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Abstract

Detailed lithological study with geochemical variations of lavas reveals the across-axis
accretionary _procéss at Wadi Fizh in the northern Oman ophiolite. The > 900-m thick V1
sequence is divided into the lower V1 (LV1), middle V1 (MV1) and upper V1 (UV1)
sequences by 0.4-m and 0.8-m thick umber layer at 410 mab (meters above the base of the
extrusive rocks) and 670 mab, respectively. The lowest part of the LV1 (LVla) consists of
lobate sheet and pillow lava flows extruded on the relatively flat ridge crest. Elongate pillows
at 230 mab are flows draping downslope from the ridge crest which characterize the
lithofacies on the ridge flank. Just above a jasper layer at 270 mab, 130-m thick voluminous
flows of evolved lava were transported from the crest and emplaced on the ridge flank (LVI1b).
Off-axial accretionary processes recorded in the MV1 and UVI sequences resulted in
alternating flows of less evolved and depleted lava with evolved lavas, suggesting that the
MV1 off-axial lava sequence comprises flows emanated from both on- and off-axial source
vents. The less-evolved and depleted UV1 flows suggest independent sources distinct from
the axial lavas. The Lasail Unit is regarded as a subunit of the V1 sequence because it
- corresponds to the UV1 based on the geological, petrological, and geochemical characteristics.
The broad compositional range of the V1 sequence as well as the wide spectrum of }
geochemistry of the underlying sheeted dike complexendorse a view that the Wadi Fizh area
corresponds to a segment end of the Oman paleospreading system accompanied by off-axis

volcanisms as in segment boundaries of the present East Pacific Rise.

Comparing éight sections spanning 70 km, the along-axis volcanic system is reconstructed.
The thickness of on-axis lava section decrease from the center to the margin of the ridge
segment. Appearance of pillow lavas around the segment margin indicates that more ragged
seafloor topogfaphy than the center where pahoehoe flows dominate. Their lava compositions
are also varied systematically. Homogenized mildly-evolved lavas characterize the segment
center. The larger melt lens and the higher ability of melt concentration below the segmenf
center would produce the thick and homogenized lava sequence. On the other hand, both
evolved and less-evolved lavas showing lower degrees of partial melting occur in the segment
* margin. Smaller melt lenses would promote highly evolved and less-evolved lavas. Vigorous
 off-axis volcanisms are recognized around the second- and third-order segment margins. They

might be rooted at less-evolved melt avoiding the focus on the axis area.

The V2 sequence generated at later arc-like setting is also studied. The 1115-m thick V2



consists of the lower tholeiitic (LV2) and the upper boninitic magmatism (UV2). The
stratigraphy indicates that boninite had erupted after the tholeiitic volcanism and characterized
the end of V2 in this area. This discovery gives a new constraint for the petrogenesis of the

V2 magmatism.
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Chapter 1

Lava accretion system around mid-ocean-ridges:
Volcanic stratigraphy in the Wadi Fizh area,
Northern Oman ophiolite



1.1. Introduction _

“Recent ocean-floor explorations béoed on high-resolution bathymetry surveys, submersible
and deep-tow camera observations and sampling as well as dredging and ocean-floor drilling
have revealed construction processes of the present oceanic crust. A number of observations
of on- and off-axis regi‘ons of fast spreading ridges have confirmed the occurrence of
pahoehoe and lobate sheet flows on shallow slopes (< 5°) on the ridge summit and off-axial
plains, whereas steeper axial slopes are dominantly covered with pillow lavas [e.g. Auzende
et al., 1996; Gregg and Smith, 2003; Umino et al., 2002]. Generally, extrusive rocks
emplaced on the spreading axis show a temporal variation through the crustal aocretion
process on the ridge axis. However, Hooft et al. [1996] reported that oceanic crustal layer 2A
thickens double or more off axis compared to the thickness on axis. Such off-axis lavas are
considered to have been emplaced by transportation through lava channels and tubes
downslope from the sources on the ridge crest or by extrusion from off-axial vents [Geshi et
al., 2007; Perfit et al., 1994; Reynolds and Langmuir, 2000; White et al., 2000, 2002 and
2006]. Detailed geological mapping of axial terrain of fast-spreading ridges have revealed
narrow and shallow troughs accompanied by small pillow mounds, some flows filling the
axial troughs and draping downslope [Fornari et al., 1998]. In addition to these, recent
accurate acoustic imagery ohows many submarine volcanoes erupted off axis around the East
P’ac‘iﬁc Rise (EPR) [Scheirer and Macdonald, 1995, White et al., 2006]. Although a large
number of off-ridge volcanoes exist in the vicinity (-3 km) of fast-spreading ridge axes, their
distribution is clearly biased and clustered at around second- and third-order segment
boundaries [Haymon et al., 1991; Macdonald et al., 1991; White et al., 2000, 2002, 2006]. On
the EPR, lava tubes and channels have been found to extend several kilometers in length from
thé ridgevcrest to the flanks [Soule et al., 2005].Off-ridge lavas from the EPR 9°-12°N show a
larger compositional variation ranging from highly depleted to enriched basalts compared to
axial N-MORBs [Perfit et al., 1994; Niu and Batiza, 1997; Reynolds and Langmuir, 2000;
Sims et al., 2003]. This diversity may inherit from the heterogeneity of the mantle source

because they are free from mixing in the axial magma chambers [Niu and Batiza, 1997].

It is apparent that extrusive layers thicken almost continuously as the oceanic crust moves
awdy from the ridge crest to fault-bounded basins. Eruptive style and lava flow morphology
may change along with the varying basement topography and distance from the source to the
site of emplacement. From lab-based fluid-dynamics experiments, .lava flow morphology
varies in response to the change in density, viscosity and flow rate of lava, and slope of the
basement [Griffiths and Fink, 1992; Gregg and Fink, 1995; Gregg and Fihk, 2000]. From



seafloor observations, steep flanks (over four degree in gradient) of submarine volcanoes off
Hawaii Islands and rise slopes of the EPR are covered predominantly with elongate pillows,
but subhorizontal summits and rise crests are overwhelmingly underlain by lobate sheets and
pahoehoe flows [Auzende et al., 1996; Gregg and Smith, 2003; Umino et al., 2002]. The
formation microscanning imagery interpretations of in-situ crust at Ocean Drilling Program
(ODP).Hole 1256D, located at a super-fast spread, 15Ma EPR seafloor, almost half of the
extrusive layers were emplaced off axis and the uppermost 100-m thick ponded lava layer

was emplaced by off-axis volcanism [Crispini et al., 2006].

In order to understand the constructional processes. of upper oceanic crust, it is critical to
pursue detailed analyses of stratigraphic variations of the lava accretion styles. However, it
has been challengihg to directly observe the sequence of in situ upper oceanic crust because
of its rare exposure [e.g. Francheteau et al., 1992] as well as the difficulty in scientific ocean
drilling [Teagle et al., 2006, etc.]. On the cher hand, ophiolites provide superb exposures

based on which we can reconstruct detailed three dimensional architecture of oceanic crust.

The Oman ophiolite is the largest and best exposed ophiolite in the world that preserves the
original structure of oceanic lithosphere foﬁned at a fast-spread Neotethys ridge system [e.g.
~ Nicolas, 1989]. Detailed structures of ridge segments have been identified in the northern
Oman ophiolite based on the geological and petrological lines of evidence on the gabbros and
sheeted dike complex [Adachi and Miyashita, 2003; Miyashita et al., 2003; Umino et al.,
2003]. Wadi Fizh area is considered to be a second- or third-order discontinuity of a
paleoridge segment, because plutonic complexes (blocks) consisting of layered gabbro, upper
gabbro and wehrlitic intrusions are penetrated by dolerite dikes [Adachi and Miyashita, 2003].
From the segment center at Wadi ath Thugbah toward the end at Wadi Fizh, the dike
thickness increases and the number of dikes decreases [Umino et al., 2003]. Comparatively
uniform and moderately evolved dikes occur in the segment center while those from the
segment end show a larger variation from highly evolved to primitive compositions
[Miyashita et al., 2003; Umino et al., 2003].

The volcanic formations in the Oman ophiolite are divided into three units: V1 (Geotimes
“unit), V2 (Alley unit) and V3 (Salahi unit) [Alabaster et al., 1982; Lippard et al., 1986;
Ernewin et al., 1988; Umino et al., 1990]. Despite of different ideas for the genesis of
magmatism, the stratigraphic division of V1=Geotimes, V2=Alley and V3=Salahi unit is

broadly accepted. However, there is a debate on the lava stratigraphy in particular for the



Lasail Unit. Alabaster et al. [1982] and Lippard et al. [1986] define the Lasail Unit between
Geotimes and Alley Unit. Umino et al. [1990] and A’Shaikh et al. [2005] regard the Lasail
Unit as a part of the Geotimes Unit, while Ernewein et al. [1988] and Godard et al. l[2003]
regard as a subdivision of the V2 unit. Detailed stratigraphic analyses are indispensable to

~ solve this problem, but only a part of V1 extrusive rocks exposed in the Wadi Shaffan area
has been studied yet [Einaudi et al., 2000; 2003].

This paper presents the first thorough description of the whole V1 sequence in the Wadi
Fizh area and detailed stratigraphic variation of lava configuration and geochemistry, and
discusses the accretionary processes of the upper crust at a paleoridge segment boundary
(Figure 1.1).

1.2. Geology ‘
1.2.1. Geology and description of lithofacies

V1 unit was generated in a mid-ocean ridge setting [Nicolas, 1989; Umino et al., 1990;
| Godard et al., 2003], or in a supra-subduction zone setting [Alabaster et al., 1982; Pearce,
1980; Lippard et al., A1986], whereas V2 unit was formed by subduction-related [Alabaster et
al., 1982; Pearce, 1980; Lippard et al., 1986] or intraoceanic detachment magmatism
[Eméwein et al., 1988; Boudier et al., 1988]. The collision event by which the Oman
ophiolite was emplaced on the Arabian continent occurred after V2 magmatism. V3
magmatism would have been originated during the 85-Ma collision event [Alabaster et al.,
- 1982; Lippard et al., 1986;4 Ernewin et al‘,i 1988; Umino et al., 1990].

The extrusive rocks in Wadi Fizh area is more than 900 m in thick, striking N-S to
NWN-SES and diping 25°-40° east (Figure 1). The extrusive rocks gradually change into the |
underlying sheeted dike complex, through 20-m thick transition zone with an increasing
number of 0.8- to 1.5-m thick dikes downward. The sheeted dike complex striking N-S to
NW-SE and dipping 20°-45° west, and 1t is nearly perpendicular to the extrusives.

Although V2 lavas appear at the eastern end of the mapped area (Figure 1.1), the direct
relationship between the V1 and V2 flows is not observed because of lack of exposure. A
0.3-m thick umber layer intercalated with the V2 pillow lavas trends N50W and dips 20° east,

which is concordant to the general structure of the underlylng V1 extrusive rocks.

Based on a series of observations on the modern-day submarine lava formation described



below, we have identified four lithofacies in the V1 sequence; pillow, pahoehoe, lobate sheet

- and massive lava flows. !

Pillow flows comprise 31% of the V1 section. Pillow flows consist mainly of “bulbous”
pillows (Figure 1.2b) and only locally of “clongate” pillows (Figure 1.2c¢). Characteristic
features indicative of pillow budding are sometimes observed such as transverse spreading
cracks; but none of corrugations on pillow surfaces are preserved due to weathering. However,
flow directions of pillow lobes could be determined by the alignment of elongate, cylindrical
pillow lobes, which sometimes bifurcate downslope [Auzende et al., 1996; Gregg and Smith,
2003; Umino et al., 2002]. |

Pahoehoe flows are abundant in the UV1. Individual pahoehoe flows have a minimum
thickness of 30 m and attains to 20% of the entire V1 sequence. Subaqueous pahoehoe lobes
have been mistaken as pillow lobes but the former has much smaller ratios of thickness to
width than the latter [Walker, 1992; Umino and Nakano, 2007]. Pahochoe lobes are
approximately 1-3 x 2-5 m in extension and 0.2-1 m thickness. They are characterized by
their bun-like or amoeboid shapes and smooth surfaces without corrugations and are
intimately associated with lobate sheet flows like their subaerial equivalents accompanying
pahoehoe sheet (lava rise) (Figure 1.2d) [Hon et al., 1994; Umino et al., 2002]. Some
pahoehoe lobes are interconnected upstream to a larger and thicker lobate sheet, to which
coalesced adjacent pahoehoe lobes merge [Gregg and Chadwick, 1996]. Hollow:lobes are
present in pahoehoe flows, which form by drainage of molten lava within partially solidified
lobes [Batiza and White, 2000; Umino et al., 2000].

Lobate sheet flows occupy‘41% of the V1 sequence and are the dominant lithofacies in this
section (Figure 1.2¢). A lobate sheet has a gently curved upper surface with well-developed
columnar joints perpendicular to the surface. A lobate sheet flow is a compound flow
consisting of numerous lobes about 2 m in thickness and lateral extension of 20 m or more,
which are piled up to form a domal structure as a whole (Figure 1.2f). Some lobate sheet
flows include breccias 0.1-0.2 m thick and are underlain by lenses of pillows less than 0.5 m
thick. Varioles less than 1 cm in diameter are locally present in the chilled margin of a lobate

sheet.

Massive lava constitutes 7% of the V1 sequence, which is the least abundant among the

four lithofacies. Unlike lobate sheet flows, massive lava has a flat surface with



well-developed columnar joints perpendicular to the surface. A massive flow is 1.5-35 m

thick and extends at least 100 m long.

The 900-m thick sequential V1 unit is separated by 0.4- and 0.8-m thick metalliferous
‘sedimentary layers (umber) (Figure v1.2a), on which the V1 units is divided into three
subunits: the lower V1 (LV1), the middle V1 (MV1) and the upper V1 (UV1) (Figure 1.3).
The uppermost UV1 with at least 200 m thickness shows shallower dips of 25°-32° east than
the LV1 and MV1 unit dipping 30°-40° east. Stratigraphic levels are indicated by the height
in meters above the base (mab) of the V1 sequence resting on the sheeted dike complex
(Table 1.1).

1.2.2. The lower V1 sequence (LV1)
| The; LV1 is 410 m thick and consists mainly of pillow and lobate sheet flows with-a
subordinate amount of massive lava. Massive lava occurs in the lowermost V1 sequence
directly overlying the sheeted dike complex. Pillow flows comprise 54% in the LV1. Most
pillow lobes are bulbous pillows about 1.0-m across, while elongate pillows are locally
present. Distinction of individual lithofacies is relatively easy at outcrops as shown in Figure
2f and is usually identified by the occurrence of different lava flow type and/or structure. At
330 mab, a sharp color change in thick pillow flows marks a boundary of superposed two
flow units with a thickness of 45 and 25 m, respectively, which show different flow d'irect.ions
as indicated by the difference in elongated pillow alignment (Figure 1.2g). At 230 mab, a
20-m thick elongate pillow flow is underlain by a 40-m thick lobate sheet flow associated
with bulbous pillows (Figure 1.2c). At 270 mab, a jasper layer is interbedded between the
lower LV1 (LV1a) and the upper LV1 (LV1b) (Figure 1.3). The jasper forms a thin wavy
layer with a variable thickness about 0.05 to 0.2 m and a lateral extension about 50 m, filling
interpillow spaces and radial cracks of the underlying pillow lava. The jasper layer is overlain
by lobate sheet flows, which are in turn overlain by a 70-m thick pillow flow unit. The top of
the LV1 is conformably overlain by a 0.4-m thick metalliferous sedimentary layer extending |
approximately 3 km to the south (Figure 1.2a) where no erosion is observed along the
boundary. At 410 mab, a 0.2-m thick dike trending NW-SE and dipping 60° westward
intruded into the LV1b and the MV1 through the metalliferous sedimentary layer in between
(Figure 1.2¢).

