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[11 The Wugbah massif (central Oman Ophiolite) comprises a well preserved <2 km thick crustal unit over
a 6—8 km thick mantle sequence. The mantle comprises harzburgites and few dunites cut by various types
of dykes. With the exception of basal and late fault zones, peridotites display granoblastic and
porphyroclastic textures, acquired by high-temperature plastic deformation. They locally suffered important
recrystallization as shown by neoblastic shapes and arrangements. Macroscopically, the peridotites have
well-defined foliations and lineations, whose features allow the massif to divide into three structural
domains. It comprises a N110° trending central zone that suffered an anticlockwise rotation, with an
upwelling zone in its southwestern part, bound between two NS areas sheared in right-lateral conditions.
This peculiar geometry is thought to reflect an overlapping spreading center (OSC) where the east and west
bordering zones would define the trace, in the mantle, of two ridge segment terminations and the oblique
N110° central zone the axial part of the overlap area. It is proposed that the northward migration of the
southwest branch and its concomitant EW spreading caused the deformation and rotation of the overlap
zone. In our OSC model, flow in the mantle would be continuous from one spreading center branch to the
other, being curved in the overlap area to accommodate the offset. The mantle flow would therefore be
more and more decoupled with the brittle crust when approaching the overlap zone, where extensional
tectonics can occur. We consider that some mantle upwelling is possible due to its specific location, in
between two ridge segments and over the main mantle flow. The distance between the two ridge axes is
~15 km, which means that this paleo-OSC can be ranked in the class of intermediate OSCs, illustrating a
third-order ridge segmentation. At the scale of the ophiolite, the Wugbah OSC is located northwest of a
major domain marked by the presence of a NW-SE trending propagating ridge responsible for the formation
of a new oceanic crust. It is suggested that the Wugbah OSC formed earlier and underlines the trace of a
ridge that had later migrated to the East.
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1. Introduction

[2] Many scientists currently working on ophiolites
agree that the Oman ophiolite represents several
segments of an ancient oceanic lithosphere that was
formed at a rather fast-spreading ridge, at spreading
rates between 5 and 10 cm yr~' [Harcker et al.,
1996; Nicolas et al., 2000], either in small back arc
basins [Rothery, 1983, Lippard et al., 1986] or,
more likely, in larger true oceanic domains [Boudier
and Coleman, 1981; Ceuleneer et al., 1988; Juteau
et al., 1988a, 1988b; Nicolas et al., 1988a, 1988b].
On the basis of petrostructural studies carried out on
this ophiolite, many across-strike models of spread-
ing center dynamics have been proposed using data
concerning either the crustal part of the ophiolite,
mainly gabbros and sheeted dyke [Smewing, 1981;
Pallister and Hopson, 1981; Dahl, 1984; Ernewein
et al., 1988; Juteau et al., 1988a, 1988b; Nicolas et
al., 1988a, 1988b; Boudier et al., 1996; Kelemen et
al., 1997] or the peridotites structures attitudes
[Ceuleneer et al., 1988; Nicolas et al., 1988a,
1988b; Ceuleneer, 1991; Reuber et al., 1991; Ilde-
fonse et al., 1995; Jousselin et al., 1998].

[3] Most recent work on the Oman ophiolite has
been concerned with along ridge variations evi-
denced by (1) changes in the nature and attitude of
the sheeted dyke [Reuber, 1988; MacLeod and
Rothery, 1992; Nicolas et al., 2000], (2) thickness
variations of the crustal unit [Juteau et al., 1988a,
1988b] and of the mafic-ultramafic transitions
zones [Nicolas et al., 1988a, 1988b], or (3) the
presence of mantle diapirs in relation or not with
propagating rifts [Ceuleneer et al., 1988; Nicolas et
al., 1988a, 1988b; Ceuleneer, 1991; Reuber et al.,
1991; MacLeod and Reuber, 1990; Jousselin et al.,
1998; Nicolas et al., 2000]. Recognition of these
later structures, marked by steep foliations and
lineations, is of great interest because they describe
mantle upwelling zones that relate the paleoridge
dynamics. For instance, most of the diapirs present
in the southern and central parts of the ophiolite
(Samad-Magsad-Bahlah-Nakhl-Rustaq-Haylayn),
which are all aligned in the NW-SE direction,
would reflect the northward propagation of a
NW-SE trending new ridge segment into an older
lithosphere formed along a NE-SW trending pale-

oridge [Nicolas et al., 1988a, 1988b; Nicolas et al.,
2000]. However, such an origin has not been
invoked for the Mansah diapir, located in the NE
part of the Sumail massif, that has been interpreted
as the deep root of an off-axis oceanic seamount
[Jousselin and Nicolas, 2000b].

