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Frontispiece: A 1:1,000,000 ERTS image of the southeastern Oman
Mountains shows the location of the Ibra section of
the Samail ophiolite. The dark area between Ibra and
Muscat is the Samail peridotite, the predominant mem-
ber of the ophiolite section. Jabal Hammah represents
the southernmost and least deformed of the Hawasina

nappes.
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ABSTRACT

The Samail nappe, Oman, is a classic ophiolite complex consisting of
a thick section (~12 km) of "depleted" peridotite tectonite, overlain
by layered gabbro cumulates (~5 km) and high-level noncumulate gab-
bro (<1 km), followed by a 100% sheeted dike complex (~1.3 km), and
capped by a series of highly altered pillow lavas (~0.5 km). The
ophiolite stratigraphy is exposed in the Oman Mountains, an arid region
covering over 15,000 km2, with relief exceeding 2 km. In the first part
of this thesis, the results of field mapping along a 20 X 125 km strip
from Muscat to the Wahiba Sands are presented forming the foundation for
the isotopic work reported in the second part of the thesis.

The upper mantle and oceanic crustal sections preserve a partial
record of the events that occurred in the dynamic spreading environment
underying the Hawasina Ocean, a portion of the Tethys Seaway. The Samail
peridotite section records a history of partial melting, plastic flow, and
reaction with transitory melts. Ascending melts reacted with the harzburg-
ite wall-rocks leaving fehind dunite (at all depths in conduits with high
melt/ rock), and olivine orthopyroxenite, websterite, clinopyroxenite, and
gabbro (from deeper-to-shallower levels in conduits with low melt/rock).
The entire peridotite section was affected by pervasive upper mantle deform-
ation during its ascent, and a basal harzburgite-dunite zone may represent
the boundary of the originally vertical conduit that fed both melts and
peridotite to the Samail ridge system. The supply of melt was sufficient
to produce an "open system” magma chamber that achieved a steady state with
respect to cumulus phases; orthopyroxene saturation was rarely attained

in the gabbro section. Crystal accummulation predominantly occurred from
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the bottom upward. Because the high-level gabbro intrudes >90% of the
overlying dike complex, both the diabase dikes and pillow lavas are inter-
preted to have been intruded close to the ridge—-axis and to be comagmatic
with the cumulate gabbro section. The thin, heterogeneous high-level gabbro
preserves a record of many piecemeal stoping events occurring in a chamber
roof environment that was mechanically unstable. Plagiogranite commonly
occurs near the gabbro—-diabase contact; field evidence and 18p/16¢
relationships demonstrate that the plagiogranites either form by partial
melting of stoped blocks of hydrothermally altered roof rock, by extreme
differentiation of a hydrous tholeiitic magma strongly modified by exchange
and dehydration of such stoped blocks. The data suggest that the magma
chamber was open both at the bottom and the top, and thus, MOR basalts are
not considered to be primary, unmodified melts of the mantle.

The shallow-level magma chamber (<3 km below the seafloor) was the heat
engine that drove convective seawater circulation through joints and frac-
tures in the overlying section of diabase and basalt and simultaneously
in the gabbro underlying the "wings" of the funnel-shaped chamber. Both sta-
ble (180/160 and D/H) énd radiogenic (Sm/Nd and Rb/Sr) isotope systems were
used to investigate the characteristics of the hydrothermal system. The
Sm/Nd system was virtually unaffected by seawater—hyrothermal hydrothermal
alteration and crystallization ages were obtained from plagioclase and pyrox-
ene separates on single gabbro samples. Measured 6180 values in whole-
rocks, 2.5(6180<19.6, from the oceanic crustal section are typically
depleted in the lower parts of the section, and enriched in the upper parts,
relative to the primary magmatic value of 5.7 *+ 0.2. Also, the initial
875r/863r ratios vary from 0.7030 to 0.7065 increasing upward. The large

variations in 6180 and 875r/86sr are clearly the result of seawater hydro-
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thermal alteration, demonstrating that large amounts of heated seawater
(T>500°C) penetrate deep into oceanic layer three as far down as the oceanic
Moho. Mineral-mineral §180 systematics (e.g. plagioclase-clinopyroxene)
have been used to demonstrate isotope disequilibrium caused by this subsolidus
hydrothermal exchange, to ascertain the primary §180 values of the gabbro
and plagiogranite reservoirs, to estimate relative exchange rates between
minerals, to deduce the §180 changes occurring in the hydrothermal fluids
at various levels within the crust, and to differentiate between the effects
of closed and open system hydrothermal exchange in natural systems.

The 180 redistribution within the oceanic crust was systematic, with
whole-rock §180 increasing from a minimum 6180 = 3.7 in the cumulate
section about 1-2 km below the gabbro-diabase contact to values as high as
19.6 in the pillow lava section. A mass—balance calculation for the entire
oceanic crustal section indicates that, the net change over the whole oceanic
crustal section was zero implying that seawater also did not change and thus
the seawater-oceanic crustal system was at some steady-state during the late
Cretaceous. Modeling of the circulation extrapolated to the world-wide ridge
system suggests that tﬁe 6180 of seawater is controlled by the hydrothermal
interactions, and will be buffered to within 1 per mil of its present-day

value as long as global spreading rates exceed 1 km2/yr.
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CHAPTER 1

INTRODUCTION



The purpose of this thesis is to present the results of a geologic
and geochemical investigation of the Samail Ophiolite Complex, probably
the largest and best-exposed ophiolite complex on Earth. Field, petro-—
logic, and isotopic data presented here will suggest that the Samail
ophiolite originated at a spreading center in the Tethyan Sea in a
dynamic environment. This ophiolite complex has a size comparable to
that of the Sierra Nevada batholith and because of its high relief and
its exposure in an arid region, it is even more amenable to geologic
investigation than the other large ophiolites, such as Papua, New
Guinea [Davies, 1968] and Bay of Islands, Newfoundland [Smith, 1958].

It should be remembered during the following discussion that the preser-
vation of these larger ophiolite sheets in the geologic record requires

an unusual sequence of events; nevertheless, although these ophiolites
represent anomalous features in the history of the Earth, they are
extremely important because they provide virtually unique opportunities to
study an integrated section through the oceanic crust and upper mantle.

The following dispussion will largely focus upon processes
that occur at oceanic spreading centers. An underlying assumption is
that the Samail ophiolite is representative of some kind of oceanic
crust. Although the emplacement of the ophiolite upon the Arabian
continental margin was certainly an anomalous geologic event, the
processes which resulted in the formation of this slice of oceanic
crust were not. Whether the Samail ophiolite represents an open ocean
basin or a marginal basin, or whether it represents fast or slow spread-
ing, are still subjects of much debate (as they are for any ophiolite
complex). However interesting the above debate is, the discussion of

geologic setting does not affect the major conclusions resulting from



data presented here, except perhaps to modify some of the numerical
values that pertain to the scale or rate of certain geologic processes.
The field work which is the foundation of this thesis occurred
over three consecutive winters from 1977 through 1979. Two of the
field seasons were conducted as part of a team involved in a joint
National Science Foundation--U.S. Geological Survey Project on the Oman
Mountains, led by C.A.'Hopson and R.G. Coleman. This was originally
conceived as a two-part project: 1) to produce a 1:100000 geologic
map across the Oman Mountains from Muscat to the Wahiba Sands [see
Frontispiece], and 2) to use the geologic map as a basis for several
interdisciplinary studies on the ophiolite section such as geophysical
studies (gravity and magnetics), geochemical studies (rare-earth
elements, isotopic studies), petrologic studies, and geochronological
studies., The first field season was primarily devoted to geologic
mapping and sample collecting (my time was equally divided between the
peridotite and the oceanic crustal section). The second field season
was primarily devoted to more detailed geologic traverses (1/3 time on
a peridotite traverse with R.G. Coleman and F. Boudier and 2/3 time on
the oceanic crustal section, part of which was in coilaboration with
J.S. Pallister and C.A. Hopson), together with further sample collecting,
using the preliminary geochemical data as a guide to the zones that re-
quired more detailed study. The third field season (1979) was conducted
entirely by myself without the other project members, just prior to
attending the International Ophiolite Symposium in Cyprus. The major
task of this last field season was to fill-in some gaps in the 1:100000
map, to complete a traverse through the gabbro, to map the distribution

of hydrothermal veins as a function of depth, and to return to the



Dasir plagiogranite area for more detailed mapping and sample collecting.
In summary, total field time was partitioned in the following manner:
peridotite, 2.5 months; oceanic crustal rocks, 2.5 months; Dasir plagio-
granites, 1.5 weeks; and Hawasina, Maestrichtian, and basal metamorphic
rocks, 1 week.

The following discussion is organized around three papers which

have been accepted for publication in the Journal of Geophysical

Research as part of a special issue on the Samail ophiolite, scheduled
to appear early in 1981. This volume will also include the colored
version of the Muscat-Ibra transect 1:100000 map (Bailey, et al., 1981).
Unfortunately, the map is not available for inclusion in this thesis.
Chapter 2 of this thesis, the geology of the Samail ophiolite, repre-
sents a paper that I co—authored with C.A. Hopson, R.G. Coleman, J.S.
Pallister and E.H. Bailey. Coleman and I served as co-editors and
produced the final manuscript from a considerably longer first-draft
produced by all of the authors. The ideas presented therein represent
a fragile consensus concerning most of the field facts and their inter-
pretation. In chaptef 3, I have added new material and expanded upon
some of the ideas presented in the jointly-authored geology article,
including some preliminary studies on the peridotite carried out in
cooperation with R.G. Coleman and F. Boudier.

Chapter 4 of this thesis presents the results of oxygen isotope
studies of the Samail ophiolite, elaborating upon a paper co—authored
with H.P. Taylor, Jr. Chapter 5 represents a paper co-authored with
M.T. McCulloch, G.J. Wasserburg and H.P. Taylor, Jr. that discusses

Nd-Sr-0 systematics within the Samail ophiolite.



Chapter 6 of this thesis discusses the effects of hydrothermal
alteration within the oceanic crust upon the oxygen isotopic composition
of the oceans through geologic time and essentially represents the last

half of the forthcoming article in Journal of Geophysical Research co-

authored with H.P. Taylor, Jr. The buffering of the oxygen isotopic
composition of the oceans by hydrothermal circulation in the oceanic
crust was proposed by Muehlenbachs and Clayton [1976], and the sixth
chapter extends and re—evaluates work of Muehlenbachs and Clayton

in light of the new isotopic data obtained in the present study.



CHAPTER 2

GEOLOGY ALONG THE
MUSCAT-IBRA TRANSECT,

SOUTHEASTERN OMAN MOUNTAINS



2.1 INTRODUCTION

Work on the Samail ophiolite was designed as a multidisciplinary
study of a selected section through the ophiolite. The main emphasis
of this chapter is to provide a geologic setting for the 20 x 125 km
transect through the ophiolite and its associated basement and cover
rocks.

The geologic mapping of the transect at a scale of 1:100,000 was
carried out in two field seasons, January-March 1977 and January-March
1978. The main emphasis of our work was to provide an accurate des-
cription of the stratigraphy, structure, petrology, chemistry, and age
relations within the Samail ophiolite. The central focus of this
discussion will be on the 1:100,000 map (Bailey et al., 1981). The
reader will no doubt perceive some inconsistencies in our interpretation,
but with such a large and diverse group, it was not always possible to
arrive at a consensus.

Ophiolites are now generally recognized as ancient pieces of oceanic
crust and uppermost mantle [Coleman, 1977]. Most ophiolite complexes,
due to the vagaries of emplacement, are generally dismembered during
obduction and preserved only as small blocks exposed along major fault
zones. In contrast, the almost undeformed Samail ophiolite complex,
located in the Oman Mountains, Sultanate of Oman, crops out in a mag-
nificently exposed desert region exceeding 15,000 km? with approximately
2 km of relief.

Early (pre-1970) geologists [Lees, 1928; Hudson et al., 1954;
Morton, 1959; Hudson and Chatton, 1959; Hudson, 1960; Tschopp, 1967;
Wilson, 1969; Greenwood and Loeny, 1968] divided the Oman Mountain

rock units into four groups (Figure 2-1):



1. Autochthonous group consisting of pre-Permian basement rocks
overlain by a thick (~10 km) section dominated by shallow
continental shelf carbonates--the Hajar Supergroup, mid-
Permian to Cenomanian. The Hajar Supergroup is characteristic
of the eastern continental margin of Arabia and the Zagros
fold belt of Iran [Coleman, 1981];

2. The Hawasina Group, a sequence of deeper water limestone,
radiolarian chert, and shale, deposited contemporaneously
with the Hajar Group;

3. The Samail ophiolite, a thick allochthonous sequence of peri-
dotite, gabbro, diabase, pillow lava and associated pelagic
sedimentary rocks (Cretaceous);

4. Shallow-water marine limestone, locally conglomeratic, of
latest Cretaceous to Middle Tertiary age, which are trans-
gressive over the previous allochthonous rock units including
the ophiolite.