1.2.3. The middle V1 sequence (MV1)
The MV1 has a thickness of 260 m and consists of bulbous pillows, pahoehoe and lobate



- sheet flows. The basal part of MV1 is shown in Figures 1.2a and 1.2b, where thin
hyaloclastite conformably overlies an umber bed. Pillow and pahoehoe flows constitute 30%
and 25% of the MV1, respectively. The thickness of individual flows is 10-50 m, which is
similar to that of the LVI1. The lower part of the MV1 is dominated by lobate sheet and
pahoehoe flows, while the upper part is dominantly composed of pillow flows. A >5 m thick
dike at 480 mab intrudes into pahoehoe flows with a chilled margin. The MV1 is termihated
by the’appearance of a 0.8-m thick metallriferous sedimentary layer extending about 4 km to
the south.

1.2.4. The upper V1 sequence (UV1) :
The UV1 is more than 200 m thick in total, and consists of 46% of pahoehoe flows and
- 30% of variolitic lobate sheet flows. Wh.ile the upper sequence is poorly exposed, the UV1
sequence begins with thick pahoehoe flows resting on a metalliferous sedimentary layer.
‘Between 730 and 880 mab, several 1.0-m thick basaltic dikes intrudes into pahoehoe and
lobate sheet flows. These dikes strike WNW and dip 22°-78° south. A 0.75-m thick boninite
dike trending 72° west and dippihg 74° south is present in the UV1 sequence at 770 mab
(Figure 1.1 and 1.3). At 854 mab, near the upper end of continuous exposures of the extrusive
section, a 6- to 7-m wide zone of elongate pillows intruded by an intense swarm of thin dikes
(0.1-0.25 m thick) is present within the host pahoehoe lava which strikes 50° east and dips
28° east (Figure 1.2h). The dikes appear exclusively within the 2-m wide central bortion of
the zone that extends laterally a few tens meters along N70°W and dips 70° south, almost
perpendicular to the surrounding pahoehoe lava structure. The dikes intruded into and are
sided by elongate pillows concordant to the attitude of dikes as shown in Figure 2h. These
dikes and pillows are interpreted as a fissure vent opened within a pillowed ridge. The fissure
~runs through the pillowed ridge >3 m in height and 6-7 m in width, which consists of
subvertical elongate pillows 0.6 m in diameter bifurcating downward along the pillowed

ridge.

1.3. Petrography ‘

Based on abundance and assemblage of phenocrysts, the V1 volcanic rocks are divided
into aphyric, plagioclase (Pl)-phyric, plagioélase-olivine-clinopyroxene (P1-O1-Cpx)-phyric
and Pl-Cpx-phyric types. Hyaloophitic and intersertal textures are well observed in the
groundmass and a variolitic texture commonly develops near the surface of pillows (Figure
1.4a). Lava samples underwent intensive low-temperature altefation. Most plagioclases are

altered to albite, saussurite or calcite. Chlorite and clay minerals 'replace olivine phenocrysts.



Only clinopyroxene, Fe-Ti oxide and chrome-spinel remain as primary minerals.
Clinopyroxene occurs as discrete crystals or glomerocrysts. Summary of petrography is

shown in Table 1.1.

The LV1 consists mainly of aphyric and sparsely P1-Cpx-phyric basalt. A few Pl-phyric and
PI-Ol-Cpx lavas are also present. Aphyric lava sparsely contains plagioclase and
clinopyroxene microphenocrysts (Figure 1.4b) and comprises a doleritic groundmass.
Clinopyroxene phenocrysts and microphenocrysts show either sector zoning or normal
zoning. Vesicles are filled with quartz, calcite and clay minerals. P1-Cpx basalt dominates in
the MV1 interbedded with a few aphyric flows (Figure 1.4c). Clinopyroxene shows either a
sector zoning or normal zoning as those in the LV1. In the MV1 lava, clinopyroxene occurs
both as a phenocryst and a microphenocryst. Amygdules filled with calcite, zeolite and clay
minerals are common. The UV1 lava consists of PI-OI-Cpx and few Pl and Pl-Cpx basalt.
P1-Ol-Cpx lavas contain discrete or glomerocrystic Ol (Figure 1.4d). Clinopyroxenes have no
distinct zoning. Vesicles are filled with calcite and clay minerals. A 0.2-m thick dike at 410
mab is Ol-phyric and a 1.0 m-thick dike at 730 mab is P1-Ol-Cpx-Opx (orthopyroxene)
-phyric, respectively. Chrome spinel (Cr/(Cr+Al)=0.76-0.81) occurs as microphenocrysts and
inclusions in altered olivine of the 0.2-m thick dike at 410 mab. A 0.75-m thick boninite dike
at 770 mab is Ol-Opx-Cpx-phyric with olivine and orthopyroxene phenocrysts completely
replaced by clay minerals (Figure 1.4¢). '

1.4. Bulk chemistry

Whole-rock major elements, Ni, Y, Zr, Cr and V contents of 55 samples were analyzed by
X-ray fluorescence (XRF) (RIX3000, Rigakﬁ Denki) at Niigata Uﬁjversity. The analytical
method is described in Takahashi and Shuto [1997]. Other trace and rare earth elements of 41
samples were analyzed by inductively-coupled plasma mass spectrometry (ICP-MS) (Agilent
7500a ICP-MS) after Roser et al. [2000] at Niigata University. When acid-resistant minerals
such as zircon and titanite are present, the arialyses of ICP-MS by acid digestion may give
lower Zr, Hf, Th and U contents, but rare earth element (REE) concentrations by acid
digestion show similar values to those by alkali fusion [Neo et al., 2009]. Therefore, we use
Zr value of the XRF method and other trace element content of the [CP-MS method for this
study. The results of XRF and [CP-MS analyses are given in Appendix Table 1 and 2.

As mentioned above, the analyzed samples have suffered pervasive low-temperature

alteration which may have affected the primary geochemical characteristics. We will first



assess the effects of low-temperature alteration before discussing the primary geochemical
signatures. Loss on ignition (L.O.1.) of analyzed samples ranges from 2.0 to 6.5 Wt% and
shows a positive correlation with CaO contents, suggesting an enrichment of CaO during
alteration (Figure 1.5). This is consistent with abundant calcite in veins and vesicles and
replacing olivine crystals [Alt and Honnorez, 1984]. On the other hand, Na2O contents show
a weak negative correlation with L.O.I. However, the high Na20 in low L.O.I. samples does
not always represent the primary nature of the sample, because plagioclase is totally altered to
albite. Therefore, the high Na20 contents seem to have increased during the secondary
processes. MgO contents do not correlate with L.O.1. but the}; might have been modified due
to the formation of chlorite replacing olivine and filling vesicles [Humphris and Thompson,
1978a; Honnorez, 1981]. Therefore, we use immobile ‘incompatibvle elements such as TiO,
and P,Os for the following petrological consideration. Vesicles are commonly filled with

‘quartz so that SiO, may have increased in such samples.

Large-ion lithophile (LIL) elements such as Rb, Ba and Li, and Sr are generally highly
mobile during ocean floor weathering [Thompson, 1973; Humphris and Thompson, 1978b;
Staudigel and Hart, 1983; Seyfried et al., 1984, 1998; Alt and Honnorez, 1984]. In fact these
elements are highly scattered, suggesting an intensive modification of the initial
concentration during the secondary processes. On the other hand, V, Y, Zr and Cr are
generally immobile against such alteration processes [Thompson, 1973; Hart et al., 1974;
- Humphris and Thompson, 1978b; Pearce and Norry, 1979]. Tight positive correlations sucbh
as TiO,-Zr and Y-Zr support this view. In the section to follow, we discuss the petrological
and geochemical characteristics of the extrusive rocks on the basis of these immobile

elements.

* Zr contents of V1 samples range from 24 to 153 ppm, indicating that these samples span
from the most primitive to most evolved MORBs [BVSP, 1981]. Samples from LV1 and
MV1 range in Zr from 42 to 153 ppm, and from 24 to 132 ppm, respectively, whereas UV1
samples concentrate between 27 and 50 ppm. Thus, the LV1 is generally evolved and the
UV1 is relatively iarimitive among the V1 sequence. The V1 samples form two clusters on the
Zr-TiO; and Zr-P,Os variation diagrams (Figure 1.6), which subdivide the LV1 samples into
high- and low-TiO, group. The high-TiO, group is characterized by higher incompatible
element contents than the low-TiO, group. Although both groups are observed in the LV1 and
MV1, the high-TiO, group dominates in the LV1 while the low-TiO, group dominates in the
MV1. All the UV1 samples belong to the low-TiO; group. |



These high- and low-TiO, groups show different trends in the Zr-Zr/Y variation diagram .
(Figure 6). The high-TiO, group has a limited Zr/Y ratio of 2.6-3.2, which slightly increases
with increasing Zr contents. This suggests that the high-TiO, group of LV1 and MV1 was
formed by the process of simple fractional crystallization from the same parent magma
[Fujimaki et al., 1984]. On the other hand, the low-TiO; group exhibits a broad range in Zr/Y
from 1.6 to 2.6 that increase with increasing Zr contents. Four samples of the LV1, almost
half of the MV1 and all the UV1 samples belonging to the low-TiO, group may be derived

from more diverse sources from the high-TiO, group samples.

REE concentrations of the V1 sequence exhibit similar characters as high field strength
(HFS) elements. The high-TiO, group of the LV1 has Yb contents from 3.5 to 5.5 ppm,
(La/Yb)ri ratios from 0.8 to 1.0, and shows flat REE patterns with a slight light-REE (LREE)
depletion (Figure 1.7a). On the contrary, the LV1 low-TiO, group ranges in Yb contents from
1.5 to 1.8 ppm and in (La/Yb)n raﬁos from 0.7 to 0.8 with slightly LREE-depleted REE
patterns. Yb contents of the MV1 also show two distinct groups, where the high-TiO, group
ranges from 3.0 to 4.5 ppm and the low-TiO; group ranges from 1.5 to 1.9 ppm (Figure 1.7b).
The MV1 high-TiO, group shows flat REE patterns ((La/Yb)n=0.9-1.1) similar to those of
the LV1. On the other hand, the MV1 low-TiO, group shows LREE-depleted patterns
((La/Yb)n=0.3-0.7) (Figure 1.7b). The UV1 samples oveﬂap the MV1 low-TiO, group and
have 1.4-2.1 ppm Yb and 0.5-0.8 (La/Yb)n ratios (Figure 1.7¢).

The V2 sequence has similar buylk' compositions to the V1 low-TiO, group. The V2
samples show low Zr contents ranging from 39 to 54 ppm. V contents of the V2 samples tend
to be higher than those of the Vl sequence at a given Zr content (Figure 1.6). Also, Zt/Y
ratios of the V2 sequence tend to be lower than the V1 low-TiO; group at a given Zr content
(Figure 1.6). Although major and minor element concentrations of the V2 Volcénics are
similar to the V1 low-TiO, group, REE patterns give a more distinct feature. The V2 samples
have (Nd/Yb)n ratios from 0.69 to 0.74, lower than 0.75-1.25 of the V1 low—TiOigroup
(Figures 1.7c and 1.7d), that shows a crossover of the REE patterns of the V1 and the V2
samples. Dikes intruding into the V1 sequence at 410 and 730 mab have similar compositions
to each other with lower (Nd/Yb)n ratios (0.56-0.58). A boninite dike in the UV1 at 770 mab
is highly depleted in incompatible elements but has a slightly LREE-enriched pattern, which
resembles to a typical U-shaped pattern of boninites from the Oman and other ophiolites
[Ishikawa et al., 2002; Godard et al., 2003].
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1.5. Mineral chemistry

Clinopyroxene phenocrysts and microphenocrysts in 37 samples were analyzed by EPMA
(JEOL JXA-8600SX) at Niigata University using an accelerating voltage of 15 kV and a
beam current of 1.3x10™® A. Counting time was 30 seconds on the peak and 20 seconds on the
background. Correction procedures followed the ZAF-Oxide method. Representative
clinopyroxene analyses are given in Appendix Table 3. Because preferential partitioning of
AL O3, TiO,, NézO and REEs in [100] sector compared to other sectors is enhanced for
clinopyroxene crystals. in submarine lava due to rapid cooling, cares must be taken when
comparing the variation of these elements in‘clinopyroxene [Coish and Taylor, 1979; Dowty,
1976; Gamble and Taylor, 1980; Lofgren et al., 2006]. We use core compositions of [001]
sector only in order to exclude the compositional differences arose from this kinetic effect on

the trace element partitioning (Figure 1.8).

Mg# (= Mg/[Mg + Fe*] where Fe* is total Fe as Fe*") of V1 clinopyroxene ranges from
0.65 to 0.93, which is comparable to or more varied than the previous reports for volcanic
rocks from the Oman ophiolite [Alabaster et al., 1982; Ernewein et al., 1988; Umino et al.,
1990; Einaudi et al., 2003; A'Shaikh et al., 2005]. This is consistent with the wide Zr range of
bulk rock compositions in this area as described above. Mg# of clinopyroxene ranges widely
from 0.65 to 0.90 fqr the LVland from 0.74 to 0.93 for the 'MV1, while the UV1
clinopyroxenes range from 0.81 to 0.88, implying that the UV1 is comparatively less-evolved
and has a limited compositional range among the V1 lavas as the bulk rock compositions. As
shown in figure 8, analyses of the V1 sequence have a tight negative correlation between
Mg# and TiO,, and Na,O, and a positive correlation between Mg# and Wo (= 100Ca/[Ca +
Fe* + Mg]) (Figures 1.8a, d and e). Cr,03 content attaining I wt% decreases rapidly with
decreasing Mg# (Figure 1.8c). Thus, the LVI, MV1 and UV1 clinopyroxenes show similar

chemical variations.

Mg# of clinopyroxene of the V2 sequénce spans also a wide range ﬁ‘om 0.67 to 0.85 like
that of the V1 sequence. TiO; of clinopyroxene of the V2 sequence, ranging from 0.21 to 0.56

- wt%, shows a negative correlation with Mg# like the V1 sequence, but is lower than the latter
(Figure 1.8a). Such compositional trends are also recognized in Na;O contents (Figure 8e).
Moreover, it is noted that clinopyroxene of the boninite dike in the V2 sequence is extremely
depleted in TiO, and Na,O (Figure 1.8a and e). Thus,‘the clinopyroxenes of the V2 sequence

and the boninitic dike are apparently distinct from those of the V1 sequence.