[4] The nature and origin of the diapiric structure
identified in the Wugbah massif [Nicolas et al.,
1988b], just west of the main propagator zone
defined by the Samad-Haylayn alignment
(Figure 1), is more enigmatic and questioned in a
more recent paper [Nicolas et al., 2000]. This is
because it occurs at the end of a ridge segment and
because it is potentially linked with the existence of
an overlapping spreading center (OSC), as pro-
posed by MacLeod and Rothery [1992] using data
on the sheeted dyke complex. However, such set-
tings are not expected to host mantle diapirs
because the ends of ridge segments and OSCs are
supposed to be low magma production zones and
hence relatively cold areas devoid of upwelling
centers [MacDonald and Fox, 1983; MacDonald
et al., 1986; Martinez et al., 1997]. A first hypoth-
esis was therefore that the Wugbah diapir was not a
mantle upwelling zone in the sense of the Magsad
diapir but another type of structure of unknown
origin. A test of this hypothesis was the aim of our
study of the Wugbah massif, for which we have
done a detailed sampling and structural mapping of
its ultramafic part. On the basis of the mantle
deformation field and on its kinematics, we propose
that the Wugbah massif and its associated upwell-
ing zone reflect the geometry of the deep flow
beneath a fossil OSC and discuss its formation and
geodynamic significance.

2. Geology of the Wuqbah Massif

[s] The Wugbah massif contains a large NW-SE
trending syncline-like structure (~60 km long by 30
km large). In the center, the crustal rocks have been
largely eroded. Mantle rocks are exposed at around
(Figure 1) and are in thrust contacts with the nappe
series (Sumeini and/or Hawasina). In the perido-
tites, contacts are always marked by the presence of
low-temperature peridotites, generally transformed
in schistose serpentinites, and in the nappe series, by
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Figure 1.

Location of the Wugbah block in central Oman ophiolite (NKF, Najh al Kabstein Fault; modified after Le

Meétour et al. [1989], Nicolas and Boudier [1995], and Rothery [1982]).

a tectonic melange and/or brecciated rocks [ Glennie
et al., 1974; Le Métour et al., 1989; Nicolas and
Boudier, 1991]. From the analyses of maps pub-
lished by the latter authors, it was suggested that the
Wugbah block was imbricated by two NE dipping
thrust sheets and later cut by vertical faults that
cross through the whole ophiolite sequence. On the
basis of the attitudes of the sheeted dykes that trend
at about N160° to the north of the Najh al Kabstein
fault (NKF) and at N175° southwest of it, Rothery
[1982] divided the Wugbah block into two parts
separated by this fault and proposed that the north-
ern block underwent a rotation of 15° relative to the
southern block. This interpretation is no longer
confirmed by our data, which indicate that dykes
with the N160° trending attitudes are also present in

the southwestern part of the NKF but that they are
cut by the N175° dykes that constitute the main
sheeted dyke complex. With the exception of this
block rotation, Rothery [1982] considered that the
stratigraphy of the ophiolite and the attitudes of the
crustal main structures had not been significantly
modified by the deformation related to ophiolite
emplacement.

[6] Rothery [1982] described a complete ophiolitic
sequence in the Wugbah massif, including a thin,
less than 2 km thick crustal unit comprising lavas,
sheeted dykes, and gabbros, both isotropic and
layered, over a 6—8 km thick harzburgitic mantle
sequence. Whereas the lavas have been largely
eroded and rare and only present in the SW part
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of the massif where their structural thickness does
not exceed 100 m, the sheeted dyke complex dis-
plays a considerable spatial distribution, typically
forming vertical swarms of meter-thick grey to
green dykes with common chilled margins over a
thickness of nearly 0.5 km. Because of the MORB-
type chemistry of the lavas and of the dykes, this
ophiolite was considered as formed at an oceanic
spreading center [Rothery, 1982].

[7] Underneath the sheeted dyke complex, dykes
either cut already cooled gabbros or root into
coarse isotropic gabbros. This is well seen in the
eastern part of the massif where isotropic gabbros
are rich in secondary amphiboles formed by
replacement of clinopyroxene due to hydrothermal
circulation. These gabbros grade locally into foli-
ated rocks that display a vertical magmatic lami-
nation parallel to the edges of crosscutting dykes.
This indicates that the dykes were emplaced in a
still hot and not consolided crust, likely above the
magma chamber [Rothery, 1982]. The isotropic
gabbros progressively pass downward into layered
gabbros that contain olivine, plagioclase, and cli-
nopyroxene compositional variations at the centi-
meter to meter scale. In the western part of the
massif, dykes cut these already cooled layered
gabbros. For MacLeod and Rothery [1992], these
dykes underline along ridge intrusions of magma
fed laterally from a magma chamber. For these
authors, dykes from the western (laterally propa-
gating) and eastern (rooted) parts of the massif
originated in two distinct segments of ridge, a
feature which is thought to occur at ridge segment
terminations and/or in OSCs settings.

