os isotope values in Site 1274 peridotites. The fact that no
observed MORB '870s/1880s values extend significantly below those
proposed for the primitive upper mantle suggests that source rocks rich
in radiogenic Os play an important role in mantle melting, and thus
that the variability in Os isotope ratios in Site 1274 peridotite is due
mainly to igneous processes (1, 2, and 3) and not to hydrothermal alter-
ation of homogeneous residues with low Os isotope ratios.

Trace Element Geochemistry and the Pb Paradox

As illustrated in Figure F7, Godard et al. (2005) find consistent high
Pb/Ce in inductively coupled plasma-mass spectroscopic (ICP-MS) data
for a compilation of the least altered and/or impregnated residual peri-
dotite compositions from Leg 209 (Paulick et al., 2006). High Pb/Ce is
also observed in abyssal peridotites from mid-ocean ridges worldwide
(Niu, 2004), together with Godard and Kelemen’s unpublished data on
peridotites from the Oman, Josephine, and Trinity ophiolites and the
Jurassic Talkeetna arc (Leg 209 and Oman ICP-MS data from the Univer-
sité de Montpellier; Josephine, Trinity, and Talkeetna from Washington
State University; some Pb concentrations checked by isotope dilution at
Woods Hole Oceanographic Institution). Although this work is not yet
published, we expand upon these observations and their interpretation
here.

The samples in the Godard et al. (2005) compilation have average
Pb/Ce ~10 times higher than primitive mantle (Hofmann, 1988), with
only 3 of 180 samples having Pb/Ce less than that in primitive mantle.
REE abundance, and Ce concentration specifically, is less than that in
primitive mantle in 165 of 180 samples, consistent with depletion via
melt extraction, modified by some magmatic refertilization. High Pb
concentrations could be due to (1) retention of Pb in residual sulfide,
(2) addition of Pb in sulfide and plagioclase during “impregnation” by
crystallizing melt, and/or (3) addition of Pb in sulfide and carbonate
during alteration.

There is little doubt that Pb is an incompatible element during melt-
ing of the mantle to form mid-ocean-ridge basalt with a bulk rock/melt
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distribution coefficient similar to that of Ce, and thus “unadulterated”
residues should be depleted in Pb relative to primitive mantle and
should have Pb/Ce approximately equal to Pb/Ce in mid-ocean-ridge
basalts. Therefore, retention of Pb in residual sulfide during melt extrac-
tion cannot be the main cause of high Pb/Ce in residual peridotites. Ad-
ditionally, Pb concentration is not well correlated with compatible and
moderately incompatible elements such as Ni, Cr, Ti, and heavy REE.

Pb concentration is strongly positively correlated with Th, Nb, and
light REE. These elements are commonly considered “immobile” during
hydrothermal alteration (e.g., Winchester and Floyd, 1977) but mobile
during melt migration and igneous metasomatism. Thus, high Pb con-
centrations and Pb/Ce are most likely due to magmatic impregnation—
“reactive fractionation” in the shallow mantle—whereas metasomatism
during hydrothermal alteration probably does not play an important
role in Pb enrichment.

All of the residual peridotite samples in the Godard et al. (2005) com-
pilation, except those from the Talkeetna arc section, have Th/Pb and
Th/Nb less than those in primitive mantle. This suggests that relatively
high Th concentration may distinguish arc from ridge (and ophiolite)
peridotites. More importantly from the perspective of global geochem-
istry, this indicates that recycled mid-ocean-ridge peridotites will evolve
to low 208Pb/204Pb compared to the primitive mantle over long residence
times in the mantle.

Most dredged mid-ocean-ridge peridotites worldwide (Niu, 2004)
have high U concentrations and U/Pb higher than in primitive mantle,
but most other samples in our compilation have U/Pb less than in
primitive mantle. Three shallow, oxidized residual peridotites recovered
via drilling during Leg 209 have high U concentrations; U concentra-
tions in other Leg 209 residual peridotites are lower than in MORB and
primitive mantle (Fig. F8). Thus, high U in dredged mid-ocean-ridge
peridotites can most likely be attributed to oxidizing seafloor weathering.
Given that oxidized weathering only extends tens of meters below the
seafloor, Godard et al. (2005) inferred that most mid-ocean-ridge peri-
dotites have Th/Pb and U/Pb less than in primitive mantle. If residual
peridotites form with Pb isotope ratios similar to mid-ocean-ridge
basalts, these rocks will evolve to 206Pb/2%4Pb and 297Pb/2%4Pb ratios less
radiogenic than primitive mantle.

