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[1] The 1415 m deep IODP Hole U1309D (Mid‐Atlantic Ridge, 30°N) is the second deepest hole drilled
into slow spreading oceanic lithosphere. The recovered section comprises essentially gabbroic rocks, with a
large range of compositions. The most primitive end‐members of the gabbroic sequence, herein referred to
as olivine‐rich troctolites (ol > ∼70%), have textures and geochemical compositions intermediate between
that of mantle peridotites and primitive cumulates, indicative of melt impregnation processes. We carried
out a detailed microstructural study to further characterize the petrogenetic processes leading to their for-
mation, as well as discuss their mode of emplacement and relationship with neighboring mantle litho-
sphere. In olivine‐rich troctolites, olivines range from coarse‐grained subhedral crystals, commonly
containing well‐developed subgrains, to medium‐grained rounded crystals with fewer or no substruc-
tures. They are embedded in large, undeformed pyroxene and plagioclase poikiloblasts. Olivine substruc-
tures reveal dislocation creep that is consistent with activation of the main high‐temperature slip systems,
dominantly (010)[100]. Olivine crystallographic preferred orientation is very weak but generally shows a
relatively stronger, uncommon [001] concentration. These unusual olivine fabrics are interpreted as
resulting from melt impregnation of a previously deformed olivine matrix: the solid olivine framework
is disrupted by olivine corrosion along grain and subgrain boundaries, and the high‐temperature plastic
fabric is modified in a liquid‐dominated regime. Based on mineral composition and fabrics and in com-
parison with what is observed in impregnated mantle rocks elsewhere, we posit that olivine represents
relicts of mantle peridotites disaggregated by large melt influx, although the mantle origin of olivine
is not unequivocally demonstrated yet. Whatever the initial lithology, impregnation by large volumes
of melt has strongly modified the original composition and microstructure. If the mantle origin hypoth-
esis is correct, the original olivine fabric could have been efficiently weakened by dunitization prior to
disruption of the olivine framework by melt impregnation. Incorporation, at the base of the lithosphere,
of small slivers of impregnated dunite into gabbroic sections, trapped between successive igneous units,
may be a common mechanism of lower crustal accretion at slow spreading ridges. Extensive melt‐
rock interaction processes are expected to contribute significantly to the final chemical composition of
erupted lavas.
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1. Introduction

[2] Melt impregnation is commonly observed in
mantle rocks at slow [e.g. , Girardeau and
Franchetau, 1993; Cannat et al., 1997; Seyler and
Bonatti, 1997; Kelemen et al., 2004], and fast
spreading ridges [e.g.,Cannat et al., 1990;Hékinian
et al., 1993; Allan and Dick, 1996; Arai and
Matsukage, 1996; Dick and Natland, 1996], as
well as in ophiolites [e.g., Nicolas and Prinzhofer,
1983; Boudier, 1991; Rampone et al., 1997, 2008;
Piccardo et al., 2007]. Melt impregnation is asso-
ciated with pervasive melt/rock interaction involving
high melt volumes, and results in the crystallization
of significant amount of plagioclase and/or clin-
opyroxene in peridotite. It occurs in the shallowest
part of the mantle, mostly at the mantle/crust tran-
sition [e.g., Boudier and Nicolas, 1995; Dijkstra et
al., 2003; Borghini et al., 2007]. Recent studies
indicate that similar magmatic processes may affect
crystallizing gabbroic sections at slow spreading rid-
ges [Lissenberg and Dick, 2008]. Melt impregnation
strongly modifies the composition of impregnated
mantle rocks [e.g., Takazawa et al., 2007], which
then have compositions intermediate between those
of abyssal peridotites and primitive gabbros [e.g.,Niu
and Hekinian, 1997; Paulick et al., 2006; Godard et
al., 2009]. Pervasive melt/rock interaction also leads
to significant changes in the physical properties
and microstructures of mantle rocks, as documented
at the asthenosphere/lithosphere transition above
mantle plumes [Tommasi et al., 2004] and in
peridotite massifs [e.g., Lenoir et al., 2001; Vauchez
and Garrido, 2001].

[3] Olivine‐rich troctolites drilled during Expedi-
tions IODP 304–305 in the Atlantis Massif (Mid‐
Atlantic Ridge, 30°N) were sampled within a
1415 m thick gabbroic section. The bulk geo-
chemistry of these rocks is intermediate between
that of peridotite and that of gabbro [Godard et al.,

2009]. Drouin et al. [2009] conclude from mineral
chemical composition analysis that olivine‐rich
troctolites have formed in a domain of large mag-
matic transfer and accumulation, similar to what is
described in the mantle‐crust transition zone in
ophiolites and at fast spreading ridges. In order to
investigate the effect of melt/rock reaction and
crystallization on mineral Crystallographic Preferred
Orientations (CPO), and discuss further the origin of
olivine‐rich troctolites, we performedmicrostructural
analysis of olivine‐rich troctolites, and of neigh-
boring troctolites and olivine gabbros collected from
3 olivine‐rich troctolite intervals along IODP Hole
U1309D.

2. Atlantis Massif and IODP Hole
1256D

[4] The Atlantis Massif is a ∼2 Ma old Oceanic
Core Complex (OCC) that is located at 30°N at the
inside corner of the eastern intersection of the Mid‐
Atlantic Ridge with the Atlantis Transform Fault
(Figure 1a). It is the result of low‐angle detachment
faulting [e.g., Cann et al., 1997; Blackman et al.,
2002; Karson et al., 2006; Ildefonse et al., 2007],
and extends approximately 20 km parallel to the
ridge and 15 km across (Figure 1a). The oceanic
crust in this type of area along slow spreading
ridges is presumably highly heterogeneous with
discrete gabbroic bodies intruded into variously
serpentinized peridotites [e.g., Cannat, 1993, 1996;
Ildefonse et al., 2007].

[5] IODP Hole U1309D, the main hole drilled
during IODP Expeditions 304–305, is located at
the top of the central dome of Atlantis Massif
(Figure 1a) where the seafloor coincides with a
corrugated detachment fault surface [Blackman et
al., 2006]. Hole U1309D penetrated 1415.5 m
below seafloor (mbsf) in basement and recovered
mostly gabbroic rocks (Figure 1b). The whole core
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in Hole U1309D is moderately altered at conditions
ranging from granulite to zeolite facies. Overall, the
alteration tends to decrease downhole. Magmatic
deformation associated with the emplacement of
Hole U1309D gabbroic intrusive suite is weak and
affects only 22% of the recovered core. High‐
temperature (amphibolite to granulite facies) defor-
mation is rare and high‐strain ductile shear zones
represent less than 3% of the recovered core.