[8] These <1 km thick gabbros rest over mantle
peridotites. The contact zone between the crustal
rocks and the mantle unit is locally marked by a
200 m thick transition zone (MTZ) comprising
dunites, wehrlites, and various types of gabbros.
It is generally steeply dipping at more than 70°, a
feature which is not related to late emplacement
tectonics because of the lack of cold deformations
along the contacts, but may have been acquired
earlier, in the Wugbah ridge environment, as
already proposed for the Haylayn [Juteau et al.,
1988b; Reuber et al., 1991; Nicolas and Boudier,
1995] and Fizh massifs [Nicolas et al., 2000]. The

presence of a steep Moho is significant because it is
thought to occur at the tip of propagating ridges
[MacLeod et al., 1996; Nicolas et al., 2000]. Both
the rocks of the MTZ and the overlying gabbros are
also locally cut by diabase dykes that continue
upward into the sheeted dyke complex that largely
outcrops in the southern part of the massif.

[v] The Wugbah mantle unit mainly comprises
serpentinized clinopyroxene-poor harzburgites and
very few dunitic and chromitite pods. The perido-
tites were considered to be mantle tectonites,
deformed at high temperature, at the mantle ridge
axis [Rothery, 1982]. In these peridotites, whose
general tectonic features were outlined, the pres-
ence of a mantle diapir (Figure 1) was suspected
[Nicolas and Boudier, 1995].

3. Peridotites

[10] The Wugbah peridotites are well exposed in
the northern part of the Wugbah block, where they
constitute rather high, rugged, and poorly accessi-
ble mountains (elevation between 700 and 1300 m)
cut by narrow wadies. We mapped in an area ~20
km long (EW direction) by 6 km wide, located at
the northwestern tip of the Wugbah massif, in a
zone thought to have been least affected by late
deformation (Figure 1). Two hundred and fourteen
samples were collected [Quatrevaux, 1995]. Their
lithological and structural features are given here.

[11] The peridotites are mostly harzburgites (180
samples, 90%), locally rich in orthopyroxene,
which either forms centimeter size layers parallel
to the main foliation in the rocks or metric diffuse
patches. It also comprises dunites (34 samples,
10%) that form patches and layers, and which
toward the Moho are locally enriched in clinopyr-
oxene along feeder zones, leading in places to the
formation of wehrlites quite similar to those pre-
viously described in other Oman peridotites [Jous-
selin and Nicolas, 2000a, 2000b; Nicolas, 1986a,
1986b; Reuber et al., 1991]. All the ultramafic
rocks are cut by dykes, generally less than 10 cm
thick, which grade from websterite in the basal part
of the mantle sequence to gabbros and diabases in
the upper levels. While most peridotites at the base
of the sequence are mostly totally serpentinized,
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Figure 2. Map repartition of the different textures in the Wugbah peridotites.

schistosed, and commonly strongly brecciated due
to the ophiolite emplacement (“‘Basal Serpentin-
ites” of Rothery [1982]), those from the central and
uppermost parts of the sequence are rather fresh,
with less than 30% of serpentine. Their total thick-
ness is estimated at 6—8 km.

3.1. Textural Data

[12] Macroscopically, two dominant metamorphic
structures were recognized within the peridotites,
coarse textures associated with a weak shape pre-
ferred orientation of crystals and porphyroclastic
structures marked by well—defined foliations and
lineations. Under microscope, they correspond to
the granoblastic and porphyroclastic textures that
are commonly observed in mantle peridotites from
massifs and xenoliths [Harte, 1977; Mercier, 1984;
Mercier and Nicolas, 1975; Nicolas, 1986a,
1986b]. They have been found in both harzburgites
and dunites. A few mylonitic structures were also
found in peridotites from the basal parts of the
massif and along some NW-SE faults that cut the
peridotite massif, mainly in the western and central
parts of the massif.

[13] Granoblastic textures are common in the Wug-
bah peridotites (Figures 2, 3a, and 3b). This is
significant because such textures are thought to
represent the hottest and earliest texture recorded
in the mantle unit. They are characterized by the
presence of large (4—9 mm) and weakly strained
olivine crystals, with rather irregular and curved
grain boundaries. These have locally recrystallized
into large (up to 1 mm) and totally unstrained
neoblasts that display straight boundaries and com-
mon triple points. The associated orthopyroxenes
form aggregates (4 mm) or occur as isolated
crystals (same size) that locally show traces of
resorption. Spinel crystals are always less than
1 mm in size and have irregular to dentritic shapes
when associated with the orthopyroxene. However,
when present at olivine grain boundaries, they form
small and rounded crystals.