The effect of subduction modification on Th/Pb and U/Pb is unclear.
If Pb is immobile during hydrothermal alteration—as suggested by the
positive correlation of Pb concentration with Th, Nb, and light REE—
then subduction modification of Pb concentrations is likely to be minor
as well. If U is fluid-mobile in subduction zones and is removed by flu-
ids evolved from subducting peridotite, this will lower U/Pb and modi-
fied residues will evolve to still lower 206Pb/294Pb and 2°7Pb/2%4Pb ratios.

As discussed elsewhere in this paper, crystallization of igneous phases
from cooling melt migrating along peridotite grain boundaries may be
common in the thick conductive boundary layer beneath slow-
spreading ridges. These crystallizing phases likely include sulfide and
plagioclase with abundant Pb. Beneath the Mid-Atlantic Ridge, such re-
active fractionation of sulfide and plagioclase is likely to occur within a
20-km-thick conductive boundary layer. Based on this estimate, together
with the observation that residual peridotite samples in the Godard et al.
(2005) compilation contain Pb concentrations similar to those in primi-
tive mantle, tens of percent of mantle Pb could be sequestered in a high-
Pb residual peridotite reservoir over geologic time. Evolution of strongly
unradiogenic Pb isotope ratios in such a reservoir, in refractory peridot-
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ites that contribute little to subsequent melting, offers a potential solu-
tion to the “first lead paradox,” in which observed mid-ocean-ridge and
ocean-island lavas are systematically enriched in radiogenic Pb com-
pared to meteorites and the inferred bulk earth composition (Alleégre,
1969).

Zircon Provenance (Ridge vs. Arc Zircons)

Grimes et al. (in press) report on a new method of trace element dis-
crimination for distinguishing zircons formed at mid-ocean ridges ver-
sus those formed in arc environments. This method will be useful for
determining the provenance of detrital zircons in the geologic record,
including the Archean and Hadean detrital zircons that provide virtu-
ally the only samples of Earth’s crust prior to 3.8 billion years ago.
Grimes et al. (in press) found that, as for ridge versus arc lavas, zircons
from ridge environments have low fractionation-corrected U and Th
concentrations compared to zircons from arc environments. This result
contrasts with that of several previous studies, most recently that of
Coogan and Hinton (2006), which used REE and Ti concentration data
to argue that zircons from different tectonic environments could not be
distinguished using trace element data. Using the new discrimination
diagrams, ancient zircons from the Jack Hills and Acasta localities show
clear affinities with arc zircons and are distinct from zircon generated in
a mid-ocean-ridge environment.

GEOBIOLOGY

Josef et al. (this volume) found no measurable microbial enhance-
ment of olivine dissolution rate as measured using dissolved Li and Si
for as long as 709 days. It had been hypothesized that microbes might
mediate reaction of olivine with water, capitalizing on the chemical po-
tential energy inherent in the disequilibrium between mantle olivine
and surface waters. If so, microbial activity might enhance olivine dis-
solution rates. Moeseneder et al. (unpubl. data) inoculated sterile basalt
glass and sterile olivine with bacteria cultured from pillow lavas and ob-
served an enhancement in dissolution rates via high Li and Si in solu-
tion, compared to sterile controls. Josef et al. (this volume) did not
culture microorganisms from Leg 209 peridotite samples, so the pres-
ence of microbial matter in these samples is not certain. Thus, the lack
of enhancement of dissolved Li and Si in their samples, compared to
sterilized controls, could be due to a variety of factors including a lack
of living microbes in the samples.