All of the workers listed above would undoubtedly agree on the
major rock units. They would, however, disagree as to the timing and
allochthonous nature of the Hawasina Group and of the Samail ophiolite.
Lees [1928] originally proposed that both the Hawasina Group and the
Samail ophiolite were in thrust contact over the Hajar Group, with the
Samail rocks representing the highest pre-Tertiary tectonic member of
the Oman Mountains. In contrast, Morton [1959] proposed that both the
Samail and the Hawasina were autochthonous due to the concordant nature
of the contacts between Hawasina and underlying Hajar Group and between

the Samail ophiolite and Hawasina Group.



Figure 2-1. ERTS image of the Muscat-Ibra transect with major geologic
units plotted. See opposite page for explanation of units.
Cross—-section modified from 1:100,000 map (Bailey et al.,

1981).



10

}0}0H yohog

10 syo01 yuswasog [ g |

"$9}DU0QGIDI
JI3ys snouoyiyaoiny _M_

NVINY3d - 3¥d

SNO30VL3¥O -0IN o1 NVIWY3d

. \o.zmmozﬁwz
5 — -
i M ON3IND3S
? 3LINNG [nP] 37LNVIN
z ILIL00INId WS
> 31INOLO3L
z N
- oyeavo [ 9]
'$44842 ‘s8|oys © [ 3LNvy90Iovid 3ON3INO3S
‘sauojsaw) 9160)ad Em 0488V Lri LSNHD
o 73A37 HOH [9H]Y [0F]
p ]
n S3MIa @3133Hs [a |
m s1vsve mo11id [A]]
3ddVN VUNISYMVYH & 3ddVYN TIVWNV -
\v4 vV Vv Vv Vv v N N A4 A4 vV v 4

[H]
84143407 I

AYYILY3L 9
duojsawl| auuow Jajom moiioys [ 1 Jgn030y 13480 31V

IERITTERAL

>

SNO30V13¥D 31V



11

avAgy vavr




12

Recent work on the Oman Mountains has thrown the weight of
geologic evidence in favor of Lees [Glennie et al., 1974; Glennie et
al., 1973; Reinhardt, 1969; Allemann and Peters, 1972]. This later
work has singled out the Samail ophiolite as a prime area for the study
of ancient sea-floor processes because (1) the complete ophiolite
stratigraphy is comparable in thickness to geophysical estimates of
typical oceanic crustal layers; (2) its size insures continuity both
parallel and perpendicular to presumed paleospreading directions;

(3) post—emplacement plutonism or regional metamorphism has not occurred
within the Oman Mountains, and (4) excellent exposures occur throughout
the mountain range. For all of these reasons, the Samail ophiolite

is an ideal area to investigate an intact piece of oceanic crust and
upper mantle in terms of its structure, petrology, geochemistry, geo-

chronology, and geophysics.

2.2 OPHIOLITE STRATIGRAPHY

2.2.1 General Overview

As described above, the Samail ophiolite has a classic ophiolite
"stratigraphy" consisting in the Ibra region of (from bottom-to-top):
(1) tectonized peridotite (9 to 12 km thick), predominantly harzburgite
with abundant dunite; (2) layered gabbro (3 to 5 km thick) generally
with a narrow (~0.5 km) zone of two—phaée olivine + chromite cumu-
lates at the base, overlain by several kilometers of three-phase cumu-
lates: olivine + clinopyroxene + plagioclase; megascopic features such
ratio layering, size layering, and orientation of cumulus phases,
particularly plagioclase and clinopyro#ene, result in a sedimentary

outcrop appearance of the layered gabbros; (3) high-level gabbro, a
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thin (<1 km) regionally mappable unit of isotropic noncumulus gabbro
with extremely variable texture and proportions of phases; the high-
level gabbros are more fractionated than the cumulates and may differ-
entiate to plagiogranite; (4) sheeted diabase dike complex (1.0 to
1.6 km thick) consisting of virtually 100 percent sheeted dikes, all
intensely affected by hydrothermal alteration; and (5) pillow lavas
(~500 meters thick) which crop out as erosional remnants near the
axis of the Ibra Valley syncline (Figure 2-2).

The following section presents a more detailed description of
each of the ophiolite units and associated rocks. Because the geology
is inseparable from the other special studies, some of the major con-
clusions of the petrology, geochemistry, geochronology, and geophysical
studies are previewed here with reference made to the special study in
each case. We acknowledge the work of our collaborators in formulating
synthesis of the geology described below.

2.2.2 Structural Environment of the Ophiolite

The Samail ophiolite nappe in the Muscat-Ibra region has been
emplaced upon the thick autochthonous Permian to Cretaceous shelf
carbonate section that characterizes the Arabian Peninsula. The pre-
Permian basement structure underlying the shelf carbonates and ex-
posed in the Sayah Hatat window (Figure 2-1) consists of isoclinally
folded quartz-mica schist and greenstone that trend NNE. Thrust over
this schist and greenstone are the Amdeh quartzite and Hijam dolomite
which have a northward overturning and vergence. This package of pre-
Permian rocks contains no major granitic intrusions and represents a
period of Paleozoic metamorphism and deformation unknown on the rest

of the Arabian Peninsula.
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Figure 2-2. Geologic map of the Wadi Tayin-Ibra area, southeastern
Oman Mountains. Map symbols for Samail ophiolite units:
P, peridotite tectonite member, mainly harzburgite and
subordinate dunite; G, layered gabbro member, chiefly ol-cpx
gabbro but includes cumulus dunite at the base and minor
melagabbro and wehrlite layers higher up; HG, high-level
gabbro, chiefly hypidiomorphic (non-cumulus) gabbro and minor
diorite; includes a lower zone of cumulus but non-layered
transitional gabbro; Pg, plagiogranite, small bodies near top
of the plutonic suite; D, sheeted dike member, chiefly diabase,
dominant strike of sheeting indicated by line pattern on map;
V, volcanic mamber, mafic pillowed and massive lava, minor
breccia and sparse mafic dikes. Other rock units: meta-
morphic rocks at base of peridotite, chiefly amphibolite,
quartzite (metachert), greenschist and phyllite; H, Hawasina
nappe (Permian or Triassic to Late Cretaceous), chiefly
clastic limestones, radiolarian chert, and melange; A,
Hajar Super group (middle Permian to Late Cretaceous),
chiefly shelf carbonates; T, Maestrichtian and Tertiary
sedimentary rocks, including reworked laterite, conglomerate,
sandstone, and shallow water limestone. Quaternary deposits
are represented by unpatterned areas. Standard geologic
symbols apply except for the bracket symbol, which is used

to indicate cumulus layering.
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The platform sedimentary rocks deposited above these basement
rocks form a broad arch that extends across the Sayah Hatat window
(Figure 2-1). On the south, just north of Wadi Tayin, these rocks are
4-4 1/2 km thick and form the south flank of the arch with a WNW axis
generally dipping south 55°. On the north flank of the Sayah Hatat
window, the platform sedimentary rocks are nearly 4 km thick and dip
steeply to the north. However, on the north flank, the lowest part
of the platform rocks are tightly isoclinally folded with nearly flat
axial planes. Units within the carbonate section appear to have been
slightly metamorphosed, producing folded schistose members cut by WNW
trending normal faults, and later deformed into the broad Sayah Hatat
upwarp.

Underlying the Samail ophiolite are the Hawasina allochthonous
units which have undergone various degrees of dismemberment and which
grade into melanges (Figure 2-3). To the south of Ibra in the Jabal
Hammah area, these pelagic units still retain their original strati-
graphy, but they are imbricated by a sequence of steeply dipping faults.
In the Wadi Tayin area, however, the Hawasina units under the Samail
ophiolite form both melange units and imbricated faulted blocks of
coherent rock, whereas in the Muscat-Ruwi area, the Hawasin underlying
the Samail ophiolite consists of 100 percent melange.

The rocks at the base of the Samail ophiolite provide the critical
field evidence for the ophiolite emplacement. Preserved contacts re-
veal metamorphic sequences consisting of narrow garnet amphibolite
zones in contact with mylonitic peridotite [Boudier and Coleman, 1981].
The mineral assemblages reflect rapid changes in metamorphic grade

downward away from the peridotite contact. However, within metamorphic
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slabs, discontinous changes in grade suggest internal structural dis-
continuities [Ghent and Stout, 1981]. Where the original contact is
not preserved, the peridotite rests directly on a melange consisting

of Hawasina sedimentary rocks, and blocks of amphibolite, greenschist,
and serpentinized peridotite. At these latter contacts, the peridotite
shows more serpentinization, and mutual tectonic elements with the
serpentinized peridotite and melange are not found. The present basal
contact of the Samail ophiolite appears to be a thrust that cuts

across the section, reaching the layered gabbros to the south (Figures
2-1 and 2-2).

As shown by Boudier and Coleman [1981], the peridotite member of
the Samail ophiolite shows high-sﬁress mylonitic textures at the base,
and the structures of the narrow amphibolite zone at the base probably
formed simultaneously in the same stress field. A spinel lineation
dipping slightly to the southwest parallels isoclinal fold axes of
primary banding in the harzburgite. This deformation is consistent
throughout the section and is considered to be imprinted on the peri-
dotite as an upper—mantle process near a spreading ridge. No field
evidence was found to indicate that the peridotite member was repeated
by imbricate thrust faults [Boudier and Coleman, 1981].

The contact between the overlying cumulate section and the deformed
peridotite shows lateral continuity and is assumed to represent an
ancient mantle-crust boundary within the Tethyan Sea (Figure 2-3). The
assumption that this boundary marked a horizontal plane within the
Tethyan Sea also provides a datum plane for post-detachment deformation
of the Samail ophiolite nappe. The contact between the cumulus layered

sequence and peridotite is offset by normal vertical faults that trend
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A composite columnar section constructed from stratigraphic
data along section lines A-A' and B-B', Figure 2-2. Letter
symbols for rock units are the same as in Figure 2-2.
Additional symbols are: GM, GMW, zones of interlayered
olivine gabbro, melagabbro-wehrlite within the main layered
gabbro; W, zone of wehrlite at top of the cumulus gabbro;
TG, transitional gabbro composed of cumulus, but non-layered
gabbro. In the peridotite tectonite, diagonal lines depict
layering and foliation trend, stippled bodies depict con-
cordant and discordant dunite bodies, and unpatterned dikes
are pyroxenite and gabbro dikes. Position of the "petrologic
moho” [Gass and Smewing, 1973] in the column is inferred to
be the gradational contact between cumulus dunite and the
tectonite harzburgite—dunite. The "seismic moho" is placed

at the contact between cumulus dunite and gabbro.
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in a northerly direction. These normal faults cannot be traced beneath
the peridotite or above the cumulate rocks and may represent pre-
emplacement deformation, although post—obduction movement is present
along these same faults. Low-angle thrust contacts between layered
gabbros and peridotite are exposed around the Ibra dome and in the
mountains west of Ibra. Relations between the massive high-level
gabbro and cumulate gabbro require N-to-NW trending normal faults that
may also be a result of pre-emplacement deformation. Non-systematic
open folding within the Samail nappe appears to be unrelated to units
above or below the nappe and suggests prethrust folding.

The base of the sheeted dike unit is basically conformable with
the cumulate layers within the Samail ophiolite but the individual
dikes are not all normal to the layering in the cumulate section.

These dikes now exhibit a regional N-NW trend that may be related to
a fossil spreading center in the Tethyan Sea (Figure 2-2).

Exposures of pillow lavas are too sparse in the transect to provide
detailed structural data, but their mapped pattern shows that they
overlie the sheeted dikes. Interbedding of pelagic sediments with
these pillow lavas could not be confirmed in this area.