[14] The coarse-grained porphyroclastic textures
(Figures 2, 3¢ and 3d) are characterized by large
olivine porphyroclasts (6 x 2 mm), significantly
strained, as indicated by widely spaced subgrain
boundaries, and by the presence of small size (0.5—
1 mm) neoblasts with rather regular outlines, sug-
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gesting an origin by subgrain rotation recrystalliza-
tion. In these rocks, the orthopyroxene forms locally
elongate aggregates (3—4 mm in size), or occurs as
isolated rounded crystals (same size). Spinel (milli-
meter in size) generally occurs at the periphery of
the orthopyroxene crystals or as scattered crystals
associated with olivine. In the later case, it mostly
displays irregular holly leaf type shapes, underlying
the foliation that is also emphasized by olivine and
orthopyroxene crystals or clusters.

[15] In granoblastic and coarse-grained porphyro-
clastic rocks, olivine displays good preferred ori-
entations with the [010] axes oriented at high angle
to the foliation and the [100] axes close to the
lineation (Figures 4a and 4b). This indicates that
deformation occurred in rotational conditions by
translation glide of the (010) [100] system, which is
activated at high temperature [Ave Lallemant and
Carter, 1970; Carter and Ave Lallemant, 1970;
Karato et al., 1986; Zhang and Karato, 1995;
Bystricky et al., 2000; Zhang et al., 2000]. How-
ever, in the coarse-granular rock (Figure 4a), the
fabric is lesser defined with combined [100] slip
directions, which are largely dominant, and [001]
axes in the (010) plane, a feature which has been
already described in annealed porphyroclastic peri-
dotites from kimberlites [Mercier, 1984].

[16] Both the granoblastic and coarse-grained por-
phyroclastic rocks are characterized by the pres-
ence of unstrained large-sized olivine neoblasts that
have straight or gently curved grain boundaries,
defining common triple points (Figures 3e and 3f).
This indicates grain growth, a process that can have
achieved at slow strain rate deformations or in
lithostatic conditions as for annealing [Karato et
al., 1980; Mercier, 1984; Karato et al., 1986;
Karato, 1989]. It is interesting to notice that in
the Central zone, the grain growth clearly postdates
a main plastic deformation responsible for the
formation of high-strain textures. This is demon-

strated by the existence, in a few rocks, of strained
and elongated orthopyroxene crystals (5 x 1 mm)
that are surrounded by large (1-2 mm size) and
totally unstrained olivine neoblasts (Figures 3g and
3h) with curved to straight joins, locally forming
triple points.

[17] Peridotites having granoblastic and coarse-
grained porphyroclastic textures are spatially asso-
ciated and overlap at the massif scale (Figure 2).
They are found everywhere, except along the bor-
ders of the massif, which display finer-grained
structures. The granoblastic rocks, however, are
more abundant closer to the Moho. They are also
found in the southern part of the area of vertical
lineations of the central zone and at the boundary
between the west and central zones.

[1s] A few peridotites also display fine-grained
porphyroclastic structures with strongly strained
olivine and pyroxene porphyroclasts in the milli-
meter range. Olivine is largely recrystallized into
neoblasts (0.3—-0.5 mm), reaching locally up to
30% modal content in some rocks. The associated
orthopyroxene is also finer grained and highly
strained and the spinel has holly leaf shapes. These
textures, locally grade into mylonitic type fabrics,
marked the development of abundant small size
(0.1-0.2 mm) olivine and pyroxene neoblasts
along shear bands and by the presence of elongated
pyroxenes (>5 x 1 mm).

[19] In the fine-grained porphyroclastic and mylo-
nitic peridotites, the olivine porphyroclasts also dis-
play good preferred orientations (Figures 4c and 4d),
with the [010] axes oriented at high angle to the
foliation and the [100] axes close to the lineation.
However, in the mylonitic rock (Figure 4d), the
[100] and [010] directions display weaker maxima,
probably because the data set include neoblasts
(30%). These fabrics are indicative of plastic defor-
mation of the rocks at high temperature under rota-
tional conditions. Such high-temperature fabrics are

Figure 3.

(opposite) Photomicrographs of the principal textures of the Wugbah peridotites. Background of each

photo is made by olivine and serpentine in cracks. Opx, orthopyroxene; Cpx, clinopyroxene; Sp, spinel. (a, b)
Granoblastic harzburgites (sample 93b-F and 191F, respectively). (c, d) Coarse-grained porphyroclastic harzburgites
(Figure 3c is poorly strained type, sample 175F; Figure 3d is strongly strained rock, sample 33F); (e, f) Strongly
recrystallized porphyroclastic rocks (sample 99F), (g, h) Evidence of recrystallization post-dating stretching of the

orthopyroxenes (porphyroclastic peridotite, sample 99bF).
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[010]

[001]

[100]

Figure 4. Olivine preferred-orientation for the principal microstructural types of peridotites in the Wugbah massif
(normalized projection: solid line indicates foliation; solid dot indicates lineation). (a) Granoblastic texture (sample
177, 102 measurements; contours 1, 2, 4, 6, 10%). (b) Coarse-grained porphyroclastic texture (sample 33, 101 data,
contours 1, 2, 4, 6, 10, 15%). (c) Fine-grained porphyroclastic texture (sample 58, 102 data, contours 1, 2, 4, 6, 10,
15%). (d) Mylonitic texture (sample 185, 100 data, contours 1, 2, 4, 6, 10, 15%).