[6] Minor peridotite (�1% of the recovered
rocks), occurring as intervals a few tens of cm thick
was sampled in the upper ∼200 m at Site U1309
(Figure 1b). They are described as impregnated
peridotites, and interpreted as relicts of mantle
lithosphere, intruded and crosscut by gabbroic
intrusions [Tamura et al., 2008;Godard et al., 2009].

Diabase intrusions (2.9% of the recovered rocks) of
variable thickness (a few cm to several m) occur
throughout the entire core; they are more abundant
in the upper 130 m (Figure 1b), and have MORB
compositions [Godard et al., 2009].

[7] Gabbro is the most abundant recovered rock
(56%) with important variations in grain size and
modal composition on a decimeter scale. Ortho-
pyroxene was identified in thin sections in many
(>5%) gabbro intervals, mostly below 600 mbsf.
Olivine gabbro (Ol > 5%) locally grades to trocto-
litic gabbro and troctolite, and represents the second
most abundant recovered rock type (28%). Oxide
gabbro (>2% modal Fe‐Ti oxides) represents 7% of
the recovered rocks and occurs as disseminated
patches, as dikelets crosscutting other lithologies,

Figure 1. (a) Bathymetric map of the Atlantis Massif area, with the location of IODP Hole U1309D drilled during
expedition IODP 304–305 [Blackman et al., 2008]. (b) Lithologies recovered in Hole U1309D, 20 m running average
[Blackman et al., 2006], and depth localization of the sampled olivine‐rich intervals. Zones 1 to 4 are those sampled
by Drouin et al. [2009]. The samples studied herein are from zones 1, 2, and 4 (Table 1).
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or less commonly, associated with ductile defor-
mation zones [Blackman et al., 2006].

[8] Olivine‐rich troctolites (Figure 2) represent an
olivine‐rich (ol > 70%) subset of gabbroic samples.
Their modal composition varies at the scale of a
few centimeters to a few decimeters; they comprise
troctolite, as well as dunite and wehrlite at a very
local scale. Olivine‐rich troctolites (see rationale for
using the term “olivine‐rich troctolite” by Blackman
et al. [2006]) represent 5.4% of the recovered rocks
in Hole U1309D (Figure 1b). Olivine‐rich trocto-
lites display a distinctive, homogeneous cumulate‐
like texture with rounded olivine embedded in
poikiloblastic clinopyroxene and/or plagioclase
(Figures 3a–3f), which resembles those commonly
described in layered cumulate series (e.g., the Rum
Intrusion [Holness et al., 2007]). The mineral
chemistry of olivine‐rich troctolites was analyzed in
detail byDrouin et al. [2009]. Clinopyroxene is high
Mg # augite (Mg # 87) and plagioclase anorthite
content is 77. Clinopyroxene and plagioclase cores
are depleted in trace elements (e.g., Ybcpx ∼5–11 ×
C1‐Chondrite [Sun and McDonough, 1989]) and
they are in equilibrium with MORB‐type melts.

Olivine has high forsterite contents ranging from 82
to 88, and is in Mg–Fe equilibrium with clinopyr-
oxene. However, its strongly fractionated trace
element composition (e.g., Gd/Yb = 0.01–0.02 ×
C1‐Chondrite) is not in equilibrium with neigh-
boring clinopyroxene and plagioclase.

[9] Olivine‐rich troctolites are observed in 22
discrete intervals in Hole U1309D, ranging from
∼40 cm to ∼12 m in thickness, with an average
recovery of 75%. These olivine‐rich rocks are
commonly intruded by thin (∼1 to 20 cm) gabbroic
intrusions, and are intercalated with olivine and
troctolitic gabbro intervals in a given olivine‐rich
zone (Figures 1b and 2), of which three have been
sampled for this study (Table 1). Olivine‐rich
troctolite is the dominant lithology between 1090
and 1236 mbsf and is locally very fresh (down to
<1% serpentinization).

[10] We sampled olivine‐rich troctolites, and asso-
ciated troctolites and olivine gabbros, in three of
the four olivine‐rich zones defined and analyzed by
Drouin et al. [2009]. We collected 4 samples in a
first interval from ∼301 to 363 mbsf (1 olivine‐
rich troctolite, 2 troctolites and 1 olivine gabbro),

Figure 2. Examples of recovered cores of (a–d) olivine‐rich troctolite, (e) troctolitic gabbro, and (f) olivine gabbro.
Figure 2a shows core 227R3, 63 to 83 cm. Figure 2b shows core 232R1, 99 to 122 cm. Note the small‐scale gradation
in plagioclase content. Figure 2c shows core 248R2, 0 to 25 cm, crosscut by a centimeter thick gabbroic vein. Figure 2d
shows core 256R2, 105 to 128 cm. Note the heterogeneous distribution of interstitial plagioclase, forming a pervasive,
anastomosing network. Figure 2e shows core 251R1, 70 to 91 cm. Figure 2f shows core 268R2, 55 to 77 cm. Red areas
indicate the localizations of three samples (Table 1): thin rectangles indicate thin sections perpendicular to the core axis,
and square is parallel to the core axis.
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Figure 3. Photomicrographs of representative microstructures in olivine‐rich troctolites, troctolites, and olivine
gabbros. (a) Rounded and subhedral olivine crystals (Ol) included in large clinopyroxene (Cpx) and plagioclase poi-
kiloblasts forming poikilitic texture in olivine‐rich troctolite (sample 247R3_16–18). (b) Coarse‐grained subhedral
olivine crystals with smooth edges and well‐defined and widely spaced subgrain boundaries and poikiloblastic pla-
gioclase (Pl) and orthopyroxene (Opx) (sample 248R2_22–24). (c) Olivines crystals in optical subcontinuity showing
curviplanar boundaries and (100) subgrain boundaries in olivine‐rich troctolite (sample 247R3_62–66). (d) Detail of
dislocation substructures in deformed olivine of olivine‐rich troctolite (decorated sample 248R2_18–21). (e) Chains
of corroded olivines and rounded olivines embedded in a clinopyroxene oikocryst in olivine‐rich troctolite. Spinel
(Sp) occurs as small subhedral crystals with polygonal shape, included in olivine (sample 247R3_16–18). (f) Inter-
stitial grains of clinopyroxene and plagioclase forming pervasive textures in olivine‐rich troctolite (sample 64R1_58–
60). Olivine crystals in this sample are highly serpentinized (g) Olivine crystals showing (100) subgrains boundaries
and subhedral laths of plagioclase in a troctolite. Spinel occurs as small subhedral grain between olivine and plagio-
clase crystals (sample 251R1_87–89). (h) Well‐defined subgrain boundaries in olivine from olivine gabbro (sample
117R1_55–57). Figures 3a, 3b, and 3e–3h show cross‐polarized light; Figures 3c and 3d show plane‐polarized light.
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2 samples in a second interval from ∼552 to
557 mbsf (1 olivine‐rich troctolite and 1 olivine
gabbro), and 21 samples in a third interval from
1092 to 1196 mbsf (18 olivine‐rich troctolites,
1 troctolite, 1 troctolitic gabbro and 1 olivine
gabbro) (Table 1 and Figures 1b, 2, and 3).