Tilting of the Samail ophiolite southward either during detachment
or emplacement in the Late Cretaceous may have given rise to extensive
erosion. The apparent absence of ophiolite clastic debris in the Late
Cretaceous shelf and platform sedimentary rocks suggests that some of
the erosion of the ophiolite may have taken place prior to its emplace-
ment onto the continental margin. The occurrence of residual laterite
on eroded members of the Samail ophiolite indicates subaerial exposure

during or after its emplacement. Reworking of the laterite and its
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deposition upon Hawasina and autochthonous carbonate units also
suggests a second stage of erosion after emplacement. Deformation of
shallow-water Tertiary limestone transgressive on top of the Samail
ophiolite northeast of Ibra takes the form of circular basins that
may represent collapse due to salt tectonics. Exposures of the Samail
ophiolite in and around Ibra suggest that a WNW-trending broad syn-
cline whose axial trace is 6 km north of Ibra was later disturbed by
uplift of the Ibra dome cored by Hawasina rocks (Figures 2-1 and 2-2).
Prominent WNW normal faults are present across the section and
offset both the Samail ophiolite and the Tertiary limestones. In
Wadi Tayin, a WNW fault dipping 45° -60° to the south offsets the
detachment thrust and Hawasina down to the south. A parallel, steeply
dipping, WNW fault 4 km south of Ibra offsets the Samail ophiolite
and rocks have been dropped down on the south side. A similar WNW
fault may form the NE boundary of the Sayah Hatat where the rocks are

down on the north side.

2.2.3 Peridotite Member (map symbols P)

The peridotite member of the Samail ophiolite occurs in three
separate areas: (1) Muscat-Mutrah peridotite occupies the shoreline
at the northern end of the transect and consists mainly of peridotite
with only minor gabbro and volcanic rocks; (2) Wadi Tayin-Jabal Dimh
peridotite forms the base of a continuous section of the Samail ophio-
lite from pillow lavas, sheeted dikes, layered gabbros, into perido-
tites; and (3) Ibra dome area peridotites form discontinuous and somewhat
dismembered units that have been deformed after emplacement [Bailey
et al., 1981]. The peridotite is the dominant rock type of the exposed

Samail ophiolite and makes up about 60 percent of its surface exposures.
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Peridotites form dark colored badlands consisting of rugged
topography characterized by sharp ridges and steep-walled gorges.
Weathering of the peridotite develops a rough irregular surface caused
by differential weathering of serpentinized peridotite and more re-
sistant joint sets filled with magnesite, hydromagnesite, and clino-
chrysotile.

The peridotite consists of two main rock types——-—--harzburgite and
dunite. Harzburgite is by far the most predominant rock type, consisting
of olivine Fogp-g91 (~74 percent), orthopyroxene Engp_g7 (~24
percent), and spinel (~2 percent). Clinopyroxenes are only rarely
present and appear to be chromium diopsides. A section studied in
detail through this peridotite reveals that the banded harzburgite is
chemically depleted in incompatible elements and that its major- and
minor-element chemistry does not vary with depth [Boudier and Coleman,
1981]. The olivine in the discordant and concordant dunites is usually
Fogp-91 and is accompanied by spinel (2-3 percent) and varying amounts
of orthopyroxene and clinopyroxene.

The harzburgite and dunite are pervasively serpentinized with 1li-
zardite, clinochrysotile, brucite. Estimates on the average degree of
serpentinization for the harzburgite is 62 percent, and that for the
dunite is 81 percent. It is difficult to establish the degree of ser-
pentinization for the total thickness of these peridotites. However,
the deeper exposed parts of the peridotites in deeply incised wadis
appear to be less serpentinized than the surface samples. Throughout
the peridotites, the occurrence of springs containing calcium hydroxide
water gives rise to the development of mortar beds cemented by carbon-

ates that are formed by dispersion of ca2t-rich water from springs into
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CO§- -rich water flowing within the Wadi bottoms [Barnes and 0'Neil,
1971]. These waters are considered to be the product of present-day
serpentinization of the peridotite.

The peridotite tectonite exhibits a banded l/ appearance that
grades into massive zones in certain areas. This banding consists of
concentrations of orthopyroxene-rich zones, 3 to 10 cm thick, inter-
banded with olivine-rich zones (Figure 2-5). The banding exhibits con-
sistent and systematic trends, as does the spinel lineation. The
spinel lineations slightly plunging to the SW, parallel isoclinal fold
axes in the primary banding of the harzburgite. Microfabrics [given
in Boudier and Coleman, 1981] indicate that the main harzbﬁrgite mass
has undergone a high-temperature, low-stress subsolidus deformation.
Deformation flowlines and sense of shear can be related to astheno-
sphere flow away from a former spreading ridge in the now vanished
Tethyan Sea [Boudier and Coleman, 1981].

Dunite has two distinct habits within the peridotite: (1) con-
cordant dunite that is conformable to the banding and has also under-
gone the high-temperature low-stress deformation; and (2) discordant
dunite that forms large (3 x 10 km) to small (10 x 10 cm) bodies
cross-cutting the banded peridotite (Figure 2-1).

The concordant dunite is most abundant near the basal contact of
the peridotite where it forms bands as much as several meters thick
and may make up more than 50 percent of the basal peridotite. This
concordant dunite is present throughout the peridotite, but above the

base (~2.5 km), it usually consists of less than 15 volume percent

1/ ye prefer to use the term "band" here rather than "layer" because
layers can be confused with original magmatic cumulate layers.
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Photograph of amphibolite near the contact with tectonite
peridotite west of Mahlah. The amphibolites are strongly
foliated with planes of foliation defined by compositional
layering of plagioclase and amphibole. Epidote-rich veins
cross—cut the amphibolite, which is retrograded to green-

schist.

Photograph of banded tectonite harzburgite with ortho-
pyroxene-rich bands (the lighter colored bands). The
banding parallels the spinel foliation in this outcrop

exposed in Wadi Nah, 2 km east of Al Hisn.
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Figure 2-4

Figure 2-5
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of the peridotite. Boundaries between the concordant dunite and harz-
burgite are commonly diffuse, grading one into the other over a dis-
tance of several centimeters.

Discordant dunite forms large, elongate, low-relief exposures
(3 x 10 km maximum size) having sharp contacts with the main perido-
tite mass. The discordant dunite bodies occur throughout the entire
9 to 12 km-thick section of the peridotite and generally are elongated
to the northwest. Although grossly discordant, these bodies commonly
exhibit a fabric that is concordant to the regional harzburgite
fabric. Many of the discordant dunite bodies contain inclusions of
harzburgite and, near the top of the peridotite section (upper 3-4 km),
contain poikilitic clinopyroxene and locally holly-leaf plagioclase.
Petrographic evidence such as adcumulus and heteroadcumulus textures,
xenoliths, size-sorting, and straight grain boundaries support a
cumulate origin for some of the uppermost mantle dunite.

Both field evidence (see below) and supporting experimental studies
[Green et al., 1979] show that orthopyroxene does not appear on the
liquidus surface of aﬁy of the parent melts for the overlying cumulates.
Therefore, harzburgite could not have been in equilibrium with ascending
igneous melts, and harzburgite-melt contacts become reaction boundaries.
At these contacts, either harzburgite melted incongruently, leaving
behind residual dunite and chromium spinel, or olivine plus chromite
precipitated from the melt as crystal cumulates that isolated harz-
burgite from the melt. Deformed chromitites with cumulate texture
associated with discordant dunites deep (~8 km below the gabbro
contact) within the tectonite section support a working hypothesis that
the discordant dunites occupy fossil conduits through which parental

melts ascended.
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Websterite dikes, both deformed and undeformed, are present in
the peridotite in small amounts. The deformed websterite dikes are
concentrated in the lower third of the peridotite, whereas the unde-
formed websterite dikes are present throughout the peridotite. Unde-
formed gabbro dikes are found mainly in the upper two-thirds of the
peridotite. The bulk composition and mineralogy of the discordant
dunite, websterite dikes, and gabbro dikes suggest that these bodies
represent fractionation products of magmas that had passed through
the harzburgite.

The discordant dunite, being the most abundant, resulted from the
flow crystallization of olivine from picritic tholeiite that may be
parental to the overlying cumulate. The gabbro and websterite represent
fractional crystallization products of a more evolved liquid or a
completely different liquid derived from a different part of the mantle
[Boudier and Coleman, 1981].

The peridotite thickness in the Wadi Tayin-Jabal Dimh area,
coupled with thickness of overlying oceanic crustal section, give the
approximate maximum depth into the mantle represented by the base of the
peridotite. To estimate the mantle thickness, we have assumed a 35°
dip for the cumulate-peridotite contact at the top and a similar dip
at the base of the peridotite. Internal structural consistency within
the peridotite and the absence of repeated low-angle thrusts suggest
that the peridotite outcrop area represents the original slice of
oceanic lithosphere detached and emplaced on the Arabian continental
margin (Figure 2-1). Therefore, it is estimated that 9-12 km of upper

mantle is represented in the Wadi Tayin-Jabal Dimh peridotite. With
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the addition of the oceanic crustal section at most 8 km thick, a
lithostatic pressure approaching 6 kb may have been exceeded at the

base of the peridotite.

2.2.4 Peridotite-Gabbro Transition Zone

The peridotite—gabbro transition is a mappable heterogeneous
zone, that marks the transition from uppermost mantle rocks (harz-
burgite and dunite) characterized by tectonite fabric to oceanic
crustal rocks represented by cumulate ultramafic rocks and gabbro and
lacking any tectonite fabric.

The contact between gabbro cumulates (interlayered gabbro, wehrlite,
and dunite) and tectonite peridotite is usually clear-cut in the field
because the cumulate rocks crop out and weather differently than the
underlying tectonite peridotites. This contact is particularly striking
on the ERTS image shown in Fig. 2-1 and 3-12. The major controversy con-
cerning the peridotite-gabbro transition zone is the distribution and
significance of the dunite bodies below the mappable contact.

The transition zéne from peridotite tectonite to dunite cumulate
must represent the base of a magma chamber, presumably under an oceanic
spreading center where primary melts were being expelled from plastically
upwelling asthenosphere. Mixtures of depleted mantle residuum (harz-
burgite) and cumulus magmatic olivine (dunite) characterize this gra-
dational contact. Ascending primary melts that form within the mantle
at depths greater than the level of exposure fractionate olivine
(Fogp * chrome spinel) as they move upward through the peridotite and
continue to do so when they first enter the magma chamber. Trails of

dunite left by the ascending primary melts are now represented by
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discordant dunite that occurs over most of the peridotite sequence.
Subsolidus deformation is superimposed upon the harzburgite and the
enclosed discordant dunite, presumably as the upper mantle flowed away
from the spreading ridge. Where the discordant dunite merges into the
overlying zone of massive dunite, it is difficult to distinguish a
boundary between discordant dunite in the harzburgite and cumulate
dunite at the base of the magma chamber. Continued fractionation of
olivine within the magma chamber, augmented by magma mixing, brings
melt composition to the point at which olivine-clinopyroxene-plagio-
clase crystallize, forming wehrlite, picrite, and gabbro cumulates
above the earlier formed basal dunite cumulates.

Variations in the basal cumulus stratigraphy along strike can be
explained by interactions between fractionated magma in the chamber
and pulses of primary melt from the mantle. All the hypothetical
processes above took place in a tectonically active setting (mid-
ocean spreading center), resulting in strong penecontemporaneous
subsolidus deformation of the peridotite and the discordant dunite that
represented earlier cﬁannelways of the rising primary melts. Soft
sediment style of deformation, retention of igneous textures, and dia-
piric movement of olivine cumulates in the lower cumulate section,
indicate that the lower cumulate section was still partly mushy from
the presence of intercumulus melts and reacted quite differently to
the stresses at the spreading center than did the underlying tectonite
peridotite. The absence of similar structures in the upper parts of
the layered gabbro section indicates that this style of deformation in

the lower cumulates is restricted to or near the spreading ridge.
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The complex subsolidus and plastic deformation in the transition
zone appear to record the effects of diapiric movement of fractionating
primary melts through depleted harzburgite and the accumulation of the
lower cumulates upon a conveyor belt of constantly deforming depleted

peridotite within the zone of high heat flow at a spreading center.

2.2.5 Gabbro Member

The gabbro of the Samail ophiolite forms two regionally mappable
units: cumulate gabbro ("G") and high-level gabbro ("HG") that were
first described by Reinhardt [Glennie et al., 1974]. The two-fold
division of the gabbro developed by Reinhardt was maintained during
geologic mapping in the Ibra region (Figures 2-2 and 2-3).