not rare in natural mylonitic peridotites, as described
in peridotites from the oceanic domains (Mark area,
Atlantic Ocean [Ceuleneer and Cannat., 1997]),
Alpine-type massifs (Ronda [7Tubia, 1994] and
Lanzo [Boudier, 1978]), and also ophiolites (Oman
for instance [ Boudier and Coleman, 1981]). Accord-
ing to the neoblast size [Mercier, 1984], it is likely
that this high-temperature deformation occurred at

increasingly more elevated deviatoric stress and/or
strain rate conditions from the fine-grained por-
phyroclastic structures to the mylonitic ones.

[20] The fine-grained porphyroclastic and mylo-
nitic rocks are dominantly found at the periphery
of the massif, mostly in the northern part. However,
a few samples in which we suspect a former high
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Figure 5. Map and stereographic projections of foliations in the Wugbah peridotite. Stereograms: equal area, lower
hemisphere. West zone (66 data, contours 3, 6, 9, 12%), central zone (103 data, contours 2, 4, 6, 8%), north zone (53
data, contours 4, 8, 12, 16%), north zone mylonites (18 data, contours 8, 16%, 24%), east zone (46 data, contours 3, 6,

9, 12%).

stress deformation prior to their recrystallization are
also present in the western part of the area of
vertical lineations of the central zone (Figure 2).

3.2. Structural Data

[21] Macroscopically, all the Wugbah peridotites
have tectonite structures, including the granoblastic
peridotites, which have weaker fabrics. Hence they
all display foliations and lineations that were deter-
mined using spinel shape fabrics, crystal align-
ments, and, in the case of the mylonites, elongate
orthopyroxene crystals. These structures have been
measured in the field where several measurements
were systematically collected at each station of
observation. These data were confirmed in the
laboratory on bleached samples (more than 250),
which makes significant the measurements plotted
on the structural maps. Thin sections were cut
systematically in the XZ plane for strain analysis
and shear sense determination. The latter was
estimated from the obliquity between the foliation
and the shear plane, determined using petrofabric

diagrams (on 14 samples), the sugbgrain boundary
attitudes and also the reading of the transmitted
light intensity which depends on the lattice orien-
tation, a method described by Nicolas and Poirier
[1976] and tested over years in controlled natural
situations [Michibayashi et al., 2000, and referen-
ces therein]| and eventually confirmed experimen-
tally [Zhang and Karato, 1995; Zhang et al., 2000].
In the mylonites, we also use the orthopyroxene
crystals which, when elongated, allow a direct
determination of the shear plane by using their
exsolution lamellae (see method by Nicolas and
Poirier [1976)).

[22] Maps including stereogram projections of foli-
ation and lineation data (Figures 5 and 6) show
variations in the attitudes of the main structures at
the massif scale and allow to deliminate four zones
in which the structures are relatively homogeneous.
These zones match those defined by the textures
(Figure 2), the east, central, and west zone having
dominantly granoblastic and coarse-grained por-
phyroclastic peridotites and the north zone mostly

9 of 20



r 5.~ Geochemistry 7
% Geophysics Y(M
__ |Geosystems  {{ Jr

GIRARDEAU ET AL.: KINEMATICS OF MANTLE FLOW

10.1029/2001GC000228

—| LINEATIONS

1km °
.

63148
s
54 ' 21

2 17§ [ 06 18 sz
f\m i séu

— LEGEND

Peridotites S ot Central zone B
/; :{)melllmelauon( 7 30-59 i
. reching lineation
‘ o < 60°-90 N
Thrust
— Lithological contact
Fault ) | |
» Zone limit 23°50N

Il
| 56208

an SARAN
D HAYLAYN

WUQBAH RUSTAQ

MUSCAT

) 000, SUMAIL

P )
L ’ b '. ‘ 28
3 G 9 2.\
e Q/MTZ\._\.S\@ L “ﬁf >, East
— 304
5 A e zone
PN

£

- [ Peridotites (MTZ transition zone) ~ [_] Maficrocks ~ [—_] Nappe series | | 56°20E
T

Figure 6. Map and stereographic projections of lineations in the Wugbah peridotite. Stereograms: equal area, lower
hemisphere. West zone (62 data, contours 2, 4, 6, 8%), central zone (99 data, contours 2, 4, 6, 8%), north zone (53 data,
contours 4, 8, 12, 16%), north zone mylonites (14 data, contours 8, 16%, 24%), east zone (45 data, contours 3, 6, 9%).

fine-grained porphyroclastic and mylonitic ones.
The zone boundaries are not marked by faults
and seem to be gradual at the massif scale.