3. Structures in Olivine‐Rich Troctolites
and Neighboring Gabbroic Rocks

3.1. Textures and Microstructures

[11] Olivine‐rich troctolites are composed of 64%–
85% olivine, 2%–24% plagioclase, 1%–30% clin-
opyroxene, ∼1% spinel. Spinel occurs as small
subhedral crystals (0.5 mm) with polygonal shape,
included in olivine, clinopyroxene or plagioclase.
Orthopyroxene oikocrysts are present in one sam-
ple (248R2_22–24; Figure 3b). Olivine‐rich troc-
tolites are texturally very homogeneous, with large
clinopyroxene (5 mm to 1.5 cm) and plagioclase
(3 mm to 1 cm) poikiloblasts enclosing coarse‐
grained subhedral to medium‐grained rounded
olivine crystals (Figure 3a). In some samples (e.g.,
60R3_39–42), clinopyroxene occurs also as inter-
stitial grains with lobate contact against olivine
crystals and forms, with plagioclase, pervasive
textures (Figure 3f). No shape‐preferred orientation
marking a visible foliation or lineation was mea-
sured in hand samples. The clinopyroxene and pla-
gioclase are always undeformed, with no visible
significant distortion/bending of the crystallographic
structure. The fine‐ to medium‐grained, rounded
olivine chadacrysts are generally devoid of sub-
structures (Figures 3a and 3e). In contrast, coarser
grained, subhedral olivine crystals display smooth
edges and common, well‐defined and widely spaced
subgrain boundaries (Figures 3a–3c). Girdles of
optically continuous, adjacent grains of subhedral
olivine are also observed within clinopyroxene or
plagioclase poikiloblasts (Figure 3c). In several
samples, a few olivine crystals are slightly elon-
gated, with the long axis generally parallel to [001]
axes, and with aspect ratios varying from 1:1.5 to
1:5. The decoration of thin sections by oxidation at
900°C in air [Kohlstedt et al., 1976] commonly
reveals free dislocations and dislocation walls in
the subhedral olivines (Figure 3d), which indicate
plastic deformation by dislocation creep.

[12] Troctolites are composed of 45%–64% olivine,
27%–40% plagioclase, 2%–15% clinopyroxene,
and ∼1% spinel, which occur as small subhedral
grains (0.5 mm) associated with olivine in some
samples. Troctolites display an igneous texture, with

no foliation observed in our samples. Plagioclase
forms large subhedral laths with resorbed grain
boundaries (2 to 4 mm) and aspect ratio ranging
from 1:1.5 to 1:4. Clinopyroxene, when present, is
interstitial to olivine and plagioclase (<1 mm).
Plagioclase and clinopyroxene are free of substruc-
ture related to crystal plastic deformation. Olivine
occurs as aggregates of subhedral, 1 to 4 mm
large grains, with well‐defined subgrain boundaries
(Figure 3g). Most olivines after high‐temperature
decoration show free dislocations and dislocation
walls indicating dislocation creep.

[13] Olivine gabbro is composed of 40%–70%
plagioclase, 25%–60% clinopyroxene and more
than 5% olivine. In contrast to olivine‐rich trocto-
lites and troctolites, spinel is absent in these rocks.
Olivine gabbros exhibit an igneous texture, with no
foliation observed in our samples. Clinopyroxene
grains are large resorbed tablets of 2 mm to 1 cm.
Plagioclase, the most abundant phase, occurs as
elongated laths or tabular crystals of 1 mm to 1 cm
with aspect ratios ranging from 1:1.5 to 1:5. As in
troctolite, plagioclase and clinopyroxene do not
show evidence of plastic deformation. Olivine
occurs as aggregates of subhedral to lobed crystals.
Well‐defined olivine subgrain boundaries, indica-
tive of crystal plastic deformation, are also observed
in olivine gabbros (Figure 3h).

3.2. Crystallographic Preferred Orientations

[14] Olivine, pyroxene and plagioclase CPO of
20 olivine‐rich troctolites, 3 troctolites, 1 troctolitic
gabbro and 3 olivine gabbros were measured by
indexation of electron backscattered diffraction
(EBSD) patterns using the SEM‐EBSD facility at
Geosciences Montpellier. EBSD patterns are gen-
erated by interaction of a vertical incident electron
beam with a high‐quality polished thin section tilted
at 70° in a scanning electron microscope JEOL JSM
5600. The diffraction pattern is projected onto a
phosphor screen and recorded by a digital CCD
camera. This image is then processed and indexed
for crystal orientation using the CHANNEL5 soft-
ware from Oxford Instruments HKL. Crystallo-
graphic orientation maps were obtained for each
sample, scanning the thin section with a sampling
step size ranging from 30 to 80 mm (Figure 4).
Indexation rates (fraction of patterns that are auto-
matically indexed during mapping) of the raw maps
range from 60% to 85% (Figure 4a). Postacquisition
data processing was used to increase the quality of
maps by (1) automatically (using a filter that detects
pixels having a minimum of 5 neighbors with the
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same orientation) and manually (when appropriate)
filling the nonindexed pixels; (2) identifying the
grains, i.e., continuous domains characterized by an
internal misorientation <10°; and (3) within each
olivine crystal, searching and correcting for sys-
tematic indexation errors due to the olivine hexag-
onal pseudosymmetry, which results in similar
diffraction patterns for orientations differing by a
60° rotation around [100]. Pole figures (Figure 5) are
presented using the average crystallographic orien-
tation for each grain instead of the raw, gridded data
to avoid the overrepresentation of larger grains when
the grain size distribution is heterogeneous at the
thin section scale. A few samples, mostly in the
upper part of the hole, are strongly serpentinized;
olivine grains are then poorly indexed, and identi-
fication of single grains is consequently difficult
resulting in strong biases in the pole figures.
Therefore, these samples were excluded and we
present the pole figures for a subset of 18 olivine‐
rich troctolites, 2 troctolites, and 2 olivine gabbros.
Only nine of these samples (89R1_92–94, 90R3_8–
10, 117R1_55–57, 227R3_124–126, 234R1_27–
29, 247R3_16–18; 248R2_22–24; 248R3_36–38;
256R2_83–85) were oriented in the core reference
frame (Figure 5).