On the north limb of the Ibra Valley syncline along Jabal Dimh,
the peridotite—gabbro contact is at the crest of the range 500-800
meters above the alluvial plain. Topography in the layered gabbro is
controlled by: (1) the layering attitude of the cumulate gabbro, and
(2) joint sets nearly normal to the layering planes which are commonly
lined by hydrothermal.veins. Near the base of the cumulate gabbro,
hydrothermal veins are less abundant, and the ridges parallel the
strike of the layering but are serrated where prominent joint and
fracture sets occur. Higher in the gabbro section, the topographic
relief decreases, and wider valleys occupy zones altered by prominent
hydrothermal activity. The high-level gabbro occurs in isolated hills
(with 50 meters relief) whose distribution is also controlled by
differential erosion of the highly fractured, hydrothermally altered

arease.
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2.2.5.1 Layered Gabbro (map symbol "G™)

Most of the gabbro in the Ibra region belongs to the layered
gabbro unit. Five measured stratigraphic sections show a range in
thickness of 2.6 - 5.5 km. The layered gabbro unit is composed
chiefly of cumulate olivine-clinopyroxene-plagioclase. Ultramafic
cumulates (<300 m thick) typically occur at the base of the cumulate
section although ultramafic cumulates recur at higher stratigraphic
levels in several of the sections. Cumulate layers range in thickness
from millimeter to meter scale (Fig. 2-6). The layers are defined by
variation in the relative abundance and/or grain size (~1 to 5 mm)
of the three primary cumulus phases. Virtually all of the layered
gabbros have a strong planar lamination created by elongate plagioclase
and clinopyroxene lying parallel to layering planes. Adcumulate tex-
tures are predominant, although heteroadcumulate textures with poiki-
litic clinopyroxene are locally present, especially in the ultramafic
layers.

Individual layeré are discontinous along strike on scales varying
from a few meters for thin, small-scale layers to several hundred
meters for thicker meter-size layers (Fig. 2-6). Distinctive ultramafic-
mafic layer sets have been traced for as much as 5 km along strike.
Layering has a uniform dip over large areas in Jabal Dimh although
locally it is gently folded. No obvious intrusive contacts or layer
discordance associated with separate, crosscutting gabbroic plutons

have been recognized in our 30 km-wide map strip.
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Cumulus layering is shown on two different scales: in
Fig. 2-6a, a large dunite lens (the dark band) is con-
tinuous for several hundred meters. This cumulate

dunite layer is found close to the contact between Samail
peridotite (in the foreground) and the layered gabbro
section, and in Fig. 2-6b, clinopyroxenite "troughs”

on cm scales. Individual clinopyroxenite lenses are
continuous from a ~15 centimeters to several meters

and this distinctive cumulate horizon is continuous for

over a kilometer along strike.
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The sequence of rock types exposed in each stratigraphic section
through the layered gabbro reveals the order of crystallization of the
magma. Olivine and Cr-spinel are the early liquidus phases and form
the early basal cumulus dunites. Clinopyroxene and plagioclase appear
nearly simultaneously, forming gabbro interlayered with dunite and
wehrlite. Cumulus gabbro is always present within a few hundred meters
of the gabbro-peridotite contact, and in some places, it rests directly
on harzburgite with no intervening dunite or wehrlite. Olivine, clino-
pyroxene, and plagioclase continue as cumulus phases throughout the
layered section and show cryptic compositional variations. Occasional
ultramafic intervals that repeat the crystallization sequence mark
reversals in the cryptic variation trends of the cumulus minerals.
Cryptic variation trends may also reverse with no concomitant association
of ultramafic cumulates [Pallister and Hopson, 1981]. Orthopyroxene is
never a cumulus phase in layered gabbros of the Ibra section, although
it is present as a post-cumulus phase in the uppermost cumulates near
Wadi Gideah.

The crystallization sequence in the gabbro, combined with the
occurrence of abundant discordant dunite in the underlying peridotite,
indicates that the parental melt was crystallizing olivine and spinel
during its ascent to the magma chamber. Upon entering the chamber, the
parental melt mixed with melts already crystallizing plagioclase, olivine
and clinopyroxene. This mixing moved the parental melts to the three-
phase cotectic where the magma reservoir remained while pl-cpx-ol
crystallization from the bottom upward built an average of ~4 km

of cumulates (Fig.2-7). Conversely, the addition of new pulses of
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primitive melt throughout the period of crystal fractionation pre-
vented differentiation of the chamber magma to the four-phase ol-opx
reaction point. The absence of the four-phase reaction point implies
that crystallization was buffered at the three-phase cotectic by
repeated influx of new magma. Furthermore, any diabase dike or pillow
basalt tapped from this "steady-state" magma chamber cannot be primary
unfractionated melt of the mantle.

As expected from the field relations (the general absence of the
ol-opx reaction), the range in mineral composition from the layered
gabbro is quite limited relative to that found in differentiated
(single magma pulse), continental layered gabbros [Pallister and
Hopson, 1981]. Microprobe analyses of the cumulate phases from three
sections show the following compositional ranges: olivine, Fogg_g(;
plagioclase, An g9_g5; clinopyroxene, (Engg-54, Fs4—16, W037-49),
which can be related to systematic cryptic variations [Pallister and

Hopson, 1981].

2.2.5.2 High-level Gabbro (map symbol HG)

The high-level gabbro is equivalent to the hypabyssal gabbro of
Reinhardt [Glennie et al., 1974] and to "isotropic gabbro" of Hopson
and Pallister [1978, 1979]. The high-level gabbro varies in thick-
ness (<1 km) and always occurs as a sandwich horizon between overlying
sheeted dike complex and underlying layered gabbro (Figures 2-2 and 2-3).
The high-level gabbro is in intrusive contact with the dike complex.
The contact, where observable, is sharp and roughly "parallels"” other
major lithologic boundaries within the ophiolite. The contact between

layered gabbro and high-level gabbro is typically gradational, although
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locally high-level gabbro (and sometimes plagiogranite) intrudes down-
ward into the layered gabbro.

Texturally and lithologically, the high-level gabbro is complex
with extreme variability exhibited down to meter scale. Generally,
the coarser grained and/or more differentiated members cross—cut finer
grained, more mafic members. The finer grained rocks are usually
plagioclase-clinopyroxene-Fe-Ti oxides * olivine * orthopyroxene and
hornblende gabbro, whereas the coarser grained rocks are typically
plagioclase-hornblende * clinopyroxene * Fe-Ti oxides * quartz gabbro
and diorite.

The high-level gabbro does not exhibit cumulus textures and is
texturally variable on the scale of a thin section. Primary minerals
are strongly zoned. Plagioclase in the high-level gabbro is zoned
from Anyg to Anjs. Compositions of the cores of plagioclase crystals
approach the more-calcic plagioclase compositions of underlying cum-
ulates. Plagioclase crystals commonly exhibit a sharp change in An
content from labradorite to andesine, possible correlated with horn-
blende coming in on tﬁe liquidus. Although the high-level gabbro is
hydrothermally altered, exhibiting uralite replacement of both pyro-
xene and hornblende and talc replacement of olivine, reconstruction
of the crystallization sequence is possible using petrographic evidence
and field relations. Olivine + clinopyroxene + plagioclase are the
first liquidus phases similar to the underlying cumulus gabbro. In
places, the olivine-orthopyroxene reaction is reached, and ortho-
pyroxene replaces olivine on the liquidus.b More commonly, primary
magmatic hornblende replaces clinopyroxene as shown by clinopyroxene
inclusions in many hornblendes. Hornblende and Fe-Ti oxide crystalli-

zation drives the remaining melt toward the plagiogranite end member.



Figure 2-7.

Figure 2-8.
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Photograph of layered gabbro illustrating ratio phase
layering on cm to m scales in an outcrop exposed near the
mouth of W. Imard, approximately 500 m below the contact
with high-level gabbro. The darker layers (10-30 cm
thick) are thinner and more olivine-rich than the more
plagioclase-rich layers. Graded phase layering is visible

in the right-hand of the photograph.

Photomicrograph of plagiogranite illustrating graphic
intergrowths of quartz and albite intersertal to tabular

grains of turbid plagioclase.
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2.2.6 Plagiogranite (map symbol Pg)

Plagiogranite commonly occurs as thin sills (<1 knZ x 50 m)
sandwiched between gabbro and dike complex rocks although volumetri-
cally it is insignificant in the Ibra area (Figures 2-2 and 2-3). End
member albite granite may occur anywhere in the high-level gabbro
sections either as dikes coming from above or as small irregular bodies
formed in-situ. Dikes derived from underlying plagiogranite bodies
are locally abundant in the sheeted dike complex, and locally are
cross—cut by other diabase dikes. The end member rock has a color
index <10 percent, modal quartz <30 percent, and zoned plagioclase
Anjpg-go. Potassium feldspar is conspicuously absent even from myrme-
kitic intergrowths of feldspar and quartz [Coleman and Donato, 1979]
(Figure 2-8). Hornblende, magnetite, and minor biotite, usually altered
to chlorite, are the primary mafic phases.

The complex intrusive relations between texturally and composi-
tionally different high-level gabbro, plagiogranite, and diabase dikes
suggest that the roof 'of the magma chamber was a dynamic, unstable
feature throughout crystallization history of the underlying cumulates.
The ratio of layered cumulate rocks to high-level gabbro (~4)
supports this conclusion. The constant piecemeal stoping and reworking
of the roof by intrusion of magma from below resulted in the thin high-
level gabbro section and also provided access of seawater into the
melt. The common occurrence of hydrothermally altered inclusions of
metadiabase and microgabbro within plagioclase and high-level gabbro
[Gregory and Taylor, 1981] suggests that water from these roof-rock
inclusions locally hydrated the remaining melt driving it to hornblende

saturation. Crystallization of low-silica phases such as hornblende
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and magnetite under hydrous conditions promotes crystallization to a
plagiogranite end member. In addition, extraction of the low-melting
fraction (plagiogranite) from stoped blocks leaving behind hornblende-
magnetite—labradorite hornfels also produced plagiogranite while the
underlying chamber was still relatively unfractionated. This has been
observed locally in the Ibra high-level gabbro section, and spectacu-
larly at Dasir (near northeast end of the Samail gap [Gregory and Taylor,
1981]. The field relations suggest that all of the plagiogranite
observed in the upper parts of the Ibra oceanic crustal section was
generated in-situ either by partial melting of the roof rocks or by

extreme differentiation of a hydrous tholeiitic melt.

2.2.7 Sheeted Dike Complex (map symbol D)

The sheeted dike complex is a mappable unit with a consistent
stratigraphic position; it overlies high-level gabbro and penetrated
upward into, and locally fed pillow lava (Figures 2-2; 2-3; 2-9). The
dike complex is composed of nearly 100 percent parallel to subparallel
diabase and basalt diges (Figure 2-10). The absence of other wallrock
indicates that pre—existing dikes were host to each subsequent parallel
intrusion, except near the contact of the complex where septa of high-
level gabbro (lower contact) and pillow lava (upper contact) occur.
Although geometrically simple (parallelism), the internal intrusive
relations revealed by chill-margin facing directions, and petrographic
variation are far from simple. Multiple intrusion in the same planar
orientation has resulted in dike-splitting. One sided dikes are
separated from their mates by variable numbers of younger dikes,

which commonly are also split.
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Figure 2-9.

a) Photograph of sheeted dike complex that shows a set of
half-dikes which have only a single chill margin. The
arrows point to the unchilled part of the dike; the dike
orientation here is N/S with chill margins developed on

the east side and half-dike width of ~ 1 meter.

b) Sheeted dikes are exposed approximately 5 km west
of Al Yahamdi. Note the screen of plagiogranite on
the left-hand side of the photograph. Long axis of

the photograph is approximately 5 meters.
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Figure 2-10. The diabase-gabbro contact is a sharp discontinuity,
where most (>90 percent) of the dikes are truncated along
a sharp intrusive boundary with the high-level gabbro.
Exposure 2-9a is found along the Ibra-Muscat road bet-
ween Al Yahamdi and Khafifah towards the western edge
of the map strip. Exposure 2-9b is found just west of
Batin (see Figure 2-2) on the north flank of the Ibra

dome. The contact is overturned and dips to the south.
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Although local domains of sheeted dike exposure are consistent, a
structural analysis of the Ibra valley sheeted dikes reveals consider-
able variation in corrected domain attitudes. These attitude diver-
gences between individual dike domains suggest that perhaps all the
original dike attitudes may not have been vertical or that post-
injection block faulting near the paleo-ridge has disturbed the initial
geometry. However, it is possible to establish a NNW (345° % 10)
regional dike trend for the Ibra valley sheeted dikes, indicating a
possible paleo-ridge axis orientation.