1.6. Chemical stratigraphy - ‘ ‘
Bulk-rock and clinopyroxene compositions shown above are examined in respect to the
lithological stratigraphy. The lithological column and geochemical variations along the Wadi

Fizh are illustrated in Figure 1.9.

The LV1 lava shows overall smooth variations with evolved compositions (TiO: 1.5-2.3
wt%; Zr: 87-153 ppm) except for a few spikes around 180, 250 and 330 mab. The
incompatible elements such as Zr and Yb of the high-TiO, group gradually increase upward.
Four samples belonging to the low-TiO, group are characterized by less-evolved but slightly
enriched compatible elements. Three of them are lobate sheet flows just below the jasper
layer at 270 mab. These less-evolved sém’ples have similar (La/Yb)n and Zr/Y ratios to the
other evolved rocks above and below. Clinopyroxene compositions are scattered but show

broadly consistent variations with the bulk compositions.

It is noticed that there is a gap in bulk and clinopyroxene compositions between above and
below the jasper layer at 270 mab (Figure 1.9). The LV1b is characterized by more evolved
compositions (TiOy: 1.9-2.2 wt%; Zr: 118-153 ppm) and narrower compositional variations
than the LV1a (TiO,: 1.5-2.1 wt %; Zr: 86-141 ppm). Grayish pillow lava at 330 mab is the
only exception that has a less-evolved composition (Figure 1.2f). However, the entire LV1

shows similar (La/Yb)n ratios and a slight increase in Zr/Y ratios upward.

The 0.4-m thick metalliferous sedimentary. layer marks the sharp compositional gap
between the LV1 below and the MV1 above. The lower part of the MV1 sequence consists of
less evolved lavas with very low incompatible elements compared to the LV1b samples. The
entire MV1 exhibits zigzag variations with a wide range in TiO; (0.6-2.1 wt%) and Cr (5-300
ppm). It is noticed that (La/Yb)n and Zr/Y ratios of the MV1 also exhibit zigzag profiles
unlike those of the LV1. This fact indicates that the MV1 is composed of basalts derived from

a heterogeneous source or variable degrees of partial melting.

The basal part of the UV1 sequence shows low incompatible element contents with a
limited compositional range (TiO,: 0.6-1.0 wt%; Zr: 35-54 ppm) than the lower sequence.
The lowest UV1 sample is also characterized by the highest compatible element content (Ni:’
59 ppm; Cr: 199 ppm). Because the top of MV1 lavas have high Zr content such as 118 ppm,
there is a sharp compositional gap between the MV1 and the UV1 at 670 mab. The zigzég
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profile of Zr/Y ratios of the UV1 implies that the UV1 lavas are derived from a slightly

heterogeneous source.

1.7. Discussion
1.7.1. Effusive section in the Wadi Fizh area—change from on- to off-ridge sétting

Lobate sheet flows and bulbous pillows dominate in the lowermost V1 sequence, while
elongate pillows occur at 230 mab. Gentle slopes around fast-spreading ridges exist on 1) the
axial summits and troughs and 2) the ridge flanks more than several kilometers off-axis.
Based on the high-resolution topographic explérafibn of the axial regions on fast-spreading
ridges, there are narrow (1-200 m) and shallow (3-50J m) fault grabens and collapse pits on
lobate sheets [Ballard et al., 1979; Engels et al., 2003; Fornari et al., 1998; Fundis et al.,
2010; Gregg‘ and Chadwick, 1996]. Therefore, the occurrence of elongate pillows is only
local in small scale on slopes inside the axial troughs and as pillow mounds formed around
vents at low extrusion rates during the waning stage of eruptions [Fornari et al., 1998]. On the
axial-ridge scale, elongate pillows preferentially form on slopes with a gradieﬁt larger than
approximately 54° and dominate on slopes >15° on submarine volcanoes off Hawaii Islands
and on the rise slopes of the southern EPR at 14°S [Auzende et al., 1996; Gregg and Smith,
2003; Umino et al., 2002; Tominaga and Umino, 2010]. The result of seafloor observation
indicates that the lava flow morphology correlates well with the gradient of slopes respective
to a subtle difference in lava composition. On the other hand, ODP Hole 1256D penetrated
through the superfast-spread upper oceanic crust has only a limited interval of pillow lava at
700-800 m below seafloor, 200 m above the top of the sheeted dike complex within the
864-m/ thick extrusive rocks, which is correlated tb pillow-dominant facies emplaced on the
ridge slope [Tominaga and Umino, 2010]. Applying the same idea, we correlate the
lowermost 230 m of the LV1 to axial facies erupted on the subhorizontal paleoridge crest and -
the thick pillow lava interval from 230 to 410 mab to slope facies which were emplaced on

the steep ridge slope outside the ridge crest (Figure 1.10).

The jasper layer at 270 mab, which divides the LV1 to LV1a and LV1b manifests the hiatus -
of lava flow accumulation on this part of the seafloor. A jasper layer is considered to
precipitate from hydrothermal fluid as colloidal silica and iron-oxyhydroxide particles, which
are easy to be dispersed and subject to erosion without capping by later volcanic products
[Halbach et al., 2002; Grenne and Slack, 2003]. Its limited continuity and thin occurrence
suggest that the jasper layer settled on local depressions during a short repose period before

overlain by the subsequent flows. During the repose period, lava composition changed from

13



less-evolved to more evolved lavas,.vThis change coincides with the changes in dominant flow
types from lobate sheet flows below the jasper layer to pillow lavas above. Their thick lava
layers, and evolved and limited bulk compositions of the LV1b may have been derived from
voluminous eruptions. Despite the wide range variations in incompatible elements such as
TiO,, Zr and Yb, the high-TiO; group basalts, show a narrow range in Zr/Y ratios through the
entire LV1 sequence. It is noted that the LV1 Zt/Y ratios slightly increase with increasing Zr,
which implies overall upward evolution of the LV1 flows. Thus, the majority of high-TiO,
group of both LV1a and LV1b is derived from the same source, and experienced various
degrees of fractional crystallization. Some low-TiOz LV1 lavas may not be explained by a

simple fractional crystallization of the high-TiO, LV1 magma.

The 0.4-m thick metalliferous umber dividing the LV1 and MV1 contains more heavy
metals than pelagic sediments and is considered to have been generated by hydrothermal
activities [Robertson and Fleet, 1986; Karpoff et al., 1988]. Unlike the jasper layer at 270
mab, the umber layer is traced more than 3 km, suggesting a significant depositional period.
Assuming a sedimentation rate of 0.01 mm/a [e.g. Berger, 1974], the 0.4-m thick umber
represents a 40,000-year time interval. If a half-spreading rate was 5-10 cm/a, the MV1
should have deposited more than 2-4 km off-axis from the top of the LV1. Although this is
only a rough approximation, the distance of 2-4 km seems to be in accordance with the
change in characteristic lava morphology from the LV1 with elongate pillows to the MV1
with common lobate sheets. We suggest that the MV1 lavas were emplaced off axis on a
subhorizontal abyssal plain by traveling a long distance from the ridge crest or by in-situ

eruptions at off-axis vents.

The 70-m thick MVI1 flows above the metalliferous umber are characterized by
" less-evolved and depleted composiﬁons with lower (La/Yb)n and Zr/Y ratios than the lower
LV1, suggesting that this part of the MV1 may be derived from a more depleted source or
formed by a higher degree of partial melting. Recurrence of less-evolved flows through the
MV1 suggests a discrete source other than the axial vents that fed the more evolved LV1
flows. Evolved flows in the upper two third of the MV1 have similar compositions to the LV1
high-TiO, group with the overall same Zr/Y ratios, indicative of a common source of these
two. The evolved, more fertile lavas intervened with the MV1 may be flows that traveled a
long distance through lava channels or tubes from the ridge axis [e.g. Soule et al., 2005]. The
zigzag pattern of the geochemical variations of the MV1 may represent alternating sources of

the on- and off-axis magmatism. This geochemical pattern is similar to the northern EPR at
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9° N where pillow ridges and mounds formed above off-axial source vents are sometimes

‘covered with large-scale flows from the ridge axis [Perfit et al. 1994].

The UV1 sequence is charaéterized by less-evolved and depleted homogeneous
compositions belonging to the low-TiO, group. The less-evolved character suggests that the
volcanism occurred significantly off axis beyond the limit of distance that evolved
voluminous flows from the ridge axis can travel. The presence of a fissure vent at 854 mab is
the evidence of such off-ridge volcanism. We suggést that the UV1 lavas were generated from
a homogeneous depleted source mantle. An isolated volcano is also reported from the Wadi
Shaffan area [Einaudi-et al., 2000; 2003]. These findings suggest the common presence of

off-ridge volcanism on the Neotethys oceanfloor.

It is noted that the UV1 may be correlated to the Lasail Unit, because they have similar
geological and petrological fea‘gures. The Lasail Unit was defined by Alabaster and Pearce
[1980] as a fractionation sequence from basalt through andesite to felsite which directly
overlie the ‘axis’ lavas. The basaltic member is typified by small, distinctly gray-green,
non-vesicular, aphyric and frequently bun-‘shaped pillow lavas. The Lasail Unit shows more
primitive compositions (TiO,: 0.3-0.9 wt%; Zr: 20-50 ppm) than the Geotimes Unit (TiO,:
0.6-1.5 wt%; Zr: 50-200 ppm) [Alabaster et al., 1982; Lippard et al., 1986]. The UV1 and
less-evolved lavas of the MV 1 which are roughly plotted in the field of the most primitive V1
and sheeted dikes, and the Lasail Unit by the previous studies (Figure 1.6). Alabaster et al.
[1982]v also claimed that the origin of the Lasail Unit is seamount based on their sporadical
distributions. Both the UV1 and the less-evolved flows in the MV1 were formed by off-ridge
volcanism which is broadly regarded as a part of the mid-ocean ridge magmatism. We thus -
conclude that the Lasail Unit is a subunit of the V1, represented by the less-evolved MV1 and
UVl iﬁ the Wadi Fizh area, and is essentially generated as a part of the mid-ocean ridge

volcanism.

The V2 lavas are also characterized by depleted compositions like the LV1 low-TiO, group.
The V2 sequence is considered to be generated in an immature arc setting [Ishikawa et al.,
2002], that makes the most outstanding difference of the V1 and V2 sequence. The presence
of pyroclastic deposit interbedded with V2 lavas in Ghayth area 20 km south of the study area
suggests more hydrous conditions for the V2 magma, in accordance with the arc setting
[Umino et al., 1990]. The best indicator that discriminates the V1 from and V2 sequence is
clinopyroxene chemistry [Alabaster et al., 1982; Umino et al., 1990; Adachi and Miyashita,
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2003]. The V2 clinopyroxenes show lower incompatible elements than the V1 clinopyroxenes
with Mg# <0.85 (Figure 8). Distinction of the V1 low-TiO, group and the V2 is less obvious
for the bulk-fock chemistry, however, the V2 sequence is characterized by slightly lower Zr/Y
and (Nd/Yb)n ratios than the V1 low-TiO; group (Figure 1.6). The low Zr/Y ratios indicate a
more depleted source or a higher degree of partial melting for the V2 than the V1 low-TiO2
group. Furthermore, lowerV(Nd/Yb)n ratios of the V2 samples result in a crossing REE
patterns for the V1 and V2 volcanics indicative of discrete sources for the V1 and V2
(Figures 1.7a and b). |

1.7.2. The volcanism at a segment boundary

The bulk-rock compositions of the V1 sequence in Wadi Fizh show a larger compositional
variation than the V1 unit from other areas by the previous studies [Alabaster et al., 1982;
Lippard et al., 1986; Ernewein et al., 1988]. The sheeted dike complex of the Wadi Fizh area
coincidentally exhibits the broadest compositional range in the northern Oman ophiolite
[Miyashita et al., 2003]. In contrast, the sheeted dikes have less-evolved, limited
compositions toward the segment center of the paleo-spreading axis at Wadi ath Thugbah 25
km south of the study area [Umino et al., 2003]. Seismic experiments along the EPR and
Galapagos Spreading Center have shown that melt lenses are small or absent below the
segment ends due to lower supply rates of magma to the upper crust [Hooft et al., 1997;
Blacic et al., 2004]. This suggests that primitive melts supplied from the lower crust have
more chances to extrude without mixing\ with the evolved magmas in a shallow magma
chamber which is consistent with the observed geochemical differences of the segment center
» and end in the northern Oman ophiolite [Miyashita et al., 2003]. Around the segment end, it
| might be more enhanced cooling by hydrothermal circulation [Morgan and Chen, 1993]. At
the same time, evolved melts may extrude at the segment ends because cooler conditions
promote fractional crystallization of shailow melt lenses than at the segment centers. Besides,
dikes and flows derived from the adjacent ridge segment veiled a larger compositional
variation to the segment boundary lavas. Eventually, the large compositional variation of the
V1 extrusive sequence is consistent with the model of Adachi and Miyashita [2003] that the
Wadi Fizh area corresponds to the leading edge of a propagating paleo-ridge segment.
Infrequent axial eruptions were followed byxelaﬁvely long repose periods for hydrothermal

deposits to precipitate.

Off-axis volcanoes are more abondant in second- or third-order segment ends along the
EPR [Schierer and Macdonald, 1995; White et al., 2006]. Generally, lavas erupted from off



axial vents show a more diverse composition than those extruded from axial vents since the
off-axial lavas may retain the signatures of the source mantle heterogeneity due to a lack of
persistent crustal magma chambers, which are otherwise obscured by mixing of differentiated
and replenished primitive melts and assimilation of crustal materials [Perfit et al., 1994; Sims
et al., 2002; 2003; Hall and Sinton, 1996; Geshi et al., 2007]. The zigzag compositioﬁal
profiles of the MV1 are in good agreement with the characteristics of such off-ridge
volcanism as exemplified by the off-axis lavas at EPR 9°N [Perfit et al., 1994]. The UV1 is
most likely generated by off-axis volcanism as indicated by the presence of the pillowed
ridge with a fissure vent among the off-axial pahoehoe flows. The less-evolved compositions
of the UV1 lavas also supporf this interpretation that lower supply rates of fnagma at the
segment end promoted solidification of the crustal magma chamber, thereby allowing

extrusions of less-evolved magmas from the deep crust and the mantle.

1.8. Conclusions

Temporal and spatial variations of extrusive layers from the ridge crest to off-ridge area
were investigated in geological and geochemical terms along Wadi Fizh in the northern Oman
- ophiolite. A successive exposure of the V1 extrusive sequence is divided by a 0.4-m and
0.8-m thick metalliferous sedimentary layers into three subsequences: the lower V1 (LV1),
the middle V1 (MV1) and the upper V1 (UV1).