[15] Olivine CPOs in olivine‐rich troctolites are
very weak, with fabric strength (J index; [Bunge,
1982; Ben Ismail and Mainprice, 1998]) values
ranging from 1.6 to 3.8 (Table 1). Nevertheless,
CPO patterns are not random but remarkably con-
sistent (Figure 5); they are characterized by [100]
being generally the more scattered axis, a [010]
concentration that possibly correspond to the pole
to the foliation, and a relatively stronger, unusual
[001] point or girdle cluster. The analysis of Mis-
orientation Angle Distributions (MAD) of corre-
lated (neighbor pairs) gridded data points gives
indications on the misorientation axis of subgrain
boundaries, and therefore on the active slip system(s)
during deformation (Figure 6). In most samples,
the MAD of correlated data points show a peak at
low misorientation angles (2 to ∼15–20°), with a
higher amplitude than predicted by the theoretical
random distribution. This is consistent with the
occurrence of subgrains and adjacent grains derived
from subgrains. The dominant associated rotation

axis is close to [001] in most samples as indicated
by the inverse pole figures of misorientation axes
(Figures 6a–6d and Table 1); this indicates that
olivine crystal plastic deformation is related to
dislocation creep with activation of the dominant
(010) [100] slip system, one of the most commonly
observed, and the easiest slip system in mantle
peridotites [e.g.,Durham and Goetze, 1977;Durham
et al., 1977; Ben Ismail and Mainprice, 1998;
Tommasi et al., 2000]. This analysis is confirmed by
observations made on EBSD maps (Figure 4): we
manually checked the maps for the subgrain rotation
axes using misorientation profiles across subgrain
boundaries when present (red lines in olivine crys-
tals in Figure 4), which dominantly appear to be
(100), or close to (100). [010] is a less common, but
also identified rotation axis for low‐angle mis-
orientations (Figure 6), likely indicating activation
of the (001)[100] slip system which is also com-
monly active, but less easy in natural peridotites at
high temperature [e.g., Tommasi et al., 2000]. In
most natural peridotites deformed in asthenospheric
conditions, CPOs result from the dominant joint
activity of both the (010)[100], and (001)[100] slip
systems [Tommasi et al., 2000]. In some samples
(Figures 6b and 6c), [100] seems to be also a preferred
(but minor) rotation axis for misorientation, which
may reveal the activity of (010)[001] (also active at
high temperature in olivine) and/or the occurrence of
screw dislocations in the dislocation walls.

[16] Olivines in troctolites have weak, random CPO
(Table 1), as illustrated by the two examples in
Figure 5. The MAD analysis also shows a rela-
tively high density of low misorientation angles,
mainly characterized by rotation axes close to [010]
and [001], which is consistent with the joint
activity of (010)[100] and (001)[100] at high tem-
perature in olivine (Figure 6e). Plagioclase and
clinopyroxene do not show any significant CPO.

[17] Olivine CPO in olivine gabbros are generally
stronger than in olivine‐rich troctolites and trocto-
lites (Table 1), but with no clear, distinctive pat-
terns (Figure 5), which may be a measurement
artifact due to the relatively low number of mea-
sured grains [e.g., Ben Ismail and Mainprice, 1998].
The lack of easily identifiable CPO pattern can also

Figure 4. EBSD maps of olivine‐rich troctolites. (a) Sample 233R3_21–24. (b) Sample 247R3_16–18. The large
and small rectangles indicate the localizations of the microphotographs in Figures 3a and 3e, respectively.
(c) Sample 248R2_18–21 (from the core pictured in Figure 2c). (d) Sample 248R3_36–38. (left) Raw maps. Each
color corresponds to one mineralogical phase: red, olivine; blue, plagioclase; green, clinopyroxene; black, no results
(i.e., no mineral, or nonindexed mineral). (right) Processed map for olivine (see section 3.2 for further explanations on
data processing). The color is a function of crystal orientation generated using the “all euler” function in HKL
software. Red lines in olivine grains indicate subgrain boundaries (misorientation <10°).
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result from the relatively low olivine abundance in
olivine gabbro, the deformation of each isolated
olivine grain being then possibly slightly different
rather than recording an homogenous strain field at
the sample scale. The analysis of MAD (Figure 6f)
reveals patterns similar to those seen in troctolites,
consistent with observed well‐developed (100)
subgrain boundaries in olivines, andwith dislocation
creep dominantly involving (010) [100] and (001)

[100] slip. Plagioclase and clinopyroxene are not
deformed.

4. Discussion

[18] In olivine‐rich troctolites, clinopyroxene and
plagioclase poikiloblasts are not deformed, while
the olivine chadacrysts show evidence of high‐

Figure 6. Misorientation angle distribution (MAD) and rotation axes for the low (2–15°) misorientation angles in the
crystal reference frame, in (a–d) olivine‐rich troctolite, (e) troctolite, and (f) olivine gabbro samples. Figure 6a shows
sample 248R2_22–24, Figure 6b shows sample 247R3_16–18, Figure 6c shows sample 227R3_121–124, Figure 6d
shows sample 233R3_21–24, Figure 6e shows sample 70R2_99–103, and Figure 6f shows sample 117R1_55–57.
MAD histograms present data for correlated points (angle between neighbor measurement points) compared to the
theoretical random distribution. Contours in the inverse pole figures are × multiple of uniform distribution. N is num-
ber of measurement points for each diagram.