The sheeted dike complex is discontinuously exposed in the foot-
hills of the mountains that rim the Ibra Valley, and in erosional
remnants surrounded by alluvium, both in the valley floor and in the
region south of Ibra (Figures 2-1 and 2-2). More than 30 km of exposure
roughly perpendicular to the strike of the dikes is represented in the
Ibra Valley. However, individual outcrops tend to be elongated parallel
to the dike strike such that continuous exposures across strike are
usually limited to less than 100 m.

The estimated str;tigraphic thickness of the dike complex is 1.2 -
1.6 km as measured in cross sections constructed through the crustal
section of the ophiolite in the central Ibra Valley and Jabal Dimh
Figure 2-3).

The contact of the sheeted dike complex with the underlying high-
level gabbro is characterized by an abrupt transition from ~100
percent dikes to massive high—-level gabbro over a distance of only a
few tens of meters. The high-level gabbro is intrusive against the
base of the sheeted dike complex, truncating most (>90 percent) of the

dikes along a sharp intrusive boundary. Some of the dikes penetrate
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Figure 2-12.
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Photograph of sheeted dikes showing the absence of wallrock
and contacts of dike against dike from an outcrop located
6 km northwest of Ibra near the contact between diabase

dike complex and high-level gabbro.

Photomicrograph of pillow basalt containing micropheno-
crysts of plagioclase, clinopyroxene, and olivine which

is the same assemblage that crystallizes as cumulus phases
in the underlying layered gabbro. The plagioclase and

olivine grains are pseudomorphed by secondary minerals.
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Figure 2-12
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into the high-level gabbro, but they decrease in abundance rapidly
downsection, and none has been traced into the cumulus gabbro. These
relations indicate that most, but not all, of the dikes of the sheeted
complex predate high-level gabbro crystallization, and virtually all
either predate or originated from the magma above the cumulates
crystallizing at the base of the chamber. Although most dikes are cut
off by the high-level gabbro, the presence of some dikes penetrating
into the latest stage differentiates indicates that the complex is
composite with respect to dike age. Inclusions from the cumulates
have not been observed in the sheeted dike complex, and only a single
plagiogranite inclusion has been observed. Conversely, diabase inclusions
are common in many plagiogranite and diorite bodies that occur along
the contact of the dike complex with the high-level gabbro.

The upper contact of the dike complex with pillow lava is exposed
in only a few localities in the Ibra Valley (Figure 2-2). Outcrops of
~100 percent dike rock are separated by only a few tens of meters from
pillow lava containiné few dikes. Therefore, the upper contact of the
sheeted complex is considered to be an abrupt transition.

A range in composition and grain size exists between individual
dikes. Most dikes are medium- to fine-grained aphyric uralite meta-
diabase. Olivine-clinopyroxene-plagioclase, and clinopyroxene-
plagioclase phyric metadiabases have also been observed. Rare plagio-
granite dikes are present in the complex, but are usually associated
with nearby plagiogranite sills or irregular intrusive bodies along

the contact of the high-level gabbro with diabase.
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The diabase is hydrothermally altered, exhibiting zeolite— to
upper—greenschist-facies assemblages with metamorphic grade increasing
downward. Donato and Coleman [1977] report pervasive hydrothermal
alteration in the basalt, diabase, and some gabbro from the Samail
ophiolite and have related this to sea-floor hydrothermal metamorphism.
Fractures produced by cooling of the diabase dikes results in permeabil-
ity patterns that produce local variations in hydrothermal alteration.
The absence of Tertiary post—emplacement plutonism and regional meta-
morphism, coupled with a consistency of alteration assemblages, indicates
that the observed alteration records sea-floor metamorphism.

Whole-rock major—element analyses of diabase dikes show high H,O,
COy, Nay0, and SiOp: low Ca0O; and variable but generally high Fe203/FeO
relative to primary values for ocean-ridge basalts probably as a result
of alteration. In spite of the pervasive hydrothermal alteration,
however, these chemical analyses for most major elements closely reflect
the rocks' original igneous characteristics. Normative calculations
of the diabase chemical analysis when plotted on several classification
schemes are found to be tholeiitic [unpublished U.S.G.S. datal]. Com-
parison of selected element ratios from diabase analyses definitely
show their affinity toward oceanic ridge basalts [Pallister and Knight,
1981},

Using observed Mg/Fe+2 ratios in diabase as an indication of the
liquid composition derived from the underlying magma chamber, calculated
liquidus olivine compositions (Foy9-g9) agree with the olivine cumulate
compositions (F°69—89) in the underlying cumulate gabbros and provide
petrologic evidence of cogenetic origin for the diabase and layered

gabbro.
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2.2.8 Volcanic member (map symbol V and SC)

Basaltic volcanic rocks (K700 meters thick) are exposed discon-
tinuously over 23 km? in the core of the Ibra Valley syncline between
Yahamdi and Batin and are also exposed at the southern end of the map
strip in Wadi Bu Taymah [see Bailey et al., 1981]. The volcanic member
crops out in low hills or is exposed in pediments and thus is the most
poorly preserved member of the ophiolite stratigraphy in the southeastern
Oman Mountains. As a result of its sparse distribution, the volcanic
member has received little attention beyond initial mapping, and limited
petrographic and isotopic work [Gregory and Taylor, 1981: McCulloch
et al., 1981].

The volcanic rocks are all intensely altered, yet original igneous
features have been preserved on all scales. Pillow lavas along with
massive flows and pillow breccias are preserved in the best exposures.
In hand specimen, the basalts are aphyric and vesicular and most vesi-
cles are lined or filled with secondary minerals (primarily calcite).
Sparsely microvesicular pillow rims suggest a deep-water origin [Moore,
1975; Moore and Schilling, 1973]. In thin section, the basalts are
generally microphyric preserving delicate igneous textures such as
quench and variolitic textures.

The most conspicuous feature of the Samail volcanic rocks is the
pervasive effect of hydrothermal alteration in zeolite or lower green-—
schist facies on all of the rocks. Inferences of igneous paragenesis
are based upon textural arguments, as no primary minerals (with the
exception of clinopyroxene) are preserved. Original acicular plagio-
clase grains are replaced by turbid albite. Olivine has not been

observed in any of the rocks, and we interpret its absence as a
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consequence of the pervasive recrystallization and not due to the primary
crystallization sequence. On textural grounds (Figure 2-12), the basalts
were crystallizing along two— or three-phase cotectics at the time of
eruption matching the stage of fractionation of the magmas that pro-
duced the underlying cumulus gabbros [Pallister and Hopson, 1981],

which suggests a cogenetic origin for the volcanic member and underlying
gabbro cumulates of the Ibra section. We find no evidence for a
basalt-andesite-rhyolite fractionation series, which is characteristic

of a stratigrapically higher "off-axis sequence"” of lavas in northern

Oman [Alabaster et al., in press; Smewing, in press].

2.3 ROCKS ASSOCIATED WITH THE SAMAIL OPHIOLITE

2.3.1 Metamorphic Rocks (map symbol ms)

Narrow, discontinuous zones of metamorphic rocks are present along
the base of the peridotite in the mapped transect, particularly in the
Wadi Tayin area (Figures 2-1, 2-2, and 2-3). These metamorphic rocks
previously have been described by Alleman and Peters [1972] and Glennie
et al., [1974] and are now considered to be related to oceanic
detachment of the ophiolite [Woodcock and Robertson, 1977; Ghent and
Stout, 1981]. The actual basal contact of the peridotite is irregular
and, within Wadi Tayin, measured dips are to the south and locally are
30° to 50° to the south. Vertical post-metamorphic diabase dikes
intrude the peridotite as well as the metamorphic rocks along the
base. None of these dikes extend into the underlying Hawasina melange
or autochthonous carbonate rocks. In the Wadi Tayin area, the metamor-
phic rocks consist of an amphibolite 100 meters thick right at the

peridotite contact (Figure 2-4) that contains discontinuous piedmontite-
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bearing quartzite layers a few meters thick. Below the amphibolite,
another 100 meters of greenschist underlies the amphibolite, and this
then grades into Hawasina sediments that are only slightly metamorphosed.
Discontinuous zones of garnet-clinopyroxenite less than 2 m thick,
occur at the peridotite contact. These high-grade rocks show polyphase
deformation and early partial retrogression with recrystallization to
greenschist, followed by cataclastic fabrics with no recrystallization.
In contrast, the greenschist generally shows only one phase of recrys-
tallization and deformation suggesting a dynamic, discontinuous meta-
morphism. Estimates of temperatures by using Kd distribution coefficients
of garnet and pyroxene suggest maximum temperatures of metamorphism of
660 to 700°C with pressures probably less than 2 kb [Ghent and Stout,
1981].

The metamorphic gradient is steep from the peridotite contact
down through the amphibolite into the greenschist, where the meta-
morphic rocks appear to grade into or are faulted against unmetamor-
phosed sedimentary and volcanic rocks. The presence of amphibolite
blocks in the melange'as well as dikes cutting the metamorphic sequence
and peridotite suggests that the metamorphism is pre—emplacement
[Cakir et al., 1978]. Retrograde metamorphism in the garnet-clino-
pyroxene amphibolites as well as development of low-temperature
rodingite assemblages by Ca-metasomatism along the peridotite contact
indicates post—-metamorphic retrogression. It is assumed that the highest
grade rocks were tectonically transported the greatest distance and
that the lower grade rocks were successively incorporated into the
aureole as the peridotite was thrust over progressively cooler rocks

[Ghent and Stout, 1981]. The diabase dikes cutting the metamorphic
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rocks and peridotites along Wadi Tayin are oceanic tholeiites that
were intruded after the initial oceanic detachment of the Samail
ophiolite and before its obduction onto the Arabian continental

margin [Pallister, 1981].

2.3.2 Hawasina Group (map symbol H) 2/

The allochthonous Hawasina Group as described by Lees [1929] and
mapped by Glennie et al. [1974] with the Oman Mountains is an imbri-
cated assemblage of thin nappes consisting chiefly of marine sedimentary
rocks. The Hawasina allochthon is tectonically sandwiched between the
Samail ophiolite nappe above and the autochthonous sequence of middle
Permian to Late Cretaceous shelf carbonates (Hajar Supergroup) below
(Figures 2-1, 2-2, and 2-3). The Hawasina sedimentary rocks consist
chiefly of shallow-water to deep-water clastic limestone, including
limestone turbidite and slide breccias, quartz sand-bearing clastic
limestone and minor quartzite, fine lithoclastic limestone thinly
interbedded with radiolarian chert, radiolarian ribbon chert with
shaly partings, and minor thinly-laminated shale and marl. Locally
Hawasina marine sedimentary rocks are interlayered with minor
(<50 m thick) basaltic volcanic rocks including pillow lava, massive
flows, tuff, and volcanic breccia. Hawasina deposition spans the
interval from Permian or Triassic to middle Cretaceous (Cenomanian),
contemporaneous with the autochthonous Hajar Supergroup [Glennie

et al., 1974].

2/ Geographic names not appearing in Figures 2-1 or 2-2 can be found
11

on the geologic map [Bailey et al., 1981].
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The Hawasina Group is discontinuously exposed within our transect
in six areas, and their approximate sizes from south to north are:
(1) south of Wadi Bu Taymah, Jabal Hammah (>1000 km? mostly beyond
our map area), (2) Wadi Bu Taymah (150 km2), (3) Ibra dome (100 km?2) ,
(4) Ibra syncline (25 km2), (5) Wadi Tayin (100 km2?), and Ruwi (25
kmz). The exposures over this 125-km transect show south to north
changes in lithology and structural style as the Hawasina is mapped
from in front of the Samail nappe back beneath it. To document these
changes, six areas are described, beginning at the south.

South of Wadi Bu Taymah, in Jabal Hammah, is a large expanse of
the Wahrah Formation of Late Triassic to middle Cretaceous age des-
cribed by Glennie et al. [1974]. The Wahrah consists chiefly of red
radiolarian chert, calcareous mudstone, and fine-grained limestone
turbidite displaying graded beds, sole marks, and ripple marks. The
nearly perfect exposures across this belt show tight, easterly trending
folds with wavelengths of 1-2 km. The average thickness of the Wahrah
is estimated by Glennie as 185 m, but it has been thickened by imbri-
cation to several times this figure; thus, continuous outcrop width
of the formation now reaches 25 km. All strata are intact and melange
with either exotic limestone blocks (see below) or volcanic rocks are
not developed.