[23] In the east zone, the foliations and lineations
display homogeneous attitudes with the foliation
oriented N160°, 55°W (Figure 5) and the lineation
plunging 30°S in the foliation plane (Figure 6).
Shear measurements indicate a dextral displace-
ment of the rocks, with a normal component, which
implies a northward movement of the hanging wall
(overlying western block) relative to the footwall
(underlying eastern block) (12 measurements nor-
mal, 1 inverse, Figure 7).

[24] In the central zone, the trend of foliation plane
is constant at about N110°. Its dip is always greater
than 75°, toward the north in the northern part of
the zone and in the opposite sense in the south
(Figure 5). The lineation is dominantly subhorizon-
tal, becoming subvertical toward the southeastern
part of the zone, in a 6 x 2 km area trending N°110
(Figure 6). In areas with low lineation plunges, the
shear sense has a marked left-lateral component

and indicates a west-northwest movement of the
hanging wall relative to the footwall (12 measure-
ments normal, 1 inverse, Figure 7). In the area of
subvertical lineations, the shear sense delimites
poorly defined dip normal displacements.

[25] In the west zone, structures are more hetero-
geneous (Figures 5 and 6), partly due to local tilting
of the foliation by late faults. The foliation attitude
ranges from NO05°, 50°E to 45°W, and seems to
have been folded about N05° subhorizontal axes.
The associated porphyroclastic lineations are, how-
ever, consistently oriented and have average ori-
entations close to the fold axis, which suggest that
folding of the foliation is a primary feature as it is
associated with fabrics developed under mantle
conditions. In these rocks, the shear sense indicates
a southward movement of the hanging wall relative
to the footwall (11 measurements normal, 4
inverse, Figure 7).

[26] In the north zone where fine-grained porphyro-
clastic peridotites dominate together with some
mylonites present at the contact zone with the
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underlying nappe series, the foliations display rel-  wise rotation, which is out of keeping with the
atively homogenecous attitudes at about N115°,  shear sense determined in its bordering zones, a
25°S to 25°N (Figure 5). Lineations are consis-  problem which is tentatively explained in the dis-
tently oriented at N115°, 10°E (Figure 6), exceptin  cussion section.

the mylonites where they trend N135° as previ-

ously shown by Nicolas and Boudier [1995]. In 4, Dykes

these two rock types, the shear sense indicates an

east to east-southeast movement of the overlying  [28] Dykes intrusive within the Wugbah ophiolitic
block relative to the underlying one (13 measure-  series consist of pyroxenites, gabbros, and diabases
ments normal, 1 inverse, Figure 7). Because of the  (Figure 8). Those found in the deepest levels of
location of the mylonites at the basal part of the the peridotites are thin (<10 cm thick) pyroxenite
mantle unit, it is considered that these textures were ~ dykes or layers which are commonly folded and
acquired during the first stages of the ophiolite  boudinage (Figure 9a). Most of these dykes were
emplacement and, hence, will not be used for to  clearly emplaced before or during the latest stages
reconstruct the dynamics of the paleoridge. of the plastic deformation of the surrounding peri-
dotite. Crosscutting relationships indicate that they
predate the gabbros (Figure 9a). They are oriented
at various angles to the foliation in the peridotites,
often at up to 60° in the west and east zones but at
less than 20° in the main central zone (Figure 8).
Because of their early origin and relative scattered
attitudes, these pyroxenite dykes and layers will not
be used for kinematic reconstructions.

[27] This work shows that there are significant
variations in the attitude of the peridotite primary
high-temperature structures in the Wugbah massif.
This is evident in Figure 7 which illustrates the
existence of a N110° trending zone, sheared under
left-lateral conditions, with dip-slip motion in the
southeastern part of the zone. This N110° trending
zone lies in-between two domains deformed under
right-lateral conditions, oriented N160° (east zone)  [29] However, the peridotites have also been
and NO5° (west zone). It evidences an anticlock-  intruded by gabbro dykes, which are domi-
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(151 data, contours 2, 4, 6, 8%).

nantly present in the upper levels of the mantle
unit, particularly when approaching the Moho
(Figure 8). These dykes are a few centimeters to
1 m thick and generally weakly or not deformed
(Figure 9b). They are oriented N165° in the west
zone, N150° in the southwest part of the central
zone, N120° in the eastern part of the central zone,
and N80° in the east zone. In the southcentral part of
the central zone, the gabbro dykes locally cut the
MTZ and the overlying layered gabbros of the base
of the crustal unit. As they grade upward into the
diabases that form the sheeted dyke complex [Roth-
ery, 1983], they likely represent segregations from
the magmas that fed the sheeted dykes, which
suggests that they can be used to determined the
fossil trend of the paleoridge.