Figure 5. Olivine crystallographic preferred orientations (CPO) in olivine‐rich troctolites, troctolites, and olivine
gabbros. Equal‐area, lower hemisphere stereographic projections; N is the number of measured grains; and contours
are × multiple of uniform distribution. The small black squares indicate the orientation of the maximum intensity in
the pole figures. A small tickmark on the right side of some pole figures indicates the top of the core for oriented samples.
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temperature plastic deformation by dislocation
creep. In addition, clinopyroxene and plagioclase
crystallized after the same MORB melt that was in
chemical disequilibrium with the partly corroded
olivine [Drouin et al., 2009]. These observations
preclude a common magmatic origin for clinopyr-
oxene, plagioclase and olivine, and imply that
plastic flow predates the crystallization of the melt.
They suggest a complex magmatic history with
percolation and crystallization of a MORB‐type
melt within a preexisting, previously deformed
olivine‐rich matrix, with high rates of melt renewal,
and the joint crystallization of plagioclase and clin-
opyroxene before reaching complete equilibration
between melt and the corroded olivine grains
[Drouin et al., 2009]. However, the origin of the
preimpregnation olivine matrix remains ambiguous,
and difficult to constrain. It could represent an ear-
lier, very primitive cumulate plastically deformed at
the base of the lithosphere, or it could derive from
mantle peridotite, as speculated by Drouin et al.
[2009] based on the in situ geochemical arguments.

[19] In sections 4.1–4.3, we discuss the potential
effects of melt‐rock interactions on the develop-
ment of olivine CPOs, the different possible origins
of olivine‐rich troctolites, and the implications of
the occurrence of the olivine‐rich troctolites on
accretion processes at slow spreading ridges.

4.1. Olivine CPO in Olivine‐Rich
Troctolite: Typical of Melt Impregnation?

[20] The observed olivine microstructures in
olivine‐rich troctolites suggest that olivine defor-
mation was accommodated by dislocation creep at
high temperature, with activation of the main slip
systems (010)[100], (001)[100], and to aminor extent
(010)[001], which are most commonly described in
mantle peridotites as a result of asthenospheric flow
[e.g., Tommasi et al., 2000]. However, olivine CPOs
are particularly weak, and most samples display a
maximum concentration of [001]. Such CPOs are
not commonly described in mantle peridotites [Ben
Ismail and Mainprice, 1998; Tommasi et al.,
2000]; a [001] preferred orientation is not consis-
tent with the high‐temperature (010)[100] and (001)
[001] slip systems, which normally results in strong
[100] clusters parallel to the lineation. Nevertheless,
weak olivine CPOs with a tendency for a stronger
[001] maximum have been measured in zones of
melt accumulation and impregnation (Figure 7),
such as the mantle/crust transition zone in the Oman
ophiolite [Ceuleneer and Rabinowicz, 1992; Boudier
and Nicolas, 1995; Jousselin et al., 1998; Dijkstra et

al., 2002], or the Kondyor ultramafic complex [Burg
et al., 2009]. Nicolas and Prinzhofer [1983], and
Boudier and Nicolas [1995] proposed that the
weaker olivine CPOs in wehrlite and impregnated
dunite could result from the desegregation, by large
volumes of magma, of an olivine‐rich matrix; oliv-
ine grains are dispersed in impregnating melt and
loose their original fabric.

[21] We commonly observe in our samples girdles
of subhedral olivine grains that show limited
misorientation between each other, with (100) sub-
grain boundaries and curviplanar grain boundaries
(Figures 3c and 3e). Interstitial spaces between
boundaries of adjacent olivines crystals are filled by
clinopyroxene or plagioclase. We postulate that
corrosion of olivine grains is easier along grain
boundaries, as well as along dislocation walls
(subgrain boundaries have higher vacancy concen-
tration than the olivine structure, and are interfaces
that are structurally close to grain boundaries [e.g.,
Sutton and Balluffi, 1995]). Hence melt may have
preferentially corroded olivine grains along (100)
subgrain boundaries to form girdles of new grains
with smooth edges [Donaldson, 1985; Boudier,
1991]. This is also supported by the observation of
adjacent olivine crystals, enclosed in clinopyroxene
or plagioclase, which share the same optical orien-
tation, suggesting that they derive from a single
crystal (e.g., Figure 3a). We interpret the dispersed,
undeformed, and smaller rounded olivines that
occur isolated in large clinopyroxene and plagio-
clase oikocrysts (Figures 3a and 3e) as the end
product of such a corrosion/dissolution process. The
lack of free dislocations in the smallest rounded
olivine crystals, observed in decorated thin sections,
could be indicative of melt‐assisted annealing.

[22] Alternatively, the small, rounded grains could
represent crystals directly crystallized from the
impregnating melt, thus never deformed. However,
we discard this interpretation because (1) the crys-
tallographic orientation of these small olivine grains
is commonly close to neighboring larger olivine
grains that commonly display subgrain boundaries
(Figure 3a) and (2) they are not in chemical equi-
librium with the surrounding clinopyroxene and/or
plagioclase [Drouin et al., 2009]. We propose that
extensive impregnation by melt has significantly
modified the style of the original olivine CPO. In a
first stage, the olivine‐rich matrix was plastically
deformed, producing fabrics as a result of disloca-
tion creep, which seems to be dominated by the most
common and easy (010)[100] slip system. Then,
melts infiltrated the olivine matrix via crystal cor-
rosion along grain and subgrain boundaries, and, as
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the melt fraction increased, crystals became free to
move, with slight rotations relative to each other
inducing a dispersion of the preexisting olivine CPO
[e.g., Cannat et al., 1990]. We thus interpret the
weakness of the measured fabrics as partly resulting
frommelt‐assisted dispersion of a preexisting fabric,
which intensity is unknown but was not necessarily
weak. This effect may add to another CPO weak-
ening mechanism, which is the process of dunitiza-
tion in the case of a mantle protolith [Tommasi et al.,
2004] (see section 4.2). The unusual clustering of
[001] axes in the measured CPOs then results from
the process outlined above: corrosion and division of
preexisting olivine grains, preferentially along (100)
subgrain boundaries (e.g., Figure 3c), followed by
misorientation of newly formed grains by small

rotations preferentially around [001] [Poirier and
Nicolas, 1975] when the melt fraction is high
enough to destroy the solid framework. Disruption
of the solid olivine framework may happen locally,
and/or episodically during the overall impregnation
history recorded by the rock. This implies that, at
least during part of this process, the melt influx
within the solid matrix is high enough to allow
crystallization of relatively large amounts of clin-
opyroxene and/or plagioclase with constant and
uniform chemistry, as documented by Drouin et al.
[2009].