Extending west, from Mudayrib and Ad Dariz in Wadi Bu Taymah,
is a belt containing more than 50 isolated hills of Hawasina rocks
consisting of roughly equal amounts of limestone and ribbon chert with
subordinate sections of both conglomerate that contains blocks of white
limestone, and volcanic rocks (pillow basalt, tuff, and breccia).

Radiolaria from the chert indicate ages of Valangian to Cenomanian.
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The white limestone blocks contain abundant shallow-water fauna of
crinoids, corals, and heavy-shelled bivalves that suggest late Paleo-
zoic (Permian) deposition for the sediments from which the blocks were
derived. The erratic distribution of the resistant hills and the
occurrence of pillow basalt and exotic limestone contrasts strongly

with the continuous exposures of Hawasina on Jabal Hammah to the south.
In thrust contact overlying the Hawasina in a single outcrop near Muday-
rib [see Bailey et al., 1981] is gabbro from the Samail nappe.

Hawasina rocks are next exposed 12 km northeast of Ibra in the core
of the Ibra dome (Fig. 2-13). At Jabal Hamrah, the following sequence
is exposed: a chaotic melange with blocks of red chert, minor limestone,
ophicalcite, quartzite, quartz-mica schist, basaltic breccia, and rare
harzburgite which is followed by an intact section, >75 m thick,
consisting of basaltic breccia at its base overlain by 10 m of deep
red fissile shale, and limestone conglomerate that grades into 30 m
of thick-bedded white limestone containing scattered crinoids and corals
similar to those described in Wadi Bu Taymah. A stratigraphically
intact section of tightly folded clastic limestone and limestone
turbidite of the Ibra Formation (Triassic-middle Jurassic [Glennie
et al., 1974]) surrounds the central core of the Ibra dome represented
by Jabal Hamrah. The Ibra Formation is thrust over a thick section of
thinbedded red radiolarian chert and locally abundant red limestone
designated by Glennie et al. [1974] as the Halfa Formation (Triassic
to Lower Cretaceous). Although both the Ibra and Halfa formations are
tightly folded, they appear to be stratigraphically intact. Approaching
the peridotite contact, outcrops of chert become phyllitic, although it

is not clear whether the phyllites represent metamorphic equivalents of
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Hawasina Group

a) The contact between the autochthonous Hajar Group
and the allocthonous Hawasina is exposed in Wadi Al
Mai'din near the south end of the Samail Gap (see

Fig. 4-1). Sediments directly beneath the thrust belong
to the Muti Fm. (Campanian to Maestrichtian) [Glennie

et al., 1974] and Hawasina Group sediments directly
above the thrust are Jurassic in age. The Hawasina

section shown is approximately 100 meters thick.

b) A Permian exotic block exposed at Jabal Hamrah
( ~4 km in diameter) exposed in window through the

Samail thrust.

c) A 30m-long block of recumbently folded ribbon chert
exposed in Hawasina melange 2.5 km southeast of Mahlah in

Wadi Tayin.

d) Thrust contact between Samail peridotite and Hawasina
melange west of Mahlah in Wadi Tayin. The contact is
overturned and dipping about 65 degrees to the south.

No thermal metamorphism is associated with this contacte.



57

DUISMDH




58

the thrust slices of Halfa and Ibra formations seen elsewhere in the
dome or transported metamorphic slabs of different Hawasina formations.

Along the axis of the Ibra syncline about 3 km north of the center
of the Ibra dome, discontinuous exposures of Hawasina consist chiefly
of red chert, sandy limestone containing Halobia and microfossils of
Triassic age, metaquartzite, and piedmontite-mica schist. These rocks
all clearly overlie the Samail ophiolite and, because they are older,
are presumed to be in fault relation.

At Wadi Tayin, Hawasina is sandwiched between the overlying Samail
ophiolite nappe and the underlying autochthonous carbonate sequence
(Hajar Supergroup) exposed on Jabal Abyad (Figure 2-1). The largest
area of Hawasina rocks is a belt that extends 20 km east from Hammam
to Sawt; other isolated areas lie northwest of Mizbar and in Wadi
Hamdah (Figure 2-2). Hawasina is bounded on both sides by faults.
Transported slabs of amphibolite- and greenschist-facies rocks derived
from basalt, Mn-rich chert, and argillite protoliths occur locally
along the contact between the Hawasina and the peridotite, but else-
where unmetamorphosed Hawasina rocks underlie the peridotite.

The Hawasina shows a change in structural style from west to east
along the length of Wadi Tayin. West of Mizbar, beyond our map area,
intact Hawasina formations are stacked in several thrust sheets
[Glennie et al., 1974], but towards the east, intact units become dis-
membered and grade into melanges. East of Mahlah (Figure 2-2), the
Hawasina is almost entirely tectonic melange. The melange consists
of blocks that abut against other blocks with little or no matrix be-
tween them such as shale or serpentinite (Figure 2-12 and 2-13). Strati-

graphically intact remnants continuous as blocks up to several hundred
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Figure 2-14. Photo of Hawasina melange consisting of limestone blocks

within a matrix of shale and smaller broken fragments of

chert, shale, and limestone.
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meters locally grade through partly disrupted (broken) formation into
melange with only native block assemblages. More commonly, the melange
also contains blocks that are exotic with respect to the formations on
either side, which indicates that mixing on large scales has occurred
along these melange zones.

Melange blocks within the Wadi Tayin area are composed chiefly
of Hawasina sedimentary rock types including clastic limestone of
continental slope and rise facies [following Glennie et al., 1973],
radiolarian cherts of Late Triassic to Early Cretaceous age [Tippit,
pers. comm.], and subordinate shales of abyssal facies. Additional
melange-block lithologies include: (1) volcanic, plutonic, and ultra-
mafic rocks of the ophiolite suite, (2) trachyte and biotite diabase
foreign to the ophiolite suite, (3) amphibolite, phyllite, and pied-
montite—-bearing quartzite, and (4) dark ophicalcite consisting of
calcite mixed with serpentine, iron oxide, and chromite.

The northernmost occurrence of Hawasina is found in a small area
extending from Ruwi to the coast. The rocks are faulted against
calc-schist of the underlying autochthon and against overlying Samail
peridotite. This small Hawasina remnant is entirely melange consisting
of approximately equal amounts of ophiolitic rocks and abyssal sedimen-
tary rocks (chert, shale, and minor limestone). The Hawasina melange
at Ruwi represents disrupted oceanic crust and distal Hawasina sedi-
mentary rock types are rare.

In summary, progressive changes in the Hawasina allochthonous
unit along the Muscat-Ibra transect, from in front of the Samail nappe
on the south to more than 100 km back beneath it to the north, are as

follows: (1) The Hawasina changes from a tectonically thickened



61

sequence of imbricated thrust slices in front of the ophiolite (Jabel
Hammah; Wadi Bu Taymah: [see Glennie et al., 1974 and Bailey et al.,
1981]) to somewhat thinner, more disrupted sequences going back beneath
the ophiolite. (2) Imbricated formations of the Hawasina in front of
the nappe are stratigraphically intact, but disrupted strata and melange
becomes proportionally greater beneath the Samail to the north. The
Hawasina is entirely a melange at Ruwi (farthest north near Muscat) and
along eastern Wadi Tayin and Wadi Khabbah (farthest east). (3) Clastic
limestone (including turbidites) of the continental slope, and rise
facies (Wahrah Formation and Hamrat Duru Group of Glennie et al., 1974]
predominates on the south and farther west, but diminishes and gives
way to mainly radiolarian chert and shale of abyssal facies (especially
Halfa Formation) to the north. However, abundant Wahrah Formation was
mapped by Glennie et al. [1974] along the Batinah coast north and west
of the transect beyond the Samail Gap. (4) Ophiolitic rocks are not
found in the imbricated Hawasina strata south of the Samail nappe,
whereas volcanic rocks become progressively more abundant in the Hawa-
sina toward the north underneath the ophiolite along the transect.
However, since the association of pillow lavas, tuffs, and volcanic
breccia with exotic Permian limestone blocks within the Hawasina is
quite common, a conclusion relating the volcanic blocks to the Samail
ophiolite is not warranted without other corroborating evidence.

(5) The Hawasina melanges are mainly block-against-block (autoclastic)
melanges with very little matrix. They appear to have formed by tectonic
disruption and mixing of Hawasina map units, oceanic crust and mantle
rocks, and minor metamorphic rocks such as those at the base of the

Samail nappe (Fig. 2-13 and 2-14). No serpentine matrix melange has been
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observed along our transect such as those described by Gansser [1974] and
Saleeby [1977]. (6) Hawasina melange locally occurs on top of the
ophiolite in the center of the Ibra syncline. The age relations, with
the older rocks on top, suggest a tectonic contact.

These features within the Hawasina provide some constraints upon the
emplacement of the Samail and Hawasina nappes. The facies progression
within the Hawasina from predominantly clastic limestone (including
slide breccia and turbidite) on the south and west (beyond our tran-
sect) to mainly abyssal radiolarite and volcanic debris on the north and
east supports the paleogeographic interpretation of Glennie et al.
[1974] that the continental margin lay to the southwest and abyssal
plain and ocean ridge to the northeast during the Jurassic and Creta-
ceous. This facies change and the deformational gradient increasing
to the north and east are suggestive of different styles of emplacement
during the closing of the Hawasina ocean basin.

In the south and west beyond the front of the Samail nappe, tec-
tonic melange is virtually absent. Where the contact between intact
continental slope facies and underlying autochthon is exposed, Triassic
to Lower Cretaceous rocks are thrust over Upper Cretaceous rocks
[Glennie et al., 1974]. No penetrative deformation or thermal meta-
morphism is associated with this event. In contrast, in areas to the
north (along the transect), tectonic disruption and mixing of distal
Hawasina units underlying the ophiolite resulted in melanges. The
melanges also exhibit no penetrative deformative or thermal overprint
except in the contact metamorphic rocks that developed in the first

stages of oceanic detachment.
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The times of metamorphism and melange formation for units beneath
the Samail nappe give a clue to the order of tectonic stacking. The
garnet amphibolite was the first rock to be tectonically welded to
the base of the ophiolite nappe during its detachment about 90 m.y.
ago, followed by tectonic accretion of the lower—-grade metamorphics
about 85-79 m.y. ago as the nappe moved over Hawasina sediments
[Lanphere, 1981; Coleman, 1981, Ghent and Stout, 1981]. The unmeta-
morphosed Hawasina nappes were then progressively accreted to the
front of the advancing Samail nappe and carried back beneath it, the
highest Hawasina slice being accreted first and the lower ones progres-—
sively later. Last to be accreted was the structurally lowest Hawasina
unit, represented in Wadi Tayin by the shaly-matrix melange just above
the Hawasina—autochthonous limestone (Wasia Group) contact. This
melange formed from limey muds (Muti Formation) deposited in front of
the Samail nappe during Campanian and early Maestrichtian time [Tippit,
personal communication], plus ophiolitic and Hawasina blocks which
slip into these muds from the advancing nappe front, followed by tec-
tonic melanging as the nappe moved over this sedimentary mixture. This
melanging marks the final stage of nappe movement, for by late Maes-
trichtian time the Samail and Hawasina nappes were covered unconformably
by autochthonous shallow-water sediments. The progressive downward
accretion of the metamorphic slices followed by the unmetamorphosed
Hawasina nappe units suggests that the thrusting and telescoping began
on the flank of the ocean ridge and then migrated progressively toward

the Arabian continental margin.
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An unanswered question concerning the emplacement of the Samail and
Hawasina nappes is: (1) whether the process was continuous from the time
of the initial detachment during the Turonian up to the final movement
in the early Maestrichtian, or (2) whether a hiastus existed for approxi-
mately 10-15 m.y. between the initial oceanic detachment and its associ-

ated dynamothermal metamorphism and the final "cold” emplacement.

2.3.3 Maestrichtian-Tertiary (map symbol T)

The highest stratigraphic unit exposed in the southeastern Oman
mountains unconformably overlies the eroded Samail ophiolite and all
other rock groups. This unit is characterized by deposition of re-
worked laterite, interbedded with conglomerate and rare siltstone at the
base, going up into crossbedded sandstone (all pre-Tertiary), and
finally capped by transgressive shallow-water marine limestones
(Maestrichtian to Oligocene) (Figures 2-1 and 2-2). Locally, residual
laterites are developed directly upon the peridotite (Fanjah, Wasit,

An Niba, and Mahlah). The Maestrichtian depositional surface cross-
cuts ophiolite stratigraphy and these relations suggest that significant
folding, uplift, and erosion had occurred prior to the deposition of

the Maestrichtian.