AEROBIOLOGY

Griffin et al. (2006) describe observations of “dust-borne” microor-
ganisms collected from the derrick of the JOIDES Resolution during Leg
209. Colony-forming units of bacteria and fungi were detected. Satellite
imagery indicated high dust concentrations emanating from North Af-
rican sources during the time that the most dust and the largest number
of colony-forming units were collected on the JOIDES Resolution.
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Figure F1. Drill site locations for Leg 209. Inset of Mid-Atlantic Ridge bathymetry (base image from
www.ngdc.noaa.gov/mgg/image/2minrelief.html) noting location of 15°20’N Fracture Zone modified
from Kelemen, Kikawa, Miller, et al. (2004).
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Figure F2. Simplified core logs for Sites 1268, 1270, 1271, 1272, 1274, and 1275 (detailed lithologic sections
are available in Shipboard Scientific Party, 2004a: figs. F7, F21, F31, F37, F42, F50). Based on these data, we
infer that the entire area may be underlain by mantle peridotite with ~20%-40% gabbroic intrusions and
impregnations, consistent with results of previous dredging and submersible studies.
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Figure F3. Poiklitic impregnated peridotite with olivine, plagioclase (plag), orthopyroxene (opx), clinopy-
roxene (cpx), and spinel (sp) showing “equilibrated” textures overprinted by low-temperature alteration
along grain boundaries (Sample 209-1275B-7R-1, 75-80 cm) (cross-polarized light; field of view ~ 2.5 mm).
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Figure F4. Normative anorthite in plagioclase (approximately molar Ca/[Ca+Na]) vs. forsterite in olivine
(molar Mg/[Mg+Fe], or Mg#) in poikilitic impregnated peridotites from Site 1275, compared to composi-
tions of plagioclase and olivine in gabbro sample suites from mid-ocean ridges and the Samail and Wadi
Tayin massifs of the Oman ophiolite. The broad variation of anorthite content in plagioclase at nearly con-
stant olivine forsterite content is probably due to “reactive fractionation” (i.e., reaction between residual
peridotite and crystallizing melt migrating along olivine grain boundaries) (e.g., Kelemen, 1986). Compar-
ative data on mid-ocean-ridge gabbro suites show the correlation of anorthite in plagioclase with forsterite
in olivine that is expected for crystal fractionation without reaction with residual peridotite. Sources for
comparative data on oceanic gabbro suites: Cayman Rise (Elthon, 1987); Hess Deep, East Pacific Rise (Nat-
land and Dick, 1996); Mid-Atlantic Ridge Kane Fracture Zone (MARK) area Hole 923A (Casey, 1997); South-
west Indian Ridge Hole 735B (SWIR; Dick et al., 2002); and Samail and Wadi Tayin massifs of the Oman
ophiolite (Garrido et al., 2001; Kelemen et al., 1997; Koga et al., 2001; Korenaga and Kelemen, 1997, 1998;
Pallister and Hopson, 1981).
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Figure F5. Molar Mg# (Mg/[Mg+Fe]) vs. Zr concentration in mid-ocean-ridge basalt (MORB) and oceanic
gabbro samples. MORB glass data were downloaded in April 2003 from PetDB (petdb.ldeo.Columbia.edu/
petdb). Other data: “average” normal MORB (NMORB; Hofmann, 1988); average composition of gabbroic
rocks from ODP Hole 735B on the Southwest Indian Ridge (Natland and Dick, 2002); and average compo-
sition of gabbroic rocks from ODP Leg 153 on the Mid-Atlantic Ridge (MAR; Agar and Lloyd, 1997).
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Figure F6. Synoptic diagram illustrating the inferred difference between igneous accretion and seafloor
spreading at fast- vs. slow-spreading ridges. Lightest pattern represents residual peridotites. Red areas rep-
resent dunites formed as conduits for melt transport in the shallow mantle. Blue areas represent gabbroic
plutonic rocks. Black areas represent volcanic rocks. A. Based in part on observations in the Oman ophio-
lite, where impregnated peridotites and gabbroic plutons are rare in the mantle section more than ~500 m
below the crust-mantle transition zone and where plate spreading in the shallow mantle is accommodated
by penetrative ductile deformation of residual peridotites (Kelemen et al., 2000). We infer that this repre-
sents a medium- to fast-spreading ridge, where the conductive boundary layer beneath the ridge axis does
not extend far below the base of igneous crust. B. A hypothetical end-member scenario for igneous accre-
tion and seafloor spreading at a slow-spreading ridge, based on our synthesis of results from Leg 209, to-
gether with other previous and ongoing research as described in the text. Impregnated peridotites and gab-
broic plutons begin to form at the base of the conductive boundary layer, >15 km below the seafloor.
Throughout much of this conductive boundary layer, at less than ~1100° or 1000°C, plate spreading is ac-
commodated by localized deformation along mylonitic shear zones and—at lower temperatures—brittle
faults. These shear zones and faults rotate and uplift passive blocks of residual peridotite that host gabbroic
intrusions, some of which are exposed on the seafloor. In such a scenario, the thickness of igneous crust
above the seismic Moho will be less than at fast-spreading ridges, and—because of the lack of penetrative
deformation and the variable magnitude tectonic rotation—seismic anisotropy in the uppermost mantle
will be less than in plates formed at fast-spreading ridges.
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Figure F7. Trace element concentrations determined by Marguerite Godard using ICP-MS at the Université
de Montpellier (as reported in Paulick et al., 2006) for residual harzburgites from Sites 1272 and 1274, ex-
cluding dunites and petrographically evident impregnated peridotites, normalized to mid-ocean-ridge
basalt (MORB) concentrations (Hofmann, 1988).
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Figure F8. Mid-ocean-ridge basalt (MORB)-normalized U concentration for residual harzburgites from Sites
1272 and 1274. MORB normalization factors from Hofmann (1988).
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