[23] The clustering of [001] could in principle be
enhanced by suspension flow of olivine grains
(with [001] being the longest axis when elongated),
which requires that the melt fraction locally exceeds

Figure 7. Compilation of previously published CPOs in impregnated peridotites. The three samples from the Oman
ophiolites are located in the mantle/crust transition zone or at the base of the layered gabbro section and are described
as impregnated dunite (95OD171 [Jousselin et al., 1998]), wherlite intrusive in the lower layered gabbro (88OF5
[Boudier and Nicolas, 1995]), and wehrlite showing poikilitic clinopyroxene and plagioclase (A29 [Dijkstra et al.,
2002]). The K2 sample from the Kondyor mantle diapir is a wehrlite [Burg et al., 2009]. Contours correspond to
x times the uniform distribution, with x = 1 for the dashed contour and a contour interval of 1; N is number of
measured grains.
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∼30% [e.g., Van der Molen and Paterson, 1979;
Vigneresse et al., 1996; Rosenberg and Handy, 2005]
to allow the transition from solid‐state, plastic flow
to local suspension flow to occur. However, no
significant shape fabric was observed in our sam-
ples, and the effect of suspension flow can only be
limited here. We anticipate that the proposed
mechanism for producing the observed uncommon
CPOs (i.e., preferred rotation of grains around [001]
following corrosion and disruption of the solid
olivine framework) does not require significant
amount of magmatic flow.

[24] High‐temperature plastic deformation of oliv-
ine is also described in Hole U1309D gabbro sam-
ples studied herein. Oceanic and ophiolitic gabbros
commonly exhibit CPOs and subgrain micro-
structures in olivine crystals while there is no or little
evidence for dislocation creep in coexisting plagio-
clase and pyroxene [e.g., Boudier et al., 1996; Dick
et al., 1999; Yoshinobu and Hirth, 2002]. At
hypersolidus conditions, the olivine is the weakest
phase, and easily records small amounts of in-
tracrystalline plastic deformation in a crystal‐rich
mush [Yoshinobu and Hirth, 2002]. However, the
CPOs measured in olivine‐rich troctolites are
inconsistent with high‐temperature creep of an
olivine framework in a crystal‐rich mush; in this
scenario, the inferred (010)[100] slip system should
produce a high‐temperature CPO dominated by the
preferred alignment of [100], even if the recorded
finite strain was weak.

4.2. Are Olivine‐Rich Troctolites Primitive
Cumulates or the Ultimate Product of Melt‐
Mantle Interactions?

[25] Olivine‐rich rocks, largely observed in ophiolite
mantle/crust transition zones, are generally absent in
gabbro suites sampled at slow and ultraslow
spreading ridges [e.g., Dick, 1989; Kelemen et al.,
2007]; yet, the occurrence of these primitive cumu-
lates is required to balance the MORB composition
observed at the surface. [e.g., Dick et al., 2000;
Coogan et al., 2001; Coogan, 2007; Kelemen et al.,
2007]. Olivine‐rich troctolites are observed as dis-
crete intervals, a few meters thick, intercalated with
olivine and troctolitic gabbros intervals within the
site U1309 gabbroic sequence. Because of their
relative abundance (∼5%) and of their primitive bulk
composition [Blackman et al., 2006; Godard et al.,
2009], these rocks were obvious candidates for
being the “missing” cumulates, characterizing the,
unsampled yet, most primitive portions of the lower

oceanic crust. In this scenario, the olivine‐rich
matrix in the olivine‐rich troctolites would corre-
spond to the earliest product of the differentiation of
MORB parental melts. These primitive cumulates
would have then recorded some high‐temperature
plastic deformation at the base of the lithosphere
before being impregnated, in a second magmatic
stage, by less primitive MORB melts. The latter
could also form associated gabbroic rocks, which are
made of clinopyroxene and plagioclase with the
same trace element composition than in olivine‐rich
troctolites [Drouin et al., 2009]. However, the
composition of olivine in olivine‐rich troctolites
(highly fractionated trace element patterns with a
strong depletion in light rare earth elements and
other highly incompatible elements) is not consistent
with a formation by simple fractionation after
MORB‐type melts [Drouin et al., 2009].

[26] An alternative to a cumulate origin for the
olivine in olivine‐rich troctolites is a mantle origin.
In addition to the similarities of the CPOs with
impregnated peridotite CPOs pointed out in
section 4.1 (Figure 7), olivine‐rich troctolites dis-
play poikilitic textures that are very similar to the
impregnation textures commonly described in the
shallow mantle sampled at fast spreading ridges
[e.g., Cannat et al., 1990; Constantin et al., 1995;
Allan and Dick, 1996; Arai and Matsukage, 1996;
Dick and Natland, 1996; Niu and Hekinian, 1997].
Both ultramafic cumulates and mantle rocks, when
impregnated by large volumes of basaltic melts,
would have similar textures and major element
composition of minerals. In the case of impregnated
mantle peridotites, elements having high diffusion
coefficients in high‐temperature magmatic systems,
such as Fe and Mg [e.g., Chakraborty, 1997],
reequilibrate rapidly in melts and in the percolated
silicate framework. As a result, residual olivine will
lose its original mantle composition (i.e., low Ni and
Mg contents compared to typical mantle olivine).
Trace elements are generally thought to have lower
diffusion coefficients in silicates under the same
thermodynamic conditions, which would explain
the contrasting results obtained in olivine‐rich
troctolites: complete equilibrium between silicate
phase for Mg‐Fe and, apparently, strong disequi-
librium between olivine and associated clinopyrox-
ene and plagioclase [Drouin et al., 2009]. However,
data on diffusion coefficients of trace element in
olivine are too scarce and contradictory [Spandler et
al., 2007; Cherniak, 2007] to allow a definite char-
acterization and quantification of these reequilibra-
tion processes today.
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[27] Because of their microstructural and textural
similarities with impregnated peridotites from
ophiolites and present‐day mid‐ocean ridges, we
posit a mantle origin for the olivine‐rich troctolites
sampled at Site U1309D, although no single
unequivocal criterion allows characterizing conclu-
sively the origin of the olivine in these rocks yet. The
olivine‐rich troctolite intervals are relatively small
units, in which no relict of the preimpregnation
lithology can be observed, and no gradient of the
amount of impregnation is observed. An additional
reason for favoring the mantle origin is the weakness
of the olivine CPO; in the upper mantle, impregna-
tion would likely be preceded by dunitization, which

is an efficient mechanism to significantly weaken
the original olivine CPO, as illustrated by the study
of Polynesian xenoliths by Tommasi et al. [2004].