The lowest part of the LV1 consisting of lobate sheet flows and bulbous pillow lavas
formed on the flat ridge crest. The presence of elongate pillows at 230 mab represents a
lithofacies emplaced on relatively steep slopes flanking the ridge. The LV1 is subdivided into
two subsequences by a jasper layer at 270 mab. The stratigraphic variations of the lower
subsequence (LV1a) show an evolved chemical compositional profile with a few less-evolved
levels. Similar Zr/Y ratios through the most LV1 sequence indicate that the LV1 originated
from the same source material. Lavas in the upper subsequence (LV1b) were emplaced at the
- foot of the ridge siope where the gentle skirts extend away from the ridge. The 130-m thick

evolved compositions of the LV1b represent voluminous lava flows fed from the axial source.

Assuming a half-spreading and sedimentation rate to be 5-10 cm/a and 0.01 mm/a,
respectively, the 260-m thick MV1 sequence was emplaced 2-4 km off the ridge axis.
Predominance of lobate sheet and pahoehoe flows suggest that the MV1 flowed onto a
subhorizontal off-axial seafloor. Wide compositional variations with a zigzag pattern

represent juxtaposing magma sources beneath the paleo-spreading system, which differ in the



degrees of partial melting and/or fractional crystallization. The zigzag profile of the MV1
sequence is explained by alternating flows erupted in-situ at off-axis vents and transported
from axial vents. The fissure vent at 854 mab provides a direct evidence of in-situ off-axis
volcanism for the UV1. Restricted depleted compositions of the UV1 lavas indicate that they

were derived from discrete sources other than the axial magma.

The UV1 and less-evolved lavas of the MV1 can be correlated to the Lasail Unit based on
the geological and petrological similarity. The Lasail Unit is considered to be a subunit of V1,
which formed by off-ridge mid-ocean ridge volcanism. The V2 lavas can be discriminated by
 their lower bulk Zr/Y (Nd/Yb)n ratios and Clinbpyroxene compositiohs more depleted in TiO;
and Na,O than the V1 lavas.

Broad bulk-rock compositions of the V1 sequence are consistent with volcanism at a
paleo-ridge segment end. At a segment end, both primitive and evolved magmas may extrude
because of smaller size or absence of a melt lens due to colder upper crust than at the segment
center. The V1 flows and the sheeted dikes in the Wadi Fizh area have similarly variable
compositions expected for the cold upper crust at a segment end. The UV1 is the product of
off-axis volcanism, like those around second- to third-order discontinuities along the present
EPR.
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Figure 1.1 (a) Simplified geological map of Oman ophiolite after Lippard et al., [1986]. (b) Geological route map
along the Wadi Fizh.
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Figure 1.2 Representative lava morphology and lithofacies. (a) 0.4-m thick glossy metalliferous sedimentary layer at 410 mab dividing the LV1 and MV1 is
traceable for as long as 3 km southward. (b) Bulbous pillow flows in the LV1 sequence (405 mab) just below the metalliferous sediment of (a). A 0.2-m thick
dike intrudes into the flows and overlying MV 1. (¢) Elongate pillows at 230 mab in the LV showing subparallel alignment, indicative of flowage on a slope. (d)
Pahoehoe flows in the UV at 735 mab. Pahoehoe lobes are 1 x 1.5-3 m wide and 0.1-0.3 m thick, with much smaller thickness/width ratios than pillow lobes.
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Figure 1.2 (e) Lobate sheet flows at 160 mab are 20 m in width and have hummocky, undulating tops. Small pillow lobes and breccias accompany the bottom of
each flow lobe (dense and dark part). (f) Thick lobate sheet flow underlain by pillow lava at 350 mab. Columnar joints develop in the basal part of the sheet flow.
Flow boundaries coincide with lithological boundaries in some cases. (g) Thick pillow lava flows in the LV 1b. Sharp change in color indicates the flow unit
boundary within the pillow lavas at 330 mab. Different colors are due to the difference in secondary mineralogy inherited from the different bulk compositions. The

brownish pillows have evolved composition whereas the grayish pillows show less-evolved features (see the text). (h) Fissure vent at 854 mab. Note the overturned
and elongated pillow lobes around the fissure.
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Figure 1.3 Stratigraphic column of the V1 sequence along Wadi Fizh. Broken lines indicate boundaries of each
sequence.
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Figure 1.4 Microphotographs of flows and dikes. (a) Altered plagioclase and clinopyroxene microphenocrysts
in the variolitic groundmass (LV1). (b) Aphyric lava with doleritic texture (LV1). (c) Plagioclase and
clinopyroxene phenocrysts in a hyalo-ophitic matrix (MV1). (d) Olivine, plagioclase and clinopyroxene
phenocrysts in a hyalo-ophitic matrix (UV1). (e) Clinopyroxene phenocrysts and clinopyroxene and
orthopyroxene microphenocrysts in a boninite dike at 745 mab. Ol: olivine; Pl: plagioclase; Cpx:
clinopyroxene; Ves: vesicle.
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Figure 1.6 TiO2, P205, Ni, Cr, Y, V, Zr/Y and (Nd/Yb)n ratios plotted against Zr. TiO2 and P205 concentrations are
recalculated on an anhydrous basis. High Ni and Cr samples are omitted. Open and shaded fields are lava compositions
of previous studies; V1, Geotimes and sheeted dikes, and V2 field: A’ Shaikh et al. [2005], Beurrier et al. [1989],
Einaudi et al. [2003], Ernewein et al. [1988], Godard et al. [2003, 2006] and Miyashita et al. [2003]; Lasail and Alley
field: Alabaster et al. [1982] and Lippard et al. [1986]. The fractionation trend in the Zr/Y plot is calculated from a
parental magma corresponding to the less-evolved LV 1 sample. Arrow shows fractionation F = ~0.3. Crystallization of
olivine, clinopyroxene and plagioclase are assumed to be 10, 30 and 60, respectively, and partition coefficients are after
Fujimaki et al. [1984].
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Figure 1.7 Chondrite-normalized REE patterns for LV1 (a), MV1 (b), UV1 (c) and V2 sequence (d). The
chondrite value is after Sun and McDonough [1989]. Shaded areas in (b), (¢) and (d) are ranges of LV 1.
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shaded fields are lava compositions of V1 and V2 units from Alabaster et al. [1982], Einaudi et al. [2003] and
A’ Shaikh et al. [2005].
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Figure 1.9 Stratigraphic variations of selected bulk-rock TiO2, Ni. Cr, Zr, Zr/Y, (La/Yb)n and clinopyroxene Mg#, TiO2 and Na20. Grey crosses are sector
zoned clinopyroxenes. See text for explanation.
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Figure 1.10 Schematic model of lava accretionary processes of the Wadi Fizh extrusive sequences based on the
geological and geochemical obserbations [modified by Tominaga and Umino, 2010]. LV 1a consists of flows
erupted and emplaced on the ridge crest, especially fill the axial summit trough. The LV 1b consisting of 20-m
thick pillow lavas and lobate sheet flow emplaced at the ridge flank. After short period of quiescence, MV | was
emplaced via off-axis magma processes with evolved lavas transported from the ridge summit and less-evolved
lavas erupted in-situ. The UV consists of flows erupted off ridge area to form off-ridge volcanoes.
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Table 1.1 Locations, mode of occurrences and phenocryst assemblages of the Wadi Fizh lava flows and

dikes. PI: plagioclase; Ol: olivine; Cpx: clinopyroxene; Opx: orthopyroxene.

sample No. Latitude Longitude Mode of occurrence Mineral assemblages Texture mab
Lower V1 sequence : ‘

LV1a

07Fizh5 2429118 56.21450 Massive lavas aphyric Doleritic 15
07Fizh6 2429118 56.21478 Pillow lavas PI-OI-Cpx Variolitic 45
07Fizh7 24.29116 56.21484 Pillow lavas aphyric Intersertal 56
O07Fizh8 24.29116 56.21484 Pillow lavas PI-OI-Cpx Intersertal 56
07Fizh9 24.29117 = 56.21492 Pillow lavas PI-Cpx Hyaloophitic 69
07Fizh10  24.29117 56.21493 Dike PI-Cpx Hyaloophitic 75
07Fizh11 .~ 24.29115 56.21495 Pillow lavas PI-Cpx Variolitic 73
07Fizh12  24.29114 56.21498 Lobate sheet flows aphyric Hyaloophitic 80
07Fizh13  24.29109 56.21500 Lobate sheet flows PI Hyaloophitic 90
07Fizh14  24.29108 56.21509 Pillow lavas Pl . Variolitic 99
07Fizh15 24.29100 56.21514 Pillow lavas PI-Cpx Variolitic 108
07Fizh16  24.29092 56.21526 Pillow lavas PI-OI-Cpx Variolitic 123
07Fizh17 2429087 56.21532 Lobate sheet flows aphyric Intersertal 129
07Fizh18 2429075 56.21533 Lobate sheet flows PI-Cpx Variolitic 131
07Fizh19 = 24.29068 56.21535 Lobate sheet flows aphyric  Intersertal 143 .
07Fizh20 24.29057 56.21534 Lobate sheet flows PI-Cpx Intersertal 142
07Fizh21 2429049 56.21542 Pillow lavas aphyric Intersertal 165
09vFizh1 24.29040 56.21567 Lobate sheet flows aphyric Intersertal 183
07Fizh22 2429039 56.21584 Lobate sheet flows PI-OI-Cpx Intersertal 213
07Fizh23 2429059 56.22000 Pillow lavas aphyric Variolitic 246
09vFizh2 24.29045 56.22006 Lobate sheet flows PI-OI-Cpx Hyaloophitic 248
09vFizh3 24.29046- 56.22009 Lobate sheet flows PI-OI-Cpx Hyaloophitic 249
07Fizh24 24.29054 56.22006 Lobate sheet flows PI-Cpx Intersertal 250
LV1b :

07Fizh26 24.29061 56.22018 Lobate sheet flows PI-OI-Cpx Intersertal 275
07Fizh27 2429060 56.22028 Pillow lavas aphyric Hyaloophitic 290
07Fizh28 2429060 56.22028 Pillow lavas PI-Cpx Hyaloophitic 290
07Fizh29 24.29061 56.22033 Massive lavas aphyric Intersertal 293
07Fizh30 24.29083 56.22041 Pillow lavas aphyric Hyaloophitic 325
09vFizh4 2429092 56.22030 Pillow lavas PI-Cpx Variolitic 323
09vFizh5 24.29094 56.22038 Pillow lavas Cpx Hyaloophitic 335
07Fizh31 2429095 56.22042 Pillow lavas PI-Cpx Hyaloophitic 335
07Fizh32 2429104 56.22051 Pillow lavas aphyric Hyaloophitic 343
07Fizh33 2429109 56.22055 Lobate sheet flows PI-Cpx Intersertal 358
07Fizh34 24.29116 56.22055 Lobate sheet flows aphyric Intersertal 370
07Fizh35 2429123 56.22068 Lobate sheet flows aphyric Hyaloophitic 378
07Fizh36 24.29130 56.22074 Pillow lavas aphyric Variolitic 409
Middle V1 sequence

07Fizh37 2429132 56.22076 Lobate sheet flows aphyric Hyaloophitic 414
07Fizh38 2429123 56.22081 Pillow lavas aphyric Hyaloophitic 416
07Fizh39 24.29123 56.22109 Lobate sheet flows aphyric Intersertal 430
07Fizh40 2429122 56.22096 Lobate sheet flows PI-Cpx Hyaloophitic 449
07Fizh41 24.29124 56.22100 Pillow lavas aphyric Hyaloophitic 467
07Fizh43 2429140 56.22131 Pahoehoe flows aphyric Hyaloophitic 504
07Fizh44 2429145 56.22143 Pahoehoe flows PI-Cpx Hyaloophitic 516
07Fizh45 24.29149 56.22156 Lobate sheet flows PI-Cpx Hyaloophitic 532
07Fizh46 24.29151 56.22162 Pillow lavas PI-Cpx Variolitic 553
07Fizh47 2429153 56.22171 Pahoehoe flows PI-Cpx Hyaloophitic 567
07Fizh48 2429155 56.22190 Pillow lavas PI-Cpx Hyaloophitic 606
07Fizh49 2429155 56.22203 Pillow lavas aphyric - Hyaloophitic 623
07Fizh50 2429170 56.22207 Lobate sheet flows PI-Cpx Intersertal 645
07Fizh51 24.29174 56.22219 Pillow lavas PI-Cpx Hyaloophitic 662
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(Continued)

sampleNo. Latitude Longitude Mode of occurrence Mineral assemblages Texture mab
Upper V1 sequence : v

07Fizh52 2429174 56.22227 Lobate sheet flows PI-OI{-Opx) Intersertal 679
07Fizh53 24.29176 56.22233 Pahoehoe flows Ol Hyaloophitic 689
07Fizh54 24.29227 56.22191 Pillow lavas PI Hyaloophitic 693
07Fizh55 2429233 56.22196 Pillow lavas PI-Cpx Variolitic 712
07Fizh56 24.29238 56.22206 Lobate sheet flows PI-Cpx Hyaloophitic 742
08Fizh2 2429185 56.22269 Pahoehoe flows Pl Hyaloophitic 731
09vFizh6 2429182 56.22245 Pahoehoe flows  PI-OI-Cpx Hyaloophitic 736
- 08Fizh3 2429185 56.22277 Pahoehoe flows PI-OI-Cpx Variolitic 742
09vFizh7 2429184 56.22283 Pahoehoe flows PI1-OI-Cpx Hyaloophitic 753
08Fizh5 24.29202 56.22306 Hyaloclastites Pl Hyaloophitic 802
08Fizh6 =~ 24.29204 56.22313 Lobate sheet flows PI-Cpx Hyaloophitic 820
08Fizh7 2429206 56.22314 Lobate sheet flows PI-OI-Cpx(-Opx) Hyaloophitic 823
- 08Fizh8 2429216 56.22332 Pillow lavas PI-OI-Cpx Hyaloophitic 854
09vFizh9 24.29246  56.22389 calcite vein host-  aphyric Intersertal

V2 lavas

08Fizh11 2429318 56.23074 Massive lavas OI-Cpx Hyaloophitic

08Fizh13 24.29321  56.23072 Massive lavas PI-OI-Cpx Hyaloophitic

08Fizh14 24.29317. 56.23068 Massive lavas aphyric Hyaloophitic

08Fizh15 2429316 56.23066 Massive lavas’ aphyric Hyaloophitic

08Fizh16  24.29314 56.23055 Pillow lavas Pl Variolitic

Dikes

07Fizh42 2429132 56.22116 Massive lavas PI-Cpx Intersertal 486
08Fizh1 2429183 56.22259 Sill PI-OI-Cpx(-Opx) Hyaloophitic 731
08Fizh17  24.29130 56.22074 Dike ol Hyaloophitic 410
Boninitic dike .