[30] A few diabase dykes are also present within
the main mantle unit (Figure 9c), in the eastern
central part of the west zone (Figure 8), where they
trend on average at N165°. They also cut the Moho

zone, with a mean attitude at N150°, in the south-
central part of the central zone (Figures 8 and 9d).
Their attitude is very close to that of the dykes
present within the gabbros (N155°, Figure 9¢) and
that grade into the main sheeted dyke complex
(Figure 8). The latter is oriented at N170° in the
west zone, very close to the orientation of the
gabbro intrusives, and at N150° in the central zone,
at ~30° from the average gabbro dyke trend
(Figure 8). Our field observations show that the
N°150 dykes are also present in the west zone,
where they are cut by the N170° family dykes
which is dominant (Figure 9f). This indicates that
the west zone did not suffer any significant rotation
during the obduction process as proposed by Roth-
ery [1982]. The fact that in the central zone, a few
diabase and gabbro dykes cut across the Moho
while maintaining similar attitudes in the crust and
in its underlying mantle also indicates that the
geometry of the studied zone has not been signifi-
cantly modified by ophiolite emplacement tecton-
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Figure 9. Photographs displaying the various types of dykes present in the Wugbah massif. (a) Pyroxenite dyke
folded and boudinaged within the peridotite and later cut by a thin undeformed gabbro dyke. (b) The 5 to 55 cm thick
undeformed gabbro dykes intruded into depleted peridotites. (c) Meter-thick altered diabase dyke intruded into the
peridotites in the West zone. (d) Diabase dyke cutting through a gabbro dyke in intrusion witin the mantle peridotites.
(e) Pegmatitic gabbro dyke intruded into the gabbros. (f) Occurrence of N180° dykes cutting through the preexisting
N150° dykes in the West zone of the Wugbah massif.
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described by the peridotite deformation (upper box to the left) and by the gabbro dykes (main figure).

ics, in agreement with the absence of serpentinite
breccias along the crust-mantle contact. This means
that the strain pattern revealed by our data is related
to ridge dynamics.

[31] In the west zone, the strong similarity between
the attitude the dykes that form the sheeted dyke
complex (trending at N170°) and those that cut
already cooled peridotites and layered gabbros
(trending at N165°) suggests that all formed during
a single magmatism episode. Such dykes would
underline along-strike penetration zones of magmas
fed laterally from a magma chamber [MacLeod and

Rothery, 1992] and therefore the trace of a paleo-
segment of ridge (Figure 10). Note that the main
foliation in the peridotites from that zone is ori-
ented close to this inferred paleosegment of ridge
trend.

[32] In the east zone, diabase dykes were not seen
within the peridotites. They are rooted within the
upper gabbros, a feature suggesting that the feeder
zone was located beneath the dykes that grade
upward into the N150° trending sheeted dyke
complex [MacLeod and Rothery, 1992]. As they
are cut in the west zone by the N165°—170° family
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of dykes, they emplaced earlier and likely underline
an “older” segment of ridge.

[33] If we compare the trend of the gabbro dykes
present within the peridotites in the three zones of
the Wugbah massif with respect to that of the
sheeted dyke complex in the west zone (Figure
10), we see that the gabbros and diabase dykes in
the west zone are almost parallel (5° difference).
This is not the case for the dykes present in the
central zone, which present an angle of 20° (west-
ern part) to 50° (eastern part). Such angle increase
from the west to the east describes the rotation we
have defined from the peridotites foliation attitudes
and shear sense (Figure 7). In the east zone, the
gabbro dykes are oriented at a high angle (70°) to
the sheeted dyke trend which may indicate a larger

rotation or record a specific magmatic event related
with the formation of the zone of vertical linea-
tions.

5. Discussion and Conclusions

5.1. OSC Model

[34] The mantle deformation field of the Wugbah
massif documented here roughly recalls that drawn
by seafloor lineaments at intermediate to large
OSCs associated with a propagating rift, i.e., in a
nontransform ridge offset [Hey et al., 1980; Mac-
Donald and Fox, 1983; Sempéré et al., 1984;
MacDonald et al., 1986; Hey et al., 1988, 1995;
Livermore et al., 1997; Martinez et al., 1997]. By
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analogy, and using the structural pattern and kine-
matics of deformation within the Wugbah perido-
tites, we attempt to reconstruct the mantle geometry
of such a system.

[35] In the model (Figure 11), the west and east
zones define the traces, in the mantle, of two ridge
segment terminations, and the oblique N110° trend-
ing eentral zone represents the axial part of the
overlap. We propose that the southwestern segment
of the ridge was propagating northward. It is
suggested by the presence in the Wugbah massif
of a steep Moho, a feature that is supposed to occur
at the tip of propagating ridges [MacLeod et al.,
1996; Nicolas et al., 2000]. It is also supported by
the presence, in the southwestern part of the massif,
of the N170° trending dykes that underline along
strike injections of magmas, in an “older” crust
marked by the N150° dykes [MacLeod and Roth-
ery, 1992]. Conversely, we propose that formation
of this “older” crust occurred along a regressive
segment of ridge, arbitrarily located in the east zone
of the Wugbah massif.