[28] We propose the following scenario for the
formation of Hole U1309D olivine‐rich troctolites
(Figure 8):

[29] 1. In the first stage, MORB melts are sporad-
ically injected into the molten depleted mantle at
near solidus temperature. High temperature favors
pervasive melt‐rock interactions, orthopyroxene
dissolution and dunitization [e.g., Kelemen, 1990;
Kelemen et al., 1990; Niu, 2004; Tommasi et al.,
2004]. This stage of reactive melt percolation can

Figure 8. Sketch of the proposed scenario for the formation of Hole U1309D olivine‐rich troctolites. Percolation of
basaltic melts through depleted mantle peridotite at near solidus temperature results in dunitization (orthopyroxene
dissolution, precipitation of olivine, and formation of dunite), with weakening of olivine CPO (indicated by 1),
and impregnation when increasing melt fraction (≥30%) locally disrupts the olivine framework and further modifies
the olivine CPO (indicated by 2). The dunitization and impregnation are viewed as successive stages of a continuous
process. As temperature decreases, melt crystallizes plagioclase and clinopyroxene within the assimilated olivine
matrix to form olivine‐rich troctolite. The schematic cross section of the ridge axis is modified from Cannat
[1996]. The examples of original harzburgite and dunite CPOs are from Polynesian xenoliths (RPA18A and
UAH280X, respectively [Tommasi et al., 2004]). Note the absence of structural reference frame (no visible foliation
in samples) for the dunite and olivine‐rich troctolite CPOs.
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largely contribute to the reduction of the strength of
the high‐temperature crystallographic preferred
orientation [Tommasi et al., 2004]. Should a
cumulate origin be favored for the olivine, this first
stage can be replaced by the near complete crystal-
lization of a primitive cumulate. These two possible
origins are actually not necessarily exclusive.

[30] 2. The olivine‐rich solid matrix is progres-
sively impregnated by melt; melt accumulates,
corrodes preexisting olivine grains, and the melt
fraction becomes locally sufficiently large to dis-
aggregate the olivine framework, further weaken
the fabric and reinforce the clustering of [001]. This
second stage postdates olivine plastic deformation
and dunitization. We see no significant variability
in the final CPO style that could potentially be
related to variable extents of melt impregnation at
the scale of the olivine‐rich troctolite intervals;
CPOs are consistently weak and generally display a
slightly stronger [001]. The same microstructural
scenario is proposed for wherlites from the
periphery of the Kondyor translithospheric diapir in
Russia [Burg et al., 2009], in which the olivine
CPO shows a similar peculiar [001] concentration
in an overall weak fabric (Figure 7).

[31] 3. In the third stage, as temperature decreases,
melt progressively crystallizes plagioclase and
clinopyroxene within/around the assimilated olivine
matrix [Drouin et al., 2009] to form the olivine‐rich
troctolite.

[32] The gabbroic section that was sampled in
IODP Hole U1309D was built by multiple, rela-
tively small intrusive events at different depths in
the axial lithosphere [Blackman et al., 2006;
Grimes et al., 2008; Godard et al., 2009; D. K.
Blackman et al., Drilling constraints on lithospheric
accretion and evolution at Atlantis Massif, Mid‐
Atlantic Ridge 30°N, submitted to Journal of
Geophysical Research, 2010]. Narrow intervals of
impregnated peridotites were sampled at the top of
Hole U1309D [Blackman et al., 2006; Tamura et
al., 2008; Godard et al., 2009] indicating that
small slivers of mantle can be trapped within the
gabbroic intrusions. We regard olivine‐rich trocto-
lites as representing similar slivers (maximum
thickness is ∼12 m) of heavily impregnated mantle
(or possibly early primitive cumulates). The occur-
rence in the recovered gabbroic sequence of ultra-
mafic rocks that have undergone extensive melt/
rock interactions suggests that melt percolation and
impregnation occurred in hot lithosphere, probably
at the asthenosphere/lithosphere transition.

4.3. Implications for Accretion Processes
at Slow Spreading Ridges

[33] The formation of the olivine‐rich troctolites
recovered in the IODP Hole U1309D gabbroic
section is associated with abundant melt accumu-
lation and impregnation at the base of the litho-
sphere beneath the ridge axis in this area of the
Mid‐Atlantic ridge. The association of troctolites
and olivine gabbros with impregnated olivine‐rich
rocks in Hole U1309D is similar to what has been
documented in fast spreading mantle‐crust transi-
tion zones in the Oman ophiolite [e.g., Boudier and
Nicolas, 1995; Dijkstra et al., 2003] and at Hess
Deep [Allan and Dick, 1996; Arai and Matsukage,
1996; Dick and Natland, 1996]. However, in con-
trast to fast spreading environments, the crust at
30°N is poor in volcanics, classically considered as
“magma‐poor,” and accretion is dominated by
detachment faulting [Cann et al., 1997; Blackman
et al., 2002].