08Fizh4-  24.29200 56.22302 Sill PI-OI-Cpx(-Opx) Hyaloophitic 745

31



Chapter 2
Along-axis variations of magmatism:

Implication from the V1 volcanic rocks in the northern Oman ophiolite



2.1. Introduction

Overlapping spreading centers and small offsets called ‘devals’ mark the boundaries of the
magma supply systems [Langmuir et al., 1986] and they might be appeared as compositional
variations between each segment. For example, mid-ocean-ridge basalts (MORBs) recovered
from magmatically robust segments of the EPR (11°20°N and 9° 30°N) have relatively small
geochemical variations whereas lavas from the magmatically ‘starved’ section at 10°30°N
have a great range in composition, including evolved and less-evolved samples [Batiza et al.,
1996]. They suggest that the differences are due to steady-state or non-steady-state behavior
of magma chambers, respectively. On the other hand, digitized profiles around the ridge axis
show deeper topography, narrower axial summit and deeper melt lens beneath the ridge axis
in the segment margin than inflated segment center [Scheirer and Macdonald, 1993]. It
indicates that magmatisms would be changed along a ridge axis. Also déeper crust around the
segment margin may provide lower MgO contents responsible for the lower temperature of
- magma than the segment center. Seismic refraction profiles around segment center exhibit
lower velocities of crustal section while higher velocities of upper crust due to abundant
sheeted dike complex [Canales et al., 2003]. Therefore, it is suggested that robust and starved
volcanisms are the end members and the volcanisms change gradually from the segment

center to the end.

As described above (Chapter 1), the segment end (Wadi Fizh) might characterize the
boundary of magma Vsystem.'At the northern Oman ophiolite, sheeted dike complex shows
geological and compositional variation along the segment [Umino et al., 2003; Miyashita et
al., 2003]. According to their classification, the 70-km long segment is bounded at northern
Wadi Fizh and southern Ahin as the second-order segment margin, and Wadi Bani Umar is
recognized as the fourth-order segment margin (deval). The segment center is loéated around
‘Wadi ath Thugbah to Hayl. Thicker and finer dikes occur at the segment ends with wide
compositional ranges than that of the se'gmyent center [Umino et al., 2003; Miyashifa et al.,
2003].

2.2. Geology

Our studied area extends about 70 km long from southern part of the Fizh block to the Hilti
(or Salahi) block (Figure 2.1). Six wadis expose almost whole the V1 section and two wadis
preserve lower to middle part of the V1 (lacking the V1 and V2 boundary) (Figure 2.2; Table
2.1). Extrusive sections strike NE-SW to NW-SE which depends on the seafloor topography
or faulting after emplacement. Since Wadi ath Thugbah, Bani Ghayth and Wadi Suhayli area
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are folded by anticline, total thickness of the V1 might be overestimated. But they show
regional geological and geochemical variations enough to discuss. The northernmost Wadi
Zabin is omitted in Figure 2.2 because it belongs to another segment and we need more

survey.

2.2.1 Wadi Zabin , _

Because the segment boundary is presumed to be located between Wadi Zabin and Fizh,
Wadi Zabin seems to be generated from another segment [Miyashita et al., 2003; Adachi and
Miyashita, 2003]. The V1 sequence continuously exposes from sheeted dike complex

‘ however the EW—trending dike swarm intrudes into the crustal section [Ishikawa et al., 2002;
Adachi and Miyashita, 2003]. The 1125-m thick V1 séquence trends N-S to NE-SW and dips
30° to 45° east. The lower part is characterized by the occurrence of pahoehoe lava flows, and

the upper part preserves jointed lobate sheet flows.

2.2.2 Wadi Fizh

Detailed stratigraphy of the >900-m thick V1 sequence is discussed in the chapter 1.
Approximately the 1200-m thick V1 sequence trends NW-SE and dips 25° to 40° east (Figure
2.3a). Lobate sheet flows occupy 44%, pillow lavas occupy 38%, pahoehoe flows occupy
10% and massive flows occupy 8% of the V1. Pillow lavas occur the lower part (LV1) and
pahoehoe flows occur at upper part (MV1 and UVT1). The 410-m thick LV1 and more than
500-m thick MV1+LV1 represent on-ridge and off-ridge volcanisms, respectively.

2.2.3 Wadi ath Thuqubah
Paleo segment center is repofted around Wadi ath Thuqubah [Miyashita et al., 2003; Umino
_et al., 2003]. The transition zone between sheeted dike complex and V1 lavas, and the upper
_part of V1 sequence are preserved in this area, and the two constructions may contact with
fault. The lowest part containing the transition zone trends NW-SE and dips 20°-30° NE, and
crops out 130 m thick. The upper part trends NW-SE and dips 25°-45° NE, and exposes 315
m thick. Pahoehoe flows occupy 54% of the V1, massive flows have limited exposure and no
pillow lava occurrences. Lobate sheet flows occur around the top of V1 in this area. 18-m
thick metalliferous and pelagic sediments (Suhaylah Formation) have been overlying on the

V1 with no visible erosions.

2.2.4 Bani Ghayth (near Wadi Jizi)

This area located at 2 km northward from Wadi Jizi and considered to be generated from
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the similar geologic setting to Wadi ath Thugbah, the paleo segment center. But in more
strictly, Ghayth area corresponds to a little southern part which lower crust and mantle section
has been lost by obduction related deformation. The V1 trends N-S to NE-SW and dips
20°-30° east, the trends gradually change upward. The 890-m thick V1 is composed of 50% of
pahoehoe, 30% of lobate sheet and 20% of massive flows (Figure 2.3b). The lower part is
dominated in pahoehoe flows (Figure 2.3¢), while the middle through upper part mainly

consists of 5-20 m thick lava layers.

2.2.5 Wadi Yanbu

Wadi Yanbu has been located at northern part of Hilti block, 8 km southward from Wadi
Jizi. The V1 exposes whole section from sheeted dike complex to the V2 lavas. Wadi Yanbu
area occurs N-S trending and 20°-30° dipping to east. A 572-m thick section containing 60-m
thick blank, is composed of 86% of pahoehoe, 13% of lobate sheet and 1% of massive flows.
Thin jasper lenses and layers (<3 cm) commonly appear over 475 mab and rarely preserve

ropy wrinkle of pahoehoe flows.

©2.2.6 Wadi Salahi | ,

5 km southward from Wadi Yanbu, Wadi Salahi area has 660-m thick V1 lavas. The V1
sequence between transition zone and the V2 is composed of 58% of pahoehoe, 32% of lobate -
sheet and 2% of massive flows. Pillow lavas occur at 332 mab and hyaloclastites are
sometimes interlayered under the lobate sheet flows. The lower part of the V1 is dominated in
pahoehoe flows. Three metalliferous umber layers occur above 640 mab, nearly the upper
most V1.

2.2.7 Wadi Suhayli area (Suhayli N and Suhayli)

Two sections are observed in this area, 5 km (north branch of Suhayli; Suhayli N) and 7 km
(along Wadi Suhayli) southward from Wadi Yanbu. Due to the existence of gentle anticline,
this area trends NE-SW to E-W and dips. SE to south at westward, and gradually change
NE-SW trends at easi:ward. ‘The Suhayli N section thickens 970 m* because it doesn’t expose
the transition zone, and the V1 and V2 boundary. Pahoehoe flows occupy 62%, lobate sheet
and massive flow occupyl3 and 14%, respectively. 11% of pillow lavas occur at 424 (77 m
thick) and 625 mab (30 m thick). Between the 300 and 400 mab, NS-trending dikes intrude
into the V1 lavas like a ‘dike swarm’. Although Wadi Suhayli lacks the basement contact and
has 110-m thick blank, 935-m thick V1 sequence is covered with the V2 sequence (see
chapter 3 about the V2 extrusives in this area). 40% of pahoehoe and 56% of lobate sheet
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flows occur in Wadi Suhayli (Figure 2.3f). Pillow lavas occupying 2% of this area occur at
220 mab. The ‘dike swarm’ does not appear at this section, but a fissure vent is observed at
335 mab (Figure 2.3c¢).

2.2.8 Wadi Hilti

Location of this area is 8 km southward from Wadi Suhayli, and the southern tip of Hilti -
block. The V1 sequence overlying on the sheeted dike complex exposes 688-m thick sequence.
The V1 and V2 boundary has been lacked in this area. NS-trending ‘dike swarm’ intrudes into
the V1 at 220 mab as like as Suhayli N area (Figure 2.3d). Pahoehoe and lobate sheet flows
occupy 44% and 38% of the V1, and 12% of pillows often occur in the lower part (Figure
2.3g and h).

- 2.3. Petrography ;

Based on abundance and assemblage of phenocrysts, the V1 volcanic rocks are divided into
aphyric, Pl (plagioclase), PI-Ol (olivine) -Cpx (clinopyroxene) and PI-Cpx -phyric types.
Hyaloophitic and intersertal textures are well observed in the groundmass and a variolitic
texture commonly develops near the surface of pillows (Figure 2.4). Almost lava samples are
1-10 vol.% vesicular, dominated in lower than 5 vol.%. Lava samples underwent intensive
low-temperature alterations. Most plagioclases are altered to albite, saussurite or calcite.
Chlorite and clay minerals replace olivine phenocrysts. Even clinopyroxene has been locally
replaced to epidote or calcite or clay minerals. Clinopyroxene occurs as discrete crystals or

glomerocrysts. Summary of petrography is shown in Table 2.1.

Except for’Wadiv Fizh area, the V1 lava is characterized by aphyric basalts and sometimes -
contains a few phenocryst contents (rarely phyric: <2 vol.%). While the V1 basalts in Wadi
Fizh area are often observed PI-Cpx-phyric type attaining more than 20% phenocryst contents.
Averaged minor axis length of phenocrysts both plagioclase and clinopyroxene (and olivine)
is 0.55 mm in Wadi Fizh and 0.44 mm in Bani Ghayth.

2.4. Geochemical variations
2.4.1 Whole rock chemistry

Whole-rock major elements, Ni, Y, Zr, Cr and V contents of 207 samples were énalyzed
by XRF (RIX3000, Rigaku Denki) at Niigata University. The analytical method is described
in Takahashi and Shuto [1997]. Other trace and rare earth elements of 173 samples were
analyzed by ICP-MS (Agilent 7500a ICP-MS) after Roser et al. [2000] at Niigata University.
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The results of major and trace element analyses are given in Appendix Table 1 and 2.

The V1 lavas show huge and continuous Zr variation rahging from 24 to 208 ppm.
Zr-variation diagrams with TiO,, Ni, Cr, Y,V and Zr/Y ratios of the V1 samples are shown in
Figure 2.5. Incompatible elements increase and compatible element contents rapidly decrease
with increasing Zr contents. TiO, and V contents of some samples decrease with increasing Zr
contents at more than 150 ppm. The 'decreasing trend is generally caused by fractional
crystallization of Fe-Ti oxide minerals. Y content positively correlates with Zr content. The
V1 lavas show less compatible element content (Ni: less than 50 ppm; Cr: less than 30 ppm).
High—Zf content samples (more than 90 ppm) have 1.0-1.4 in (Nd/Yb)n ratios and slightly
increase with increasing Zr content (Figure 2.6). While low-Zr (less than 90 ppm) samples
have 0.5-1.0 in (Nd/Yb)n ratios and rapidly increase with increasing Zr content. Nb/Ta ratios »v
of the V1 lavas range from 12 to 17.

Volcanic rocks have generally wide compositional range of each area, but degrees of
fractional crystallization are different. The segment margin areas of Wadi Zabin, Wadi Fizh
~ and Wadi Hilti exhibit wide Zr contents ranging from 51 to 203, 27 to 155 and 47 to 189 ppm.
The segment center area of Wadi ath Thugbah shows tight compositional range from 44 to
127 ppm in Zr content. Bani Ghayth, near the segment center area shows similar
compositional range to Wadi Fizh. The reason why Bani Ghayth lavas show large
compositional range will be discussed later. Intermediate area of Wadi Yanbu and Wadi Salahi
also exhibits wide range of Zr contents. Other incompatible elements show similar
compositional range to Zr contents except for Wadi Zabin showing slightly narrow range in
TiO, contents. Wadi Fizh, Wadi ath Thuqubah and Bani Ghayth belonging to northern part of
study area contain low incompatible and high compatible element samples than the southern
part (Wadi Yanbu, Wadi Salahi and Wadi Hilti). It is noted that Wadi Hilti samples have high

Y content and low Zr/Y ratio at a given Zr content (Figure 2.5).

2.4.2 Clinopyroxene chemistry

Clinopyroxene phenocrysts and microphenocrysts in 55 samples were analyzed by EPMA
'(JEOL JXA-8600SX) in Niigata University. The accelerating voltage was 15 kV, beam current
was 1.3x10-8 A, and peak intensity was counted for 30 seconds. Correction procedures
followed ZAF-Oxide method. Representative clinopyroxene analyses are given in Appendix
Table 3. ‘
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Mg# (Mg#=Mg/(Mg+Fe*) where Fe* is total Fe as FeO) of V1 clinopyrdxenes ranges from
0.62 to 0.93, which is comparable to or more varied than the previous reports for volcanic
rocks from the Oman ophiolite [Alabaster et al., 1982; Ernewein et al., 1988; Umino et al.,
1990; Einaudi et al., 2003; A'Shaikh et al., 2005]. This is consistent with the wide Zr range of
bulk rock compositions in this area as described above. Clinopyroxene Mg#-variation -
diagrams show negative correlation with TiO, and Na,O, and positive correlation with Cr,O3
and Wo (=Ca/(Ca+Mg+Fe)) contents (Figure 2.7). Some clinopyroxene analysis showing low
Mg# and incompatible element contents are responsible for crystallization of Fe-Ti oxide

minerals as like as whole rock Zr-variation diagrams.

Clinopyroxenes of Wadi Fizh have the widest Mg# range from 0.93 to 0.65. While
clinopyroxene Mg# of Wadi Zabin, another side of the segment end, ranges from 0.81 to 0.62
and shows oxide minaral crystallization trend in TiOz-Zr diagram. The lines of evidence
indicate more evolved feature of Zabin than Fizh. Bani Ghayth belonging to the segment
center area shows wide Mg# ranging from 0.91 to 0.67 and decreasing TiO, and Na,O
contents at Mg# <0.75. Clinopyroxenes of Ghayth lavas seem to exhibit lower incompatible
and compatible elements than that of Fizh. Intermediate area (Wadi Yanbu) shows slightly
tight range of Mg# (= 0.89-0.69) and higher incompatible and compatible element contents
than the segment center and end. Wadi Hilti, shows more tight Mg# ranging from 0.88 to 0.72
and higher incompatible and compatible element contents attaining to Wadi Fizh. And more,
Hilti samples contain higher Na,O than Wadi Fizh at a given clinopyroxene Mg#. These

compositional variations imply that the difference of melting degrees between areas.

2.5. Discussion
2.5.1 Integration of along-axis variation

Geology and,Petrology of the extrusives have ‘given us a lot of information about
generation processes. First, I integrate all analyses and discuss regional variations from the

view of along-axis variation. Representative features of each section are shown in Table 2.2.

The thickness of V1 lava sequence is approximately 1000 m in the studied sections. Both
the segment margin (Wadi Fizh) and center (Bani Ghayth) having 1200-m thick V1 sequence
suggest that the total amount of lavas is almost fixed at around ridges. However Wadi Yanbu
and Salahi having 572 m and 660 m thick show Qery thin lava sequence against 1000-m thick
V1. >It is assumed that the thickness of layer 2 (volcanic and sheeted dike complex) is almost

constant in the seismic structure under the fast spreading ridge [Scheirer et al., 1998] so that
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the sheeted dike complex might balance the layer 2 thickness. Actually, the sheeted dike
complex in this area is estimated thicker than other area [Ministry of Petroleum and Minerals,
1992]. This may be the reason that the occurrence of relatively thin V1 lavas although it needs

to more detailed field surveys.