The laterite, conglomerate, and sandstone sections (30-150 m thick)
are most commonly observed where the Maestrichtian section overlies the
Samail ophiolite or, in some areas, Hawasina melange. The formation is
lithologically similar to the Qahlah Formation [Glennie et al., 1974]
and contains the Amqat Laterite Member [Glennie et al., 1974]. Both
Lees [1929] and Glennie et al., [1974] have assigned a Maestrichtian

age to these clastic rocks underlying the shallow-water limestone.
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The thickness and stratigraphy of the Maestrichtian rocks vary
from place-to-place, and these rocks crop out only in limited exposures
so that detailed regional reconstruction of their original extent
and continuity is difficult. Where the Late Cretaceous to Paleocene
stratigraphy is preserved, it is clear that there was a period of wide-
spread formation of laterite, mainly on the eroded Samail ophiolite.

It is not clear whether the laterite had formed on non-ophiolitic
rocks. Variability in the sections over short distances coupled with
many local unconformities suggests that Maestrichtian deposition
occurred in a tectonically active period. The laterites are inter-
preted as products of subaerial tropical weathering of the Samail
ophiolite which requires significant uplift (>5 km) and concomitant
erosion of the ophiolite prior to the laterite-forming event. Late
Campanian to Maestrichtian rocks of the Juweiza Formation [Glennie

et al., 1974] contain clasts of basic igneous rocks. The Juweiza
Formation is found in the subsurface to the northwest of the Oman
Mountains and is a thick sequence (>3 km) of flysch that overlaps

the time of laterite formation. The presence of these clasts in the
Juweiza suggests independently that the Samail ophiolite and Hawasina
Group had been uplifted by the time of laterite formation and were
shedding debris into a restricted basin southwest of the Oman Mountains.

Conglomerate interbedded with the reworked laterite contain clasts
which are predominantly rounded quartzite, gray limestone, friable
sandstone, chert, and rare peridotite. The carbonate, chert, and
sandstone clasts may be derived from the Hawasina Group. Conglomerate
containing Hawasina clasts was deposited on eroded ophiolite, and Hawa-

sina olistostromes conformable to pelagic sediments also occur in



66

depositional contact on top of the Samail pillow lavas (northern Oman,
Tippit and Pessagno, 1979). These facts suggest a source for Hawa-
sina debris which does not exist in the present tectonic stacking of
the Oman Mountains where the Samail ophiolite is the uppermost structural
unit. Furthermore, synchronous deposition of Maestrichtian age rocks
in three places containing Hawasina and Samail debris——-Juweiza Formation
in a basin beyond the front of the advancing nappes, the Hawasina
melange resting directly on top of the autochthon in Wadi Tayin
[Tippit, personal communication], and Qahlah Formation unconformably
overlying Samail peridotite--requires that the final motion of the
Samail nappe can be no older than Maestrichtian.

The final movement of the nappe is significantly younger than the
time of oceanic detachment (~90 m.y., Lanphere, 1981) inferred from
K-Ar ages of amphibolite beneath the Samail peridotite near Mahlah. Our
inferences concerning the Maestrichtian are tentative, as they are
based upon mapping in our area and paleontology from similar rocks over
widely spaced areas. . Further detailed mapping of the distribution
both in time and space of the Maestrichtian formations may reveal
information critical in understanding the details of nappe emplacement

in the Oman Mountains.

2.4 SUMMARY

1. The peridotite section represents the uppermost mantle during
the Late Cretaceous and records a history of mantle deformation of
two kinds: (a) deformation under subsolidus conditions associated with
the spreading axis environment, and (b) deformation associated with

detachment in the oceanic environment prior to emplacement upon the
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Arabian continental margin. This second deformation is contemporaneous
and is related to the contact "freight train"” metamorphic slabs exposed
discontinuously along the basal thrust contact. The foliation in the
metamorphic slabs is roughly concordant to the axial plane foliation of
the basal isoclinally folded dunite-harzburgite layers. The detachment
deformation occurred initially at very high temperatures because

garnet amphibolite is preserved near contacts between peridotite and
metamorphic slabs. Pressures at the base of the slab can be estimated
using the combined thickness of the gabbro and the peridotite sections.
The peridotite section near Ibra has not been repeated by folding or
thrusting because large dunite bodies (Wadi Wushad) are not folded
(Figure 1), and predetachment dike assemblages preserve a regionally
mappable plagioclase stability boundary. Using a conservative thick-
ness of the mantle section (12 km) and crustal section (6 km), the
lithostatic pressure at the time of initial detachment was on the

order of 6 kb,

2. The peridotite section records a history of melt separation
and migration through.the upper mantle. Harzburgite represents the
depleted residuum of upper mantle melting events. At exposed levels,
the harzburgite is not in equilibrium with the parental melts of the
oceanic crust, because enstatite never appears on the liquidus of
those melts. Dunite, therefore, represents either further depleted
residuum resulting from continued partial melting or cumulates (now
subsquently deformed) produced by fractional crystallization of olivine
from ascending melt bodies within the harzburgite. The relative impor-
tance of the two processes has not been established and is significant,

as it has bearing upon the initial composition of the ascending melts.
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3. Coalescence of the cumulate dunite bodies (now both deformed
and undeformed) in the uppermost part of the mantle section (K1 km
below the gabbro) marks the transition from the mantle regime dominated
by subsolidus deformation (mantle flow) to the lower oceanic crustal
regime dominated by crystallization of cumulate gabbro.

4. All of the peridotite section is affected by a post—emplace-
ment low-temperature serpentinization event that cross-cuts all other
peridotite structures. The low-temperature nature of serpentinization
is supported by the pervasive undeformed cubic fracture set that con-
trols delicate mesh and web structures of the serpentine assemblage
chrysotile, lizardite, brucite, and magnetite and the presence of
low-temperature Ca-hydroxide springs within the peridotite with a
chemistry controlled by the conversion of peridotite to serpentinite.

5. The combined stratigraphy of the gabbro section and limited
range of mineral compositions require multiple injections of melt into
the magma chamber where accumulation occurs upward from the bottom. The
high-level gabbro represents crystallization that occurred at the top
of the chamber. The high—level gabbro is in intrusive contact with
the majority of overlying diabase dikes and is more differentiated than
the underlying cumulates. These relations suggest that the high-level
gabbro crystallized away from the central spreading ridge axis area.
The field relations all point to the existence of a funnel-shaped
magma chamber similar in cross-section to the larger layered continental
gabbro intrusions.

6. Plagiogranite is common, although it is not significant
volumetrically. It occurs predominantly at the diabase-gabbro contact

and is the result of both extreme fractional crystallization and
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partial melting of the chamber roof. The occurrence of abundant
angular inclusions of hydrothermally-altered diabase in the plagio-
granites and its flat, sheet-like morphology attest to mobilization
after generation in situ.

7. The sheeted diabase dike complex formed in a region of 100
percent extension over the entire Ibra area and throughout the entire
Oman Mountains. The only modern analog is the mid-ocean spreading
environment. Most (>90 percent) of the dike complex pre-dates the
crystallization of the high-level gabbro and plagiogranite, which in-
dicates that dikes were fed by the part of the magma chamber affected
by periodic replenishment.

8. The dike complex is composite with respect to both its intru-
sive and sea-floor hydrothermal alteration history.

9. The thin (~500 m) volcanic section consists of massive and
pillowed submarine lavas, now pervasively altered by low-temperature
oceanic hydrothermal activity. The lavas are chiefly microphyric
basalts whose microphenocrysts assemblages can be related to the same
stage of magma fractignation as that of the Samail cumulus gabbro.

10. Hydrothermal alteration is pervasive throughout the entire
oceanic crustal section and is detectable mineralogically along frac-
tures in the cumulate gabbro and mineralogically in the high-level
gabbros, diabases, and pillow lavas.

11. 1Initial detachment of the ophiolite occurred while the base
of the peridotite was still hot in a oceanic environment in the Turonian
(~90 mey.)e

12. Latest motion on the Samail thrust is tentatively no older

than Maestrichtian (71-65 m.y.).
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13. The Hawasina Group displays a deformational gradient from
south to north changing from a tectonically thickened thrust sequence
to thinner more disrupted melange assemblages northward. Oceanic
detachment of the still hot Samail nappe (~90 m.y.) produced
a thin metamorphic sole of Hawasina rocks at the base of the nappe.
Whether the southward movement of the Samail and Hawasina nappes
was continuous or discontinuous onto the Arabian continental margin
is unresolved. However, we know the final movement occurred in

early Maestrichtian time.
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CHAPTER 3

FIELD PETROLOGY OF THE SAMAIL OPHIOLITE:

MELT-ROCK INTERACTIONS

WITHIN THE UPPER MANTLE

AND OCEANIC CRUST
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3.1 TINTRODUCTION

This chapter is divided into two parts unified by the common
theme of melt-rock interactions. However, these melt-rock interactions
occurred in two drastically different environments: 1) the peridotite,
because it everywhere underlies the oceanic crustal section, had to be
a zone through which transitory melts passed and where the integrated
overall melt-rock ratio was relatively low (K0.5-—-the ratio of crustal
section to peridotite section), and 2) the crustal magma chamber roof
where hydrothermally altered diabase and gabbro were in contact with
originally anhydrous tholeiitic basalt magma. Based on the geology
discussed in Chapter 2, the chamber-roof was apparently a mechanically
unstable zone, and this led to considerable piecemeal stoping of the
overlying roof rocks, and H90 was thus added to the high-level gabbro
magma as the stoped blocks were dehydrated. In this environment, the
melt-rock ratio (between the stoped blocks and melt) was much greater
than one. In this first part of the chapter, the peridotite section
will be discussed in. terms of crosscutting relationships between the
host-rock harzburgite and bodies of dunite, orthopyroxenite, websterite,
and gabbro. In the second part of the chapter, the characteristics
of the crustal magma chamber will be discussed in some detail, parti-
cularly with respect to the nature of the chamber roof and the origin
of the discontinuous bodies of plagiogranite that are found at the

roof contact.
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3.2 GENERAL DESCRIPTION OF THE PERIDOTITE SECTION

3.2.1 Overview

The Samail peridotite exposed between Wadi Tayin and the crest of
Jabal Dimh crops out over an area exceeding 700 km2 within the map
area. Over the entire Oman Mountains, peridotite (exposed over 9000 km2)
is the predominant member of the Samail ophiolite sequence. In order
to place the enormous size of the Samail peridotite into perspective,
the total areal extent of five of the best documented peridotites of
North America is approximately 3,000 kmz, with the Trinity peridotite
[Quick, 1981] contributing 2,100 km2 to that figure. The Burro Moun-
tain peridotite [Loney et al., 1971], with less than 15 kmz, can be con-
tained within the area of a single large dunite body shown in Figure
3-1. 1In addition to its enormous size, the Samail peridotite can be
studied in the context of the total geologic setting, a perspective
not easily attained elsewhere.

The purpose of this section is to utilize the geologic setting of
the peridotite in order to interpret its gross features as the result
of partial melting, plastic flow, and reaction with the ascending
melts that produced the overlying oceanic crustal section, all of which
occurred at a depth of 100 km or less in the upper mantle. The
discussion presents the results of 2.5 months of field mapping, and is
an expansion of Section 2.2.3 of Chapter 2 and the work of Boudier
and Coleman [1981]. The results presented here are preliminary and
represent the formulation of a working hypothesis which will be tested
during future work on the peridotite in collaboration with R.G. Coleman

and F. Boudier.
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3.2.2 Stratigraphic thickness

The Samail ophiolite peridotite section exposed along the Ibra
transect is a 9 to 15 km thick terrane with a polymetamorphic history
indicating more than one period of deformation and mineral crystalli-
zation. The section is not homogeneous, and heterogeneities are
marked by changes in style of deformation, distribution of dunite both
vertically and along strike, and mineral assemblages in dikes. This
peridotite "stratigraphy"” is consistent with the interpretation that
the peridotite section is a single thrust sheet that has not been
imbricated in any way.