[34] Our results, together with the abundance of
igneous rocks in Hole U1309D [Blackman et al.,
2006], demonstrates that magmatic activity, at the
time of the formation of the gabbroic sequence that
now constitutes the core of the Atlantis Massif, was
relatively high. This is in apparent contradiction
with the paucity of erupted basalts, the occurrence
of outcropping mantle peridotites on the seafloor in
this area, and with the traditional view that OCC
formation is related to waning magmatic activity
[e.g., Tucholke and Lin, 1994]. It suggests that most
of the melt that produced the recovered crustal sec-
tion remained trapped in the lithosphere [e.g.,
MacLeod et al., 2009], with no or little erupted
volcanic counterpart, resulting in a composite crust
made of gabbroic plutons embedded in peridotites at
depth or serpentinites closer to the seafloor and a
reduced or locally absent basaltic upper crust, as
already described at the mid‐Atlantic and Southwest
Indian Ridges [e.g., Cannat, 1993; Cannat et al.,
1995; Lagabrielle et al., 1998; Cannat et al., 2006;
Dick et al., 2006], and in Alpine ophiolites [e.g.,
Lagabrielle andCannat, 1990]. This interpretation is
supported by the overall geochemical signature of
IODP Hole U1309D [Godard et al., 2009], and is
consistent with the discrepancy between crustal
thicknesses inferred from gravimetry and from
meltingmodels [Escartín andCannat, 1999;Cannat
et al., 2004]. It is also consistent with thermal
modeling [Sleep and Barth, 1997], and with the
results of Lizarralde et al. [2004] who propose
from seismic refraction and gravimetry data that,
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at spreading rates below 20 mm/yr, significant
amounts of melt might be retained in the mantle.

[35] Extending our results to all volcanic‐poor
areas, where accretion is dominated by detachment
faulting, and which could represent as much as
50% of slow spreading ridges [Escartín et al.,
2008], we speculate that incorporation of impreg-
nated ultramafic rocks, possibly mantle peridotites,
to gabbroic sections is a widespread, and funda-
mental way of building the lower crust at slow and
ultraslow spreading ridges. OCCs, which are a
subset of detachment fault systems at slow and
ultraslow spreading ridges, represent a relatively
magma‐rich end‐member of composite crust. Sev-
eral recent studies, using independent arguments
(gravimetry and bathymetry analysis, ocean drilling
results) demonstrate that OCCs develop during or
immediately after episodes of relatively high
magma supply and do not represent the magma‐
starved end‐member of accretion processes at mid‐
ocean ridges [Cannat et al., 2006; Ildefonse et al.,
2007; Blackman et al., 2008; Tucholke et al.,
2008]. Ildefonse et al. [2007] have proposed that
fully developed OCCs such as the Atlantis massif
are the morphological expression of the occurrence
of larger than usual, discrete gabbroic plutons in
a composite crust, corresponding to episodically
enhanced magmatic activity.

[36] Based on the proposed scenario for the forma-
tion of the olivine‐rich troctolite, we can speculate
on the possible episodic occurrence of relatively
melt‐rich lenses, or sills in the upper astheno-
spheric mantle or at the lithosphere/asthenosphere
boundary in volcanic‐poor regions of slow spread-
ing ridges. Considering the thickness of the olivine‐
rich troctolites units recovered in Hole U1309D,
these sills may be thick enough (ten to several tens of
meters?) to be detected seismically with appropri-
ately designed seismic experiments. However, one
additional difficulty, compared to fast spreading
ridges, is that such melt‐rich lenses are expected to
be transient, and possibly as deep as 15–20 km if
we consider the largest inferred crystallization
depth of troctolitic rocks in comparable settings
[Kelemen et al., 2007].

[37] The melt‐rock interactions that are associated
to the formation of melt‐rich lenses of impregnated
ultramafic material are expected to modify signifi-
cantly the geochemical signature of percolating
melts (e.g., enrichment in MgO, and relative
depletion in CaO and Al2O3). Hence, in a way
similar to the primitive cumulates described by
Lissenberg and Dick [2008], the olivine‐rich troc-

tolite studied herein represents another piece of the
petrogeochemical puzzle that is necessary to docu-
ment in order to ultimately link the geochemistry of
MORB to mantle melting processes.

5. Conclusion

[38] Together with their in situ mineral composi-
tions [Drouin et al., 2009], the microstructures of
olivine‐rich troctolites from IODP Hole U1309D
suggest that high degrees of melt impregnation
contributed to their final texture, chemistry and
microstructure. The observed olivine substructures
and misorientations are consistent with deformation
by dislocation creep, dominated by the main high‐
temperature (010)[100] and (001)[100] slip sys-
tems, as commonly described in mantle peridotites.

[39] The measured CPOs differ from classical
mantle fabrics in that they are much weaker, with
slightly stronger [001] clusters. We interpret these
fabrics as recording the last stages of extensive
melt impregnation of a previously deformed olivine‐
rich rock, with separation of olivine grains by pre-
ferred corrosion along grain boundaries and (100)
subgrain boundaries. Melt impregnation is recorded
by the rock texture, with the crystallization of poi-
kilitic and interstitial pyroxene and plagioclase and
corrosion of olivine that postdate olivine deforma-
tion, and by crystal chemistry [Drouin et al., 2009].

[40] Similar textures and CPO are observed in the
mantle/transition zone of ophiolites. Based on this
similarity, we propose that olivine in olivine‐rich
troctolites is derived from mantle peridotites. In
this scheme, olivine‐rich troctolites represent the
ultimate product of a multistage melt‐mantle reac-
tion process, in which dunitization contribute to
weaken the CPO, prior to the impregnation and
disruption of the olivine framework. The mantle
origin of olivine, though, is not demonstrated
unequivocally in this study; the protolith of the
olivine‐rich troctolites could be either mantle peri-
dotite, or a primitive cumulate, or a combination of
both. In any case, it must be emphasized that melt
impregnation primarily controls the chemistry and
microstructure of olivine‐rich troctolites, and im-
plies large melt fluxes at the base of the lithosphere.

[41] The occurrence of a significant volume of
olivine‐rich troctolites in IODP Hole U1309D
suggests that magmatic activity at the ridge axis was
high when the recovered crustal section was em-
placed. This is consistent with the already stated
hypotheses, inferred from several, independent
constraints, that melt production in volcanic‐poor
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areas of slow spreading ridges is not necessarily low,
and that the development of OCCs is associated to
relatively rich magmatic episodes in an overall
composite crust. The olivine‐rich troctolites were
recovered as relatively thin (<12 m), discrete inter-
vals, which we speculate to represent relatively
small slivers of impregnated ultramafic rocks,
trapped in a stack of small gabbro intrusions. Ex-
tending this accretion mode to the entire portion of
the mid‐ocean ridge that is accreted through
detachment faults, it may represent an essential
piece of the lithosphere accretion puzzle at ultraslow
and slow spreading ridges. The contribution of melt‐
rock interactions that control the formation of olivine‐
rich troctolites to MORB geochemistry is expected
to be significant at slow spreading ridges.
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