At Wadi Fizh, it is revealed that the on- and off-axis lavas are contained in the V1 sequence
(see chapter 1). Off-axis magmatisms in the EPR occur wherever along the ridge axis with
biased around the second- and third-order segment ends [Scheirer and Macdonald, 1995;
White et al., 2006]. If the segment structure controls the mantle processes and magma system,
we could trace the systematic sign along a segment. The criteria of on- and off-axis settings is
the occurrence of pillow lavas and metalliferous sedimentary layer, but pillow lavas have few
~ appearance at relatively flat seafloor and metalliferous layer frequently occurs around ore
deposits. Bani Ghayth shows both these characteristics. It is assumed that the occurrence of
the lowest metalliferous umber near the turning point of lithology between pahoehoe and
lobate sheet flows mark off ridge setting at Bani Ghayth, on-ridge lavas attain 603 m, which is
1.5 times thicker than Wadi Fizh (410 m thick). Wadi Yanbu also has no exposure of pillow
lavas and pahoehoe flows are dominated throughout the V1 sequence. Since Metalliferous
umber just occurs at the V1-V2 boundary, there is little magmatism at off ridge or marked by

the lowest jasper layef at 474 mab.

Wadi \Salahi, Suhayli N, Suhayli and Hilti preserve the pillow lava layers and the estimation
of on-axis lavas are 352 m, 380 m, 205 m and 350 m thick, respectively. Suhayli shows thin
on-axis layer than Fizh consisting of 230 m thick. It might be caused by under estimation in
Suhayli due to faulted boundary between sheeted dike complex and extrusives. These four
areas intercalate few jasper layer or lens and it is difficult to compare thebn-ridge lavas with
other area. However, the occurrence of tumulus and fissure vent in Suhayli and NS-trending
‘dike swarm’ intruding into the V1 in Suhayli N and Hilti is the evidence of off-axis

magmatisms in these areas.

Thickness of on-axis lava layer is a simple indication of magmatic activity. As compare the
thickness of on-axis lavas, Bani Ghayth located at near the second-order segment center
produces thick on-ridge lava layer. Comparing the lava sequences of Ghayth with that of Fizh,
the amount of on-ridge lava may decrease toward the segment end. According to the |
hypothesis, the 205 m-thick on-axis lavas in Suhayli might be correspond to a small scale of

segment end. The higher pillow lava ratios support relatively steep topography in Suhayli and
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Hilti as like as Fizh (Figure 2.2). Simultaneously, it is suggested that active off-ridge
volcanisms occur at these segment end because almost sections have approximately 1000 m
V1 thickness.

Petrography of each section shows slightly different character between on- and off-ridge
sequences. The lower parts belonging to the on-ridge lavas exhibit aphyric and a few
phenocryst contents (Table 2.1) while the upper parts formed at off-ridge settings contain
more abundant phenocrysts than the lower partS in every areas. For example, the LV1 of Wadi
Fizh is dominated in aphyric lavas. Because the phenocrysts are consideréd to be crystallized
in crustal section, a few phenocryst contents indicate higher temperature and shorter stagnant
time in the axial magma chamber (AMC) than off-ridge conditions. Averaged phenocryst size
of Fizh lavas is 1.25 times bigger than that of Ghayth lavas. It implies that the segment ends
may have cooler condition than the center. Thugbah preserving basement and off-ridge
section shows few phenocryst contents supporting the most active and large AMC around the

segment center.

2.5.2. Petrogenesis of the V1 lavas with reference to along-axis variations

Regional geochemical variations in this area are shown as bulk-rock Ni, Cr, Zr, Y, TiO,, Yb
and Nb/Ta histograms (Figure 2.8). Except for Fizh and Ghayth, bulk-rock analyses of each
area show unimodal variation meaning comparatively homogenized compositions. Especially
Thugbah shows narrow ranges and comparatively mildly-evolved features in all elements. In |
Yanbu, Salahi and Hilti, lavas show similar evolved distributions, and Salahi shows slightly
mildly-evolved features in the three areas. Although Yanbu has highly evolved samples, it
may be caused by biased analyses below the umber layer showing most evolved feature. The
bimodal distribution of Fizh has been formed due to on- and off-ridge magmatism at the
segment end. Because less-evolved peaks are occupied by off-ridge samples, on-axis lavas in
the segment end might be characterized by evolved features. However several less-evolved
samples appear in on-axis sequence responsible for cooler circumstance or mantle
heterogeneity at the segment ends. Comparison of geochemical distributions of studied areas
indicates that the lava compositions change systematically along the segment. The segment
margin (Fizh) shows evolved feature while the segment center (Thugbah) shows
mildly-evolved and narrow variations, therefore, the compositions gradually change from the
segment centers to the ends. Applying the hypothesis, slightly mildly-evolved feature in
Salahi implies the corréqundence to the third- or fourth-order segment center. The third or

fourth order of segment has been separated at around Suhayli, as shown by the geological
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feature. The along-axis variation in bulk-rock Zr compositions would be able to apply the
composition of sheeted dike complex of Miyashita et al. [2003]. Sample localities are slightly
different but they show systematically change from the segment margin to the center as like as

V1 sequence in this study (Figure 2.9).

Zr-distribution histogram of Ghayth samples exhibits bimodal variation similar to Fizh
despite located around the segment center. Many off-ridge lavas are observed around the
segment margin and also at the segi’nent center in the EPR [Scheirer and Macdonald, 1995].
For example, the superfluous melt in the AMC after segmentation. in Wadi Bani Umar . al
Gharbi, 8 km northwest from Ghayth [Umino et al., 2003], would be available to erupt at off
ridge of the segment center area. However, this area belongs to the upper nappe in the
ophiolite complex, so that the upper volcanic sequence of Ghayth might preserve later

volcanism than other studied areas traceable to lower crustal section.

Zabin shows unimodal distribution in Zr histogram both the V1 lavaé of this study and the
sheeted dike complex [Miyashita et al., 2003] (Figure 2.9). Clinopyroxene compositions of
Zabin lavas also show highly fractionated features different from other areas (Figure 2.7).
These highly evolved melts may be derived from fractional crystall’izationlwithin the more
closed system melt lens. This area is proposed that another side of Fizh corresponding to the
segment margin [Adachi and Miyashita, 2003]. Propagating-side Fizh has been characterized
by bimodal Zr distribution with evolved and less-evolved lavas and less-evolved lavas are
dominated in off ridge (see chapter 1). Therefore, we conclude that withdrawing-side Zabin
may not be concentrated magma ‘and be resulted in few less-evolved lavas or off-ridge

volcanism.

Clinopyroxene compositions show large Mg# and major element content variations. At a
given Mg#, Ghayth clinopyroxenes show lower TiO, and Na,O concentrations than that of
Fizh (Figure 2.7). Difference of these contents is due to various melting degrees of melt which
equilibrium with these clinopyroxene. Lower concentrations in Ghayth lavas suggest that
these melts have been éxperienced higher degree of melting before crystalize cliI{opyroxenes
than that of Fizh locating the segment margin. Clinopyroxenes of Hilti lavas belonging to the
opposite segment tip of Fizh, are plotted at higher TiO, and Na,O concentrations than Fizh.
Therefore, Hilti extrusive section might be derived from lower degree of melting. Their low
Zr/Y ratios in whole rock composition well correspond to the evidence of clinopyroxene.

Lower Mg# clinopyroxenes (less than 0.8) of Yanbu as intermediate area are plotted between
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Ghayth and Fizh, while higher Mg# clinopyroxenes (more than 0.8) has similar concentration
to Hilti. Actually, high Mg# clinopyroxene phenocrysts are derived from upper sequence of
Yanbu (Figures 2.4q and r), should be reflect off-ridge volcanisms. In sum up with melting
degrees considered from clinopyroxene compositions, the degree of melting gradually

increases from the segment margin to the center.

2.6. Conclusions ,

Comparing eight sections spanning 70 km, the along-axis volcanic system is reconstructed.
It is proposed that Wadi Fizh and Hilti correspond to the second-order segment margins and
Wadi ath Thugbah corresponds to the second-order segment center, supported by geology and
petrology of the sheeted dike complex and gabbros. Further, this study proposes that Wadi
Salahi correlates to the third- or fourth-order segment center and Wadi Subayli correlates to

the third-order segment margin.

The thickhess of on-axis lava decreases from the center to the margin of the ridge segment.
Appearance of pillow lavas around the segment margins indicates that more ragged seafloor
topography than that of the center where pahoehoe flows are dominated. Their lava
compositions are also varied systematically. Homogenized mildly-evolved lavas characterize
the segment center. The larger melt lens and the higher ability of melt concentration below the
segment center would produce the thick and homogenized lava sequence. On the other hand,
both evolved and less-evolved lavas showing lower degrees of partial melting occur in the

segment margins. Smaller melt lenses would promote highly evolved and less-evolved lavas.
Vigorous off-axis volcanisms are recognized around the second- and third-order segment

margins. They might be rooted at less-evolved melt avoiding the focus on the axis area and

converse the thickness of ocean floor lava layer.
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Figure 2.1 Geologic map of the northern Oman ophiolite after Umino et al. (1990). Studied sections are shown in.
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Figure 2.2 Columnar sections of V1 lavas between Wadi Fizh area and Wadi Ahin area. Red honznnta] line shows V1-V2 boundary (metalliferous umber). Thickness of V1 is variable along the segment structure; thicken in segment
boundary by active off-axis volcanism (Wadi Fizh, Wadi Suhayli) and segment center by active on-ridge volcanism (around Bani Ghayth). V1 lavas are composed of frequently pahoehoe flows although pillow lavas are predominant

around the segment boundary.
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Figure 2.3 Representative lava morphology and lithofacies. (a) Thick lobate sheet flow underlain by pillow lava at 350 mab in Wadi Fizh. Columnar
joints develop in the basal part of the sheet flow. (b) 2-m thick massive lavas intercalating pahoehoe flows in Bani Ghayth. (c¢) Fissure vent occurs in
Wadi Suhayli. The 5 m vent is filled with fragmented lavas. (d) Dike swarm appears in the V1 sequence in Wadi Hilti. Host pahoehoe and lobate sheet
flows are intruded by NS-trending dikes.
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Figure 2.3 Representative lava morphology and lithofacies. (¢) Pahoehoe flows occur at Bani Ghayth. A lobe appears 0.3 m thick and 4.0 m
wide lens at 300 mab. (f) Pahoehoe flows occur at Wadi Suhayli. A lobe represents more inflated thong than that of (f). (g) Pahoehoe flows

occur at Wadi Hilti. Thick blocky crust only remains the line of lobe edges. (h) Appearance of pillow lava at Wadi Hilti. Radial joints and
elongate tubes characterize the mode of occurrence.
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Width: 2.5 mm

S v,.
ows and dikes. (a) Ap

hyric basalt of Wadi Zabin (08ZbN21). (b) Pl-phyric type of 08ZbN50. Microphe-
nocryst of clinopyroxene and Fe-Ti oxide minerals occur. (¢) Aphyric type of 09ZbN54. Ol: olivine; Pl: plagioclase: Cpx: clinopyroxene;
Ox: oxide mineral; Ves: vesicle.
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7 Widt: 2.5 mm
Figure 2.4 Microphotographs of flows and dikes. (d) Pl-phyric type of Wadi Fizh (07F9). (¢) P1-Cpx-phyric type of 07Fz11 with aphanitic
matrix. (f) Aphyric type of 07Fz34. (g) PI-Cpx-type of 07Fz49. Ol: olivine; Pl: plagioclase; Cpx: clinopyroxene; Ves: vesicle.
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Width: 2.5 mm
Figure 2.4 Microphotographs of flows and dikes. (h) Aphyric basalt of Wadi Thugbah (10Thul). Plagioclase and clinopyroxene microphe-
nocrysts sometimes occur. (i) (j) Pl-phyric type of 10Thu12 with fine grained hyalo-ophitic matrix. Pl: plagioclase; Cpx: clinopyroxene;
Ves: vesicle.
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Width: 2.5 mm
Figure 2.4 Microphotographs of flows and dikes. (k) Aphyric type of Bani Ghayth (06Ghay®). (1) Aphyric type of 06Ghay49 with microphenocryst
plagioclase and clinopyroxenes. Some clinopyroxenes are altered and filled with calcite. (m) Very fine grained matrix of 08Ghay4. Vesicles repre-
sent variable form filled with calcite. (n) PI-Cpx-phyric type of 10Ghay43. Pl: plagioclase; Cpx: clinopyroxene: Ves: vesicle.
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(q) (r) width: 4.5 mm
Figure 2.4 Microphotographs of flows and dikes. (o) Pl-phyric with clinopyroxene microphenocryst of Wadi Yanbu (06vsal8). (p) Aphyric
type with plagioclase microphenocryst of Wadi Yanbu (06vsal29). (q) PI-O1-Cpx glomerocryst of Wadi Yanbu (07vsal118). (r) Ol pseudo-
morph (filled with calcite) phenocryst in 07vsall19. Ol: olivine; Pl: plagioclase; Cpx: clinopyroxene; Ves: vesicle.
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) width: 4.5 mm
Figure 2.4 Microphotographs of flows and dikes. (s) Pl-phyric type of Wadi Salahi (07vsal29). Olivine occurs as matrix mineral. (t)
Aphyric basalt of 07vsal42. Clinopyroxene is altered to calcite. (u) Coarse grained aphyric type of Wadi Hilti (09vHill0). (w) Fine grained
aphyric type of pahoehoe flows (09vHil46). Ol: olivine; Pl: plagioclase; Cpx: clinopyroxene; Ep: Epidote; Ves: vesicle.



" Y (ppm)

®ZabN CFz  &Thug

*Ghay *Yanb OBal

i Zr (ppm)

600

500

400 |

300

200

83{0: X X

¥ Gﬁﬁo* Zr (ppm)

ax

- Zr/Y

Zr (ppm)

o

TiO, (wt%)

Zr (ppm)

100 150 200 250

Figure 2.5 Y, Ni, Cr, V, Z1/Y ratios and TiO, plotted against Zr. TiO, is based on an anhydrous basis.