[36] A major question was to explain the anticlock-
wise rotation displayed by the central part of the
Wugbah massif. In our opinion, this rotation is not
consistent with the right-lateral shear sense deter-
mined along the east and west borders. It can be
easily explained if we link it to the northward
migration and concomitant E-W spreading of a
propagating ridge that would have been located in
the southern part of the Wugbah west zone, as
proposed above (Figure 11). Such a propagator
would have produced a left-lateral shear couple at
the northern and southern edges of the overlap area,
responsible for the anticlockwise rotation of the
overlap area as already given by Wetzel et al.’s
[1993] models.

5.2. Consequence for the Crust and Mantle
Dynamics

[37] The peridotite train trajectories suggest that the
flow in the upper mantle was continuous from one
branch to the other of the system and curved in the
overlap area to accommodate the offset. It indicates
subhorizontal movements, except in the southeast-
ern part of the overlap area where it is vertical. This
zone can be seen at depth as a zone of intense

shearing in which the deformation conditions have
likely varied from moderate stress conditions at the
beginning of the OSC formation, just after the ridge
breakup, to lower stress conditions latter. The
coarse-grained high-temperature textures displayed
by the central zone peridotites (Figures 2, 3a, and 3b)
and the presence of a few rocks that contain relics of
high-stress orthopyroxene surrounded by coarse
unstrained neoblasts (Figures 3g and 3h) are in
agreement with this hypothesis.

[33] The overlap zone was likely an area of major
decoupling between the brittle crust and the duc-
tile upper mantle. It is a zone of oblique stretching
where extensional tectonics likely occurred due to
the separation of the two ridges, as indicated by
the existence of deeps in OSCs [MacDonald and
Fox, 1983; Sempéré et al., 1984; MacDonald et
al., 1986; Livermore et al., 1997; Martinez et al.,
1997]. In our model, because of the angle existing
between the directions of movement on each side
of the overlap zone, extension was likely max-
imum in the southeastern part of the overlap area.
It may have produced partial denudation of the
upper crust, which might explain why the crust,
which is intruded by the diabases at Wugbah, was
so thin.

[39] Although steep lineations associated with out-
ward dipping foliation may, in some cases, reflect a
tanspressive regime [Robin and Cruden, 1994], our
data and model better points to a transtensive
context. In such an extensional regime, some
mantle diapirism can have occurred at depth. This
can explain the zone of vertical motion mapped
within the mantle in the southeastern part of the
central zone. However, although this mantle struc-
ture is marked by steep foliations and lineations, it
does not exhibit the same divergent flow as other
diapiric zones in the southern part of the Oman
ophiolite [Nicolas and Boudier, 1995]. Neverthe-
less, its presence indicates that a deep mantle
instability has developed in the overlap area. This
is consistent with the presence of the coarse recrys-
tallized textures present in that area, which are
indicative of stress relaxation at high temperature,
conditions that can be achieved at the core of an
upwelling zone. Such a structure can have formed
because of the specific location of the overlap in
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between two ridge segments and above the main
ridge deep asthenospheric upwelling.

5.3. Implications for the Oman Ophiolite

Reconstruction

[40] Since the distance between the two ridge axes
inferred for the Wugbah fossil OSC is less than 15
km (Figures 10 and 11), it can be ranked as a small
to intermediate OSC [Gente, 1987; Lonsdale, 1983;
MacDonald and Fox, 1983; MacDonald et al.,
1984; Sempéré et al., 1984]. However, one of its
segments is a propagator, as in the OSCs described
along the East Scotia ridge (6—7 cm Ma ™ ') at 57°S
[Livermore et al., 1997] and at 29°S on the East
Pacific rise [Martinez et al., 1997], both of which
having larger sizes.

[41] At the Oman ophiolite scale, the Wugbah OSC
likely represents a third-order ridge segmentation. It
is located northwest of a major domain (Figure 12),
marked by the presence of a NW-SE propagating
ridge (Samad-Magsad-Bahlah-Nakhl-Rustaq-Hay-
layn diapirs alignment), that is at the origin of the
formation of a new oceanic crust within an ancient
one [Nicolas et al., 2000]. Although the orientation
of the Wugbah fossil OSC is compatible with that of
the large propagator, it is very unlikely that the two
structures formed at the same time, mainly because
the Samad-Haylayn propagator probably continues
to the northwest in the Haylayn block [Nicolas et
al., 2000]. As there is no major fault between the
Wugbah and the Haylayn massifs, it is suggested
that the Wugbah OSC formed earlier and defines the
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trace of a ridge that migrated to the east and was
abandoned, as is commonly observed in modern
oceanic domains [Schouten et al., 1977].
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