The thickness of the peridotite section is difficult to ascertain
for the following reasons: 1) The present—-day basal thrust discon-
tinuity truncates ophiolite stratigraphy with the thrust surface rising
to the southeast. This observation precludes using the basal thrust
contact attitude for establishing stratigraphic thickness. 2) Extrap-
olating the dip of the gabbro-peridotite section over horizontal
distances exceeding 20 km must be done with caution because recent
gentle east-west folaing may be difficult to detect in the harzburgite
section, whose foliation has a northerly trend and dips steeply. Never-
theless, the presence of a basal harzburgite-dunite sequence, a mappable
plagioclase—in (occurrence of gabbro) boundary, and extremely large,
NW-trending discordant bodies of dunite all suggest that folding
and/or repetition by thrusting is not a serious problem (Figure 3-1).

Using approximately a 50° dip for the section east of Wadi Wu-
shad gives a calculated thickness of peridotite close to 12 km. For
the west side of the map area, a dip of approximately 35° gives a

peridotite thickness approaching 15 km. A traverse through the village



Figure 3-1.

75

Maps showing distribution of crosscutting dunite, gabbro

and pyroxenite bodies and foliation within the tectonite
peridotite section. This figure is from Boudier and Coleman
[1981] and is based upon Bailey et al. [1981]. Notice

that discordant dunite bodies trend predominantly north-
westerly. Gabbro dikes are absent in the lower third of

the tectonite section.
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of Mahalah to Wadi Imard gives a minimum thickness of approximately 9 km.
Assuming a uniform 8 km thickness of overlying oceanic crust, the 5 kb
isobar is exceeded in most traverses. Pressure information calcu-

lated by stratigraphic arguments constrains the approximate position

of the cotectics along which the melts (whose crystallization pro-

ducts produced the crosscutting features described below) crystallized.

3.2.3 Basal harzburgite—dunite zone

The basal zone of the peridotite is an isoclinally folded harz-
burgite-dunite layered sequence (up to approximately 4 km thick) where
all structures have been transposed into the foliation plane. Locally
at its base, the isoclinally folded peridotites are mylonites [Boudier
and Coleman, 1981] and are in contact with the high-temperature metamorphic
aureole rocks (Fig. 3-2a) described in detail by Ghent and Stout, [1981].
The mylonitization is interpreted as being related to the initial
stages of detachment of the Oman ophiolite under high deviatoric stress
between 1 and 2 kb. The fabric in the peridotite mylonite is concor-
dant to the fabric in the underlying amphibolite and piedmontite-
bearing quartzite [Boudier and Coleman, 1981]. 1In addition, both
the transport direction and sense of shear are the same for the basal
peridotite and the metamorphic aureole rocks [Boudier and Coleman, 1981].
However, most of the isoclinally folded harzburgite-dunite section is
not a mylonite, suggesting that mylonitization was superimposed over
previously folded rocks. Upward in the section, the intensity of
deformation and transposition decreases and through a gradational
contact over several hundreds of meters, the basal section gives way

to the more massive harzburgite.
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a) Contact between harzburgite-dunite mylonite and garnet
amphibolite exposed 1.5 km north of Mahlah along Wadi
Tayin. White pods (15cm-long axisl of rodingite are dis-
continuously present along the contact suggesting more

than one stage of movement.

b) Phyllites exposed ~125 meters below the amphibolite-
peridotite contact. A sharp discontinuity of metamorphic
grade going from amphibolite to low-grade phyllite suggests

a tectonic break between the phyllite and the amphibolite.

¢, d) Isoclinally folded harzburgite—dunite section near
the base of the Samail thrust. Harzburgite interlayered
with dunite has the same modal mineralogy as the overlying
massive harzburgite suggesting that metamorphic differen-—

tiation was not important in the formation of these rocks.
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3.2.4 Concordant dunite, orthopyroxenite, and websterite within

the harzburgite

Harzburgite is the most common rock type within the Samail peri-
dotite. 1Its composition is shown on the forsterite-diopside—quartz
plane of the quaternary system that also includes plagioclase (Fig. 3-7).
Clinopyroxene is rarely present and modal olivine >orthopyroxene>>spinel.
The harzburgites are uniform chemically with both the olivine and
orthopyroxene exhibiting a narrow range of composition (F090_91;

Engp-91 [Boudier and Coleman, 1981]). A tectonite fabric is

developed in all of the harzburgite and, with the exception of mylonitic
zones at the base, this suggests deformation under low deviatoric
stress and at high temperature [Boudier and Coleman, 1981]. Throughout
the harzburgite section, the layers of dunite and orthopyroxenite are
isoclinally folded, with axial planes parallel to the spinel foliation
(Figure 3-3). These features represent at least the second oldest
features recognizable in the harzburgite (the first event being the
formation of the harzburgite itself). If the layers were originally
crosscutting, their 6rientation has been transposed by subsequent
deformation. Neither the dunite (ol + chr) nor the orthopyroxenite
(opx + ol + sp) bands have enstatite— or olivine-rich walls, and the
modal mineralogy of the host harzburgite i; no different than that of
the overlying massive harzburgite, suggesting that metamorphic differ-
entiation and hydrothermal alteration [Himmelburg and Loney, 1973;
Dungan and Ave Lallemont, 1977] are not as important as magmatic
processes in the origin of these bands. Their origin is attributed

to deeper mantle processes which will be discussed below.



Figure 3-3.

82

a) Isoclinally folded dunite layer in a massive harz-

burgite cliff ~ 150m high near the head of Wadi Khafifah.

b) Isoclinally folded websterite dike near Wadi Misfah

crosscutting harzburgite tectonite.

c) Discordant dunite dike with a chromite layer crosscuts
the harzburgite whose foliation parallels the edge of the
scale. Note olivine grains within the crosscutting dunite
dike are elongated parallel to the foliation. The gabbro
dike shows no preferred mineral orientation and cuts the
harzburgite foliation at a higher angle than the dunite

dike.

d) Discordant gabbro dike south of Wadi Misfah exhibits

a lineation parallel to spinel lineation.
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Between the top of the basal zone and the appearance of the gabbro
dikes that crosscut the harzburgite, websterite occurs as isoclinally
folded layers that typically thicken at the hinges of the folds (Fig.
3-3b). Although the websterite is isoclinally folded, no tectonite
fabric was observed in the field, suggesting that it crystallized from
a melt phase that was present during the deformation. Moving upward
in the section towards the horizon where gabbro dikes appear, the
isoclinally folded websterite dikes decrease in abundance, and discordant
websterite dikes appear. These discordant dikes commonly follow conjugate
fracture sets. Mineralogically and chemically [R.G. Coleman, pers. com.],
there is no difference between the concordant and discordant websterites.
The chemical similarity of the two kinds of websterite dikes and
their crosscutting relation to the earlier-formed orthopyroxenite bands
and dunite layers suggests that the last deformation in the isoclinally
folded zone at the base of the ophiolite occurred at its present struc-—
tural level of exposure and probably post-dates the formation of the
concordant dunite and orthopyroxenite layers occurring in the upper

part of the peridotite section.

3.2.5 Discordant features within the harzburgite

Crosscutting the harzburgite above the top of the isoclinally
folded basal zone, are discordant dunites (cm to km scale), websterites
(cm scale), and gabbros (cm scale). The gabbro dikes are confined to
the upper two-thirds of the section and the websterites become less
abundant once the plagioclase-bearing dikes appear. All of these dis-
cordant bodies, regardless of their size, occupy conjugate fracture sets
with the larger (up to km size) dunite bodies preferring the NW orienta-

tion (Figure 3-1). 1Inasmuch as all of the discordant bodies occupy one
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a) Large discordant dunite body (~10m thick) east
of Wadi Wushad approximately 4 km south of Wadi Tayin.
This dunite body contains abundant partially-dissolved

inclusions of harzburgite.

b) Dunite-harzburgite banding exposed about 3 km west of
Al Hisn. The layering here is concordant to the foliation

defined by spinel crystals.
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Figure 3—5 °

a) Northern terminus of the largest discordant dunite body
that crops out near the eastern boundary of the map strip.

Notice dikes of dunite streaming into the surrounding

harzburgite.

b) Discordant dunite body exposed along the traverse
between Wadis Misfah and Dima. Small shows of chromite
were associated with this dunite body approximately six

kilometers below the peridotite-gabbro contact.
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of the conjugate sets, they are interpreted to have formed at their
present structural level of exposure at pressures less than 5 kb.
Subsequent to their formation, uniform deformation affecting harzburgite
rotated the discordant bodies to their present orientation relative to
the peridotite—gabbro contact, with the earliest-formed bodies exhibiting
the greatest amount of rotation towards the harzburgite foliation

[Boudier and Coleman, 1981].

3.3 DISCUSSION OF THE FIELD DATA

3.3.1 Relation between harzburgite and oceanic crustal melts at low

pressure

The crosscutting and concordant features discussed above and sum-
marized in Table 3-1 can be interpreted when two facts are considered:
1) orthopyroxene is never an early cumulus phase in the overlying cumu-
late gabbros and is virtually absent in the southern Oman Mountains,
and 2) orthopyroxene drops off the liquidus of tholeiites in experimental
studies [Stolper, 1980, and Green et al., 1979] at pressures less than
10 kb [Figure 3-6]. Combining the field observations and corroborating
experimental work requires that all contacts between harzburgite and
the ascending melts (which produced the overlying cumulates) are boundaries
where magmatic reactions occur. Because the melt and harzburgite are
not in equilibrium, the reaction relationship between liquid and wall-rock
results in some combination of crystal accumulation in the dike and
dissolution of orthopyroxene in the harzburgite (incongruently at
low pressures probably less than 5 kb [Stolper, 1980] and by direct

solution into the melt at higher pressures). The various structural
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elements in the peridotite can be related to melts moving up through
the upper mantle using a quaternary system and projecting from plagio-
clase onto the plane diopside-olivine-silica [Quick, 1981]. In many
respects the concepts employed in the analysis of water-rock inter-
actions (see Chapter 4) can be employed in magma-rock interactions.

In the following section, aspects of magma-rock interactions in the
upper mantle are discussed in qualitative terms, and thus represent
preliminary ideas which must be tested by further field observations.

3.3.2. Experimental constraints on the composition of melts parental to

tholeiites

Experimental work [Green et al., 1979 and Stolper, 1980] has shown
that the four-phase saturation point (ol-opx-cpx-melt) is very sensitive to
pressure [Figure 3-6]. As in the model oxide system [see Kushiro, 1979],
and recently confirmed for the natural system, the ol-opx peritectic
line moves away from the silica corner and crosses the diopside-enstatite
join becoming a cotectic line which continues to move towards the diop-
side-olivine join with increasing pressure. Thus, in reverse, melts in
equilibrium with harzﬁurgite at high pressure become olivine-saturated
at low pressure. Parental liquids capable of fractionating to the 1
atmosphere cotectic compositions exhibited by tholeiites are required
to be picritic [0'Hara, 1968; Green et al., 1979; Stolper, 1980].

On the projection from plagioclase (Figure 3-7), undepleted lher-
zolite (pyrolite of Ringwood, [1966]) and harzburgite both plot near the
olivine-enstatite join close to the olivine corner. A straight line
connects residual harzburgite, lherzolite (pyrolite), and initial melt;
the composition of the melt lies at the apex of a 3-phase triangle

connecting olivine, orthopyroxene, and melt (Figure 3-7). The bulk



Figure 3-6
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a) Phase relations for the system plagioclase-diopside-

forsterite-silica using the projection method of Walker

et al. [1979]. The 1 atm liquid lines of descent are

from Walker et al. [1979]. For pressures other than 1 atm,
the four-phase points are from Stolper [1980]. The cotectic
lines are schematically sketched between the experimentally
determined multiple saturation points and calculated eutectic

points for the olivine-orthopyroxene system.

b) On the same diagram from Stolper [1980], the field of
MORB 1is éutlined by the dot pattern. Each dot represents
an analysis from the catalogue of Walker et al. [1979].
The triangles represent data from the Samail ophiolite
diabases [Pallister, 1981]. The liquidus relations were

determined by Stolper [1980].
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composition of the system is closer to the harzburgite composition
because melting of less than 30% is needed to produce tholeiites. 1If
lherzolite is typical of the mantle from which melts parental to tholei-
ite are extracted, then tie-lines connecting harzburgites, lherzolites,
and melts generate a field where melt separation last occurred (Figure
3-7). Realizing that the experimental work in this region of phase
space is not extensive, the pressure of last equilibration of harzburgite
with melt phase had to occur at 10<P<20 kb. Therefore, the experimental
work to date corroborates the field interpretation that the harzburgites
in Oman were never