0

54

0

50

100

150

200

250



16 16

' 14
1. (Nd/Yb)n x 3 % x )e(
12 X 134
x*M‘ﬁ’M‘
- E B A *F2z 14
08 N b 08
. Gh |
06 m”’ 06 4
04 1 sal 04
0.2 - 02
o - — : ; 0
] 50 100 150 200 250 0
14 20 +
x 1
12 (La/yb)n . 18
x |
1 + o ¥.% ix §xx 16 i
06 x A 12
a |
04 10 l
0.2 Zr (ppm) 8 i
a + —_ E 3 ' 5! —y——— TR
0 50 100 15 . 200 250 20 25 30 35 a0

szécmmNmmmmmk.mmmNmmvm%.ndmrrumkmmm
LY '
i 1 T
il N f‘ Jr? fig L] ¥
]




18 0.5

1.6 (d) Na,0 (wt%) » x - 0.45
L 04

L 03
0.3
0.25

- 0.2

+ 045

Mg# ras Mgt 32

14 1 095 05 0.85 08 075 0.7 0.65 0.6

{c) Cr,04 M%r%; T

gt
xg% o8

0.6

S

x L oa
Mg# 02

= 4 0

Figure 2.7 Clinopyroxexe Mg# versus (a) TiO,, (b) Al,O;, (¢) CryO;, (d) Na,O and (e) Wo mol%.

56



A.

B = momow W @ o~

L
]
4
7
pi

n—

L Ll

. = mow S

9w AN~ D8

i

e

g

.—-—H—ﬂ

_HL

uw.-clzﬂmm,_w.\.emlﬁizn”mwmmn

R

=

2383883

Figure 2.8 Frequency histogram of the bulk rock incompatible and compatible elements of the V1 lavas for each location See text for explanation.

- =




']

. Fig
Zabin ‘
' i
o Aage J
3
4
Fizh i
'
]
L]
FizhS
Khabiyat
10
L]
L ]
Hayl
Ays ‘

L]
]
Thugbah ¢
a

Barghah

@ Ml

a0

*

Suhayll

’

Hilti 3

Sudum

Figure 2.9

Frequency histogram of the bulk rock Zr contents of the sheeted
dikes after Miyashita et al. [2003]. Locality names are improved
to the name of wadi and corresponds sheeted dikes and the V1
extrusives as follows; Zabin: Zabin: Fizh: Fizh; Fizh S and
Khabiyat: no well exposure in the V1; Hayl and Ays: no well
exposure in the V1; Thugbah: Thugbah; Barghah: Yanbu;
Suhayli: not analyzed in the V1; Hilti: not analyzed in the V1,
Sudum: Hilti; Ahin: no exposure in the V1.

Ahin

—F

0

% 8 8 8 8

80
219

58



Table 2.1.1 Locations, mode of

and

f the Wadi Zabin lava flows and dikes. Pl:

Ol: olivine; Cpx: cli

sample No. Mode of occurrence Mineral assemblages texture
08ZabinN05 Dike aphyric Hyaloophitic
08ZabinN10- pillow lava aphyric vitrophiric
08ZabinN21 massive lava aphyric Intersertal
08ZabinN28 massive or lobate  PI-Ol Hyaloophitic
08ZabinN32 massive lava aphyric Hyaloophitic-
08ZabinN38 massive lava aphyric Intersertal
08ZabinN45 Iobate sheet flows  aphyric Hyaloophitic
08ZabinN50 lobate sheet flows  PI-Cpx Hyaloophitic
08ZabinN54 - pillow lava aphyric Hyaloophitic
08ZabinN60 pillow lava aphyric Hyaloophitic
08ZabinN67 pillow lava aphyric Hyaloophitic
08ZabinN71 pillow lava Cpx Hyaloophitic
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Table 2.1.2 Locations, mode of occurrences and phenocryst assemblages of the Wadi
Thugbah lava flows and dikes. Pl: plagioclase; Cpx: clinopyroxene.

Sample No. Mode of occurrence Mineral assemblages Texture

10vThu1 Massive lava sparsely PI-Cpx Hyaloophitic
10vThu2 Lava in Hyaloclastite aphyric vitrophitic
10vThu3 Pahoehoe flows rarely Pl : Hyaloophitic
10vThud dike sparsely PI-Cpx Hyaloophitic
10vThub dike ' aphyric intersertal
10vThu6 Lobate sheet flows  aphyric Hyaloophitic
10vThu? Pahoehoe flows reraly Pl Hyaloophitic
10vThu8 ° Pahoehoe flows aphyric Hyaloophitic
10vThu9 dike aphyric Hyaloophitic
10vThu10 Lobate sheet flows . rarely Cpx Hyaloophitic
10vThu11  Pahoehoe flows sparsely PI-Cpx Hyaloophitic
"10vThu12  Pahoehoe flows sparsely Pl intersertal: fine
10vThu13 Lobate sheet flows  aphyric Hyaloophitic -

10vThu14 Lobate sheet flows aphyric Intersertal
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Table 2.1.3 Locations, mode of occurrences and phenocryst assemblages of the Bani Ghayth lava flows and dikes.

PI: plagioclase; Ol: olivine; Cpx: clinopyroxene; Opx: orthopyroxene.

sample No. Mode of occurrence Mineral assemblages texture mab -
06Gay1 massive PI-Cpx Hyaloophitic 628
06Gay2 massive sparsly PI-Cpx. Hyaloophitic 610
06Gay3 massive PI Hyaloophitic 607
06Gay4 pillow aphyric Hyaloophitic 598
06Gay5 pillow margin . rarely Pl Hyaloophitic . 598
06Gay6 pillow core aphyric Hyaloophitic 598
06Gay7 massive rarely Pl intersertal 587
06Gay8 pillow aphyric Hyaloophitic 587
06Gay9 pillow core sparsly PI-Cpx variolitic 569
06Gay10 pillow rim aphyric aphanitic 567
06Gay11 pillow aphyric intersertal 552
06Gay12 pillow aphyric Hyaloophitic~variolitic 548
06Gay13 massive Pi (-Ol) -Cpx intersertal 547
086Gay14 massive PI1-Ol (-Cpx) intersertal 545
06Gay15 jasper 547
06Gay16 pillow core PI (-Ol) intersertal 542
08Gay17 massive sparsly Pl intersertal - 539
06Gay18 massive rarely PI-Cpx Hyaloophitic 535
06Gay19 massive aphyric Hyaloophitic 531
06Gay20 vesiclated pillow  aphyric hyaroophitic 529
06Gay21 _pillow core aphyric hyaroophitic 524
06Gay22 pillow core aphyric Hyaloophitic~intersertal 508
06Gay23 pillow core sparsly PI-Cpx variolitic 492
06Gay24 columner massive aphyric intersertal 490
06Gay25 pillow core sparsly PI-Cpx Hyaloophitic 487
06Gay26 vesiclated massive sparsly Pl Hyaloophitic 485
06Gay27 massive PI Hyaloophitic 480
06Gay28 massive Pl (-Ol) -Cpx Hyaloophitic 480
06Gay29 pillow hyaro mix rim Pl variolitic 475
06Gay30 massive Pl intersertal 469
06Gay32 pillow rim aphyric variolitic 466
- 086Gay33 pillow " PI-Cpx intersertal 466
06Gay34  massive aphyric Hyaloophitic 462
06Gay35 massive aphyric Hyaloophitic 459
06Gay36 massive aphyric intersertal 445
06Gay37 pillow rim PI-Cpx variolitic 428
06Gay38 massive PI intersertal 418
06Gay39 massive Pl Hyaloophitic 408
06Gay40 pillow hyarc mix rim aphyric variolitic 406
06Gay41 massive aphyric Hyaloophitic 385
06Gay42 massive aphyric Hyaloophitic 370
06Gay43 pillow rim aphyric Hyaloophitic 360
06Gay44 massive aphyric Hyaloophitic 356
06Gay45 dike aphyric Hyaloophitic 341
06Gay46 vesiclated massive aphyric Hyaloophitic 342
06Gay47 massive PI-Cpx Hyaloophitic 338
06Gay48 massive aphyric intersertal 338
06Gay49 massive aphyric Hyaloophitic 318
06Gay50 massive . aphyric intersertal 318.
06Gay51 massive PI " Hyaloophitic 314
06Gay52 pillow PI-Cpx varioliic 299
06Gay53 massive sparsly PI Hyaloophitic 299
06Gay54 massive PI-Ol hyaroophitic 280
06Gay55 pillow PI-OI-Cpx Hyaloophitic 241
06Gay56 massive PI-Cpx Hyaloophitic 218
06Gay57  pillow aphyric Hyaloophitic 200
06Gay58 massive aphyric varioltic
06Gay59 massive Pl Hyaloophitic
06Gay60 massive sparsly Pl Hyaloophitic
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(Continued)

sampleNo.
06Gay61
08Gay62
06Gay63
06Gay64
06Gay65
06Gay66
06Gay67
06Gay68 -
06Gay69
08Ghayth1
08Ghayth2
08Ghayth3
08Ghayth4
08Ghayth5
08Ghaythé
08Ghayth7
08Ghayth8
08Ghayth9
08Ghayth10
08Ghayth11
08Ghayth12
08Ghayth13
08Ghayth14
10gay1
10gay2
10gay3
10gay4
10gay5
10gay6
10gay7
10gay8
10gay9
10gay10
10gay11
10gay12
10gay13
10gay14
10gay15
“10gay16
10gay17
10gay18
10gay19
10gay20
10gay21
10gay22
10gay23
10gay24
10gay25
10gay26
10gay27
10gay28
10gay29
10gay30
10gay31
10gay32
10gay33
10gay34
10gay35
10gay36
10gay37
10gay38
10gay39
10gay40

Mode of occurrence Mineral assemblages

massive
pillow
massive
massive
massive
pillow
massive
massive
massive
massive lava
joint<lobate sheet
lobate sheet
lobate sheet
massive lava
sheeted dike
joint<massive
sheeted dike
pillow lava
EW dike
massive lava
massive lava
massive lava
EW dike
phoehoe
lobate sheet
lobate sheet
pahoehoe
pahoehoe
lobate sheet
lobate sheet
lobate sheet
lobate sheet
lobate sheet .
lobate sheet
lobate sheet
pahoehoe
fobate sheet
lobate sheet
lobate sheet
lobate sheet
pahoehoe
dike

lobate sheet
lobate sheet
pahoehoe
pahoehoe
lobate sheet
lobate sheet
lobate sheet
lobate sheet
lobate sheet
lobate sheet
pahoehoe
pahoehoe
pahoehoe
pahoehoe
lobate sheet
lobate sheet
lobate sheet
lobate sheet
lobate sheet -
lobate sheet
lobate sheet

PI

sparsly P!
aphyric
aphyric

sparsly Pl
aphyric

sparsly Pl
sparsely PI-Cpx
sparsely PI-Cpx
OIl-Cpx

Pl

P!

Pi-Ol

aphyric
aphyric

Cpx

PI-OI-Cpx
aphyric
aphyric
aphyric
aphyric
aphyric
aphyric
aphyric
PI-OI-Cpx
aphyric

rarely Pl
sparsly Pl
aphyric
sparsely PI-Cpx
sparsely PI-Cpx
PI-Cpx

rarely Pl
aphyric

PI-Cpx

rarely PI-Cpx
Cpx

aphyric

aphyric

aphyric

aphyric

PI-Cpx

P!

rarely P

rarely Pl

rarely Pl
aphyric

rarely Pl
aphyric

aphyric

rarely Pl

Pl

sparsely PI-Cpx
sparsely PI-Cpx
sparsly Pl
rarely PI-OI-Cpx
OI-Cpx

rarely Pl

PI-Cpx
aphyric

texture
Hyaloophitic
Hyaloophitic
Hyaloophitic
Hyaloophitic
Hyaloophitic
Hyaloophitic
vitrophyric
Hyaloophitic
Hyaloophitic
variolitic
intersertal
variolitic
Hyaloophitic
intersertal
Hyaloophitic
Hyaloophitic
Hyaloophitic
Hyaloophitic
intersertal-
intersertal
Hyaloophitic
Hyaloophitic
variolitic
Hyaloophitic
Hyaloophitic
Hyaloophitic
Hyaloophitic(fine)

aphanitic-Hyaloophitic

dolelitic
Hyaloophitic
Hyaloophitic
intersertal
doleritic
Hyaloophitic

Hyaloophitic(fine)
doleritic
Hyaloophitic

Hyaloophitic(fine)

intersertal
Hyaloophitic
Hyaloophitic(fine)
intersertal-doleritic
intersertal
Hyaloophitic
Hyaloophitic
Hyaloophitic
intersertal
Hyaloophitic
intersertal-doleritic
Hyaloophitic
Hyaloophitic
Hyaloophitic
Hyaloophitic
Hyaloophitic
Hyaloophitic(fine)
Hyaloophitic
aphanitic
Hyaloophitic

Hyaloophitic

intersertaI-Hyaloophitic

mab

188
177
138
138
86
65
50
-25

600
607
610
613
625
648
667
687
703
712
722
731
733
742
750
759
762,
773 -

789
797
809
833
843
848
856
863
867
874
880
884
889
887
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(Continued)

sampleNo. ©  Mode of occurrence Mineral assemblages texture ' mab
10gay41 lobate sheet PI-Cpx Hyaloophitic

10gay42 dike aphyric Hyaloophitic

10gay43 lobate sheet PI-Cpx Hyaloophitic

10gay44 lobate sheet PI-Ol Hyaloophitic

10gay45 pahoehoe PI-OI-Cpx Hyaloophitic(fine)

10gay46 lobate sheet PI-Ol Hyaloophitic

10gay47  lobate sheet Pl - Hyaloophitic(fine)

_10gay48 dike OIl-Cpx Hyaloophitic
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Table 2.1.4 Locations, mode of occurrences and phenocryst assemblages of the Wadi
Yanbu lava flows and dikes. Pl: plagioclase; Ol: olivine; Cpx: clinopyroxene.

sample No. Mode of occurrence Mineral assemblages texture
06vsal1 pahoehoe flows PI (-Ol) vitrophyric
OBvsal2 umber
OBvsal3 V2 PI-Cpx Hyaloophitic
O6vsal4 V2 -PI-Cpx hyalopilitic
O6vsal5 V2 aphyric hyalopilitic
06vsal6 pahoehoe flows PI-Ol hyalopilitic
OBvsa7 pahoehoe flows PI-0Ol vitrophyric
06vsal3 pahoehoe flows PI-Ol Hyaloophitic
O6vsal9 pahoehoe flows aphyric hyaloophytic
06vsal10 pahoehoe flows sparsly PI-Cpx vitrophyric
O6vsal11 pahoehoe flows sparsly PI-Cpx Hyaloophitic
O6vsal12 pahoehoe flows PI-Cpx ~ glassic
O6vsal13 pahoehoe flows PI1-OI-Cpx hyalopilitic
06vsal15 V2 sparsly Pl hyalopilitic
O6vsal16 pahoehoe flows PI-Cpx Hyaloophitic
0Bvsal17 pahoehoe flows aphyric vitrophyric
0Bvsal18 pahoehoe flows aphyric _ vitrophyric -
06vsal19 pahoehoe flows sparsly PI-Ol vitrophyric
06vsal20 pahoehoe flows sparsly PI-Cpx Hyaloophitic
06vsal21 pahoehoe flows aphyric vitrophyric
O6vsal22 pahoehoe flows  aphyric Hyaloophitic
O6vsal23 Lobate sheet flows PI-Cpx Hyaloophitic
O6vsal24 Lobate sheet flows PI-Cpx Hyaloophitic
O6vsal25 pahoehoe flows sparsly PI-Cpx intersetal
OBvsal26 Lobate sheet flows sparsly Pl hyalopilitic
OBvsal27 pahoehoe flows aphyric Hyaloophitic
0O6vsal28 pahoehoe flows aphyric hyalopilitic
O6vsal29 Lobate sheet flows aphyric hyalopilitic
O6vsal30 pahoehoe flows aphyric hyalopilitic
O6vsal31 Lobate sheet flows aphyric hyalopilitic
07Salahi107 pahoehoe flows aphyric Hyaloophitic
07Salahi108 massive aphyric Intersertal-Hyaloophitic
07Salahi109 massive PI-OI-Cpx Intersertal
07Salahi110 lobate sheet aphyric intersertal
07Salahi111 lobate sheet PI-Cpx Hyaloophitic
07Salahi112 pillow aphyric pl
07Salahi113 -lobate sheetrim? Ol Hyaloophitic
07Salahi114 lobate sheet aphyric Intersertal
07Salahi115 lobate sheet aphyric Intersertal
07Salahi116 lobate sheet PI Intersertal
07Salahi117 lobate sheet (0] _ intersertal
07Salahi118 massive PI-OI-Cpx
07Salahi119 pahoehoe flows OI-Cpx spherulitic
07Salahi120 pahoehoe flows PI-OI-Cpx intersertal
07Salahi121 lobate sheet . (PI-) OI-Cpx Hyaloophitic
07Salahi122 pahoehoe flows aphyric varioritic
07Salahi123 pahoehoe flows PI-Cpx spherulitic




Table 2.1.5 Locations, mode of occurrences and phenocryst assemblages of the Wadi
Salahi lava flows and dikes. Pl: plagioclase; Ol: olivine; Cpx: clinopyroxene.

sample No. Mode of occurrence Mineral assemblages texture

- 07Salah29 pillow lavas aphyric intersertal
07Salahi30 pahoehoe flows sparsely Pl Hyaloophitic
07Salahi31 pahoehoe flows aphyric intersertal
07salahi32 lobate sheet Pl (-Ol) -Cpx intergranular
07Salahi33 lobate sheet aphyric intersertal
07Salahi34 lobate sheet PI (-0) intersertal
078Salahi35 lobate sheet aphyric hyaloophytic
07Salahi36 pahoehoe flows aphyric hyaloophytic
07Salahi37 pahoehoe flows sparsely Pl hyaloophytic
07Salahi38 pahoehoe flows aphyric intersertal
078Salahi39 lobate sheet aphyric intersertal
07Salahi40 pahoehoe flows - PI intersertal
07Salahi41 pahoehoe flows -~ sparsely PI-Ol hyaloophytic
07salahi42 lobate sheet - PI-Cpx intergranular
07Salahi43 Dike aphyric intergranular
07Salahi4d5 pahoehoe flows aphyric Hyaloophitic
07Salahi47 pahoehoe flows PI-Cpx Hyaloophitic
07Salahi48 pahoehoe flows Pl Hyaloophitic
07Salahi50 lobate sheet PI Hyaloophitic~intersertal
07Salahi51 lobate sheet PI-Cpx Hyaloophitic
07salahi52 pahoehoe flows Pi intersertal
07Salahi54 pahoehoe flows aphyric intersertal
07Salahi55 Dike aphyric intersertal
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Table 2.1.6 Locations, mode of occurrences and phenocryst assembiages of the Wadi Hilti lava
flows and dikes. Pl plagioclase; Ol. olivine; Cpx: clinopyroxene.

sample No. Mode of occurrence Mineral assemblages texture )

09vHil2 massive lavas rarely PI-Ol Hyaloophitic

09vHil6 lobate sheet flows  rarely Pl Hyaloophitic (coarse)
09vHil10 pahoehoe flows aphyric intersertal-pl, cpx
09vHil14 pahoehoe flows Pl Hyaloophitic (fine)
09vHIl20 lobate sheet flows  doleritic cpx-poikilitic
09vHil24 2nd dike rarely PI-Cpx intersertal

09vHil25 lobate sheet flows  rarely Pl Hyaloophitic
09vHil29 pahoehoe flows aphyric _ Hyaloophitic
09vHiIl36 2nd dike PI-Cpx intersertal

09vHII37 pahoehoe flows PI Hyaloophitic -
09vHil41 lobate sheet flows -aphyric Hyaloophitic
09vHil45  lobate sheet flows aphyric Hyaloophitic :
09vHil46 pahoehoe flows PI-Cpx Hyaloophitic (coarse)
09vHil48 massive lavas aphyric intersertal

09vHil51 dike PI-Cpx intersertal

09vHiIl52 pillow lavas aphyric intersertal-doleritic
09vHil54 pillow lavas Pl intersertal

09vHil56 lobate sheet flows  sparsely PI-Cpx intersertal~Hyaloophitic
09vHIl57  pillow lavas OI-Cpx Hyaloophitic
09vHil58  lobate sheet flows Pl intersertal~Hyaloophitic
09vHil60 pahoehoe flows sparsely Pl ~ Hyaloophitic
09vHil63 pahoehoe flows Pl-Cpx Hyaloophitic
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Table 2.2 Summary of all intra-segment areas. Location in a second and third segment, thickness of lava sequence, modal % of lithology, mineral assemblage, special mention of lithalogy, bulk rock chemistry are shown. Ol: olivine; PI: plagiock:

; Cpx: clinop:

Second-order Margin (North) Center Intermediate Margin (South)
Third-order Center ‘Margin
Area Fizh Thugbah Ghayth Yanbu Salahi Suhayli N Suhayli Hilti
Thickness of Lava sequence (m)
Total thickness 1200 445+ 900+ 572 660 970+ 935 688+
Axial part 410 603 474 352 380 205 350
Off-axis volcanism
Fissure vent Dike swarm Fissure vent Dike swarm
Lithology (%)
Pillow : 38 : 5 1 2 12
Pahoehoe 10 70 50 86 58 62 40 T 44
Lobate sheet 44 24 30 13 32 13 56 38
Massive 8 6 20 1 2 14 6
Hyaloclastite 3 2
Mineral assemblage N
Aphyric Aphyric Aphyric Aphyric Aphyric Aphyric
PI-OI-Cpx PI-Cpx PI-Ol-Cpx PI-Ol-Cpx PI1-OI-Cpx PI-OI-Cpx
ol Cpx ~ COpx ol PO Ol-Cpx
Cpx PI PI-OI PI-OI PI-Cpx PI-Ol
PI-Cpx PCpx PI-Cpx PI PI-Cpx
Pl Pl Pl P
Whole rock composition
Histogram Bimodal Unimodal Bimodal Unimodal Unimodal Unimodal
Wide range Narrow range Wide range Wide range
Evolved and less-evolved Mildly-evolved Evolved and less-evolved Mildly-evolved Low Zr/Y ratio

Clinopyroxene composition

Low-Na,0 Mildly High-Na,0

High-Na,O




Chapter 3
Discovefy of boninite lava sequence in the V2:

Constriction for the tectonic setting of Oman ophiolite



3.1. Introduction

The Oman ophiolite is one of the best places to study the tectonic process and mechanism
of transition from spreading ridge to island arc setting. Unfortunately, the V2 lavas have
limited outcrops due to be covered with Quaternary at the southern part, and intruded by the
EW-trending dikes at the northern part of the ophiolite.

Umino et al. [1990] has reported that the boninite lavas correlate with “Alley volcanics”.
Although the most V2 lavas consist of tholeiitic basalts and andesite, boninites appear as
intercalated lavas at Wadi Jizi area [Ishikawa et al., 2002] and intrusion into sheeted dike
complex at Wadi Zabin area [Ishikawa et al., 2002; Adachi and Miyashita, 2003]. These
boninites suggesting hot, hydrous shallow mantle had provided the V2 tectonic setting

launching very near the spreading ridge [Ishikawa et al., 2002].

The sources of the V2 are contaminated by fluids as shown by changes in the mineral

assemblages and trace element contents of the magmas [Umino et al., 1990; Ishikawa et al.,

2002; Godard et al, 2006]. Whether this contamination of the V2 melts is due to a general -

subduction setting [e.g., Alabaster et al, 1982] or triggered by the liberation of fluids from the
metamorphic sole during the early stage of obduction at the ridge [e.g., Ishikawa et al, 2005]

is still on debate.

The most famous place of boninite lavas is Izu-Bonin-Mariana (IBM) arc located at
fore-arc setting. The IBM arc preserves early arc volcanic history due to a change of tectionic
setting from spreading ridge to subduction [Ishizuka et al., 2006]. At this region, it is
‘indicated that the volcanisms have changed from tholeiitic to boninitic to dacite to andesitic,
continuously, and their lithologies have been changed from pillow or sheet flows to
volcaniclastic deposits [Umino and nakano, 2007]. On the other hand, the V2 section of the
Oman ophiolite is often compared with that of the Troodos ophiolite. The upper pillow lavas
of Troodos ophiolite range from 500 to 750 m thickness and consist of arc tholeiites and

olivine-phyric boninites [Taylor et al., 1990].

This paper presents the first thorough description of the approximately whole V2 unit
around the junctién of Wadi Suhayli and Hilti, and shows detailed stratigraphic variations in
terms of lithology and geochemistry. Based on these results, the formation processes of the

V2 unit are discussed.
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3.2. Geology
3.2.1. Geology and descriptions of lithofacies

The V2 sequence in the northern Oman ophiolite seems to be covering the V1 sequence
with conformity, though the V1 and V2 boundary has 20-m thick conglomerate of the V1
pillow by unconformity at around Wadi Ahin area [Umino et al., 1990]. Typical V2 lavas are
exposed in Wadi Fizh, Wadi Yanbu and Wadi Salahi area contacting with metalliferous
sediment just the basal part. In this case, first V2 lavas have been preserved, but we cannot
consider the whole V2 volcanism. Because the V1 sequence is directly covered with the
Suhaylah Formation at Wadi ath Thugbah where fossil ages span from V2 to V3 magmatism,
the V2 sequence is absent in this area [Regba et al., 2000].

The extrusive rocks in Wadi Suhayli area generally. strike NE-SW and dip 20°-30° to east,
attaining approximately 2200 m in thickness. The extrusive rocks gradually change into the
underlying sheeted dike complex striking N-S to NW-SE and dipping 60°-90° westward,
through 20-m thick transition zone with increasiﬁg number of 0.8- to 1.5-m thick dikes
downward. The 935-m thick V1 and 1115-m thick upper V2 units are separated by a 0.5-m
thick metalliferous sedimentary layer (umber). The V2 unit covered with 30-m thick

- metalliferous umber and shale is overlain by the V3 unit. The V2 sequence is subdivided into
- two subunits by a 1.0-m thick metalliferous sedimentaryblayer (Figure 3.1). We hereafter call
| these subunits the lower V2 (LV2) and the upper V2 (UV2) (Figure 3.2). Actually, the V2 unit
has partly been thrusted by emplacement of the V3 or primary fault, the UV2. exposures
southward in this area. Stratigraphic levels are indicated by the hei_ght in meters above the

basement (mab) of the V2 unit.

Based on lava morphology we identified three lithofacies in the V2 sequence; pillow,

pahoehoe and lobate sheet flows.

Pillow flows comprise 1% of the V2 section and appear as several meters thick. Pillow
flows consist of “bulbous” pillows. Neither corrugations nor ropy wrinkles on pillow surface

are preserved due to weathering.
A pahoehoe lobe is similar to a pillow lobe but has much smaller height to width ratios than

the latter [Walkef, 1992] and smooth surfaces without corrugations, and are intimately

associated with lobate sheet flows [Umino et al., 2002]. Some hollow lobes are present in
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pahoehoe flows, which formed by drainage of molten lava within partially solidified

pahoehoe lobes [Batiza and White, 2000; Umino et al., 2000] (Figure 3.3c). Pahoehoe flows
| are abundant in this area. The lobes are observed as thick and fine grained crust with coarse
grained contents (Figure 3.3d). Individual pahoehoe flows have a minimum thickness of 4 m
and attains to 32% of the entire V2 sequence. Almost the V2 samples of other area appear as

pahoehoe flows.

Lobate sheet flows occupy 67% of the V2 sequence and are the dominant lithofacies in this
section (Figure 3.3a). A lobate sheet has a gently curved upper surface with well developed
columnar joints perpendicular to the “surface. A lobate sheet flow is a compound flow
consisting of a number of lava lobes about 2 m thick. An upper lobe laterally piles up onto the
lower lobe. Some lobate sheet flows are underlain by lenses of pillow or pahoehoe lobes less
than 0.5 m thick (Figure 3.3¢). Varioles less than 1 cm rarely 3 cm in diameter may be present

in the chilled margin of a lobate sheet.

3.2.2. The lower V2 sequence

The lower V2 unit (LV2) is 1010 m thick although 135- and 110-m thick intervals
occupying 25% of the V2 unit are hidden by gravels. The LV2 consists mainly of lobate sheet
flows with a subordinate amount of pahoehoe lava and a few of pillow lava flows. The lobate
sheet flows comprise 55% in the LV2. The distinction of individual lithofacies} is relatively
easy as shown in Figure 3.3. The :boundary is usually determined by the occurrence of
different lithologies and/or structures. At around 270 mab, a large tumuli with 20 m thick
appears (Figure 3.3b). A cylinder conduit of 5-7 m diameter corresponds to around 720 mab
(Figure 3.3h). An umber layer at 910 mab has partly been vesiculated, and branched by
underlying lavas (Figure 3.3g). Thin umber lens occur above 885 mab and the top layer of
LV2 consisting of lobate sheet flows is overlain by 1.0-m thick umber layer extending 1.8 km

to south.

3.2.3. The upper V2 sequence _

The upper V2 (UV2) has a thickness of 140 m and consists of lobate sheet flows they
intercalate six sheets of discontinuous metalliferous umber. Sheet flows and umbers are piled
up repeatedly between 1007 and 1045 mab. Sheet flows sometimes have 2-cm thick fine
grained crust. 2-m thick pyroclastic rock occurs at the top of UV2 and it consists of 0.5-3 cm
of fragments similar to the fine grained crust of sheet flows and noticeable size of

clinopyroxene minerals (Figure 3.3e and 3.4d). The UV2 is terminated by the appearances of
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0.5-m thick metalliferous sedimentary layer (Figure 3.3f).

3.3. Petrography

Based on abundance and assemblage of phenocrysts, the V2 volcanic rocks are divided into
aphyric, Ol  (olivine)-Cpx  (clinopyroxene), OI-Opx  (orthopyroxene)-Cpx, Pl
(plagioclace)-O1-Cpx, Ol-PI-Opx-Cpx and PI-Cpx —phyrié types (Figure 3.4). Aphyric rocks
are displayed on the lower part of the LV2 and Pl-bearing rocks are dominated in the LV2.
Hyaloophitic and intersertal textures are well observed in the groundmass and a variolitic
texture frequently develops near the surface of pahoehoe flows. Mineral assemblages are not

correlated with their lithologies.

Lava samples underwent intensive . low-temperature alteration. Most plagioclases are
altered to albite, saussurite or calcite (Figure 3.4, 1, n‘and 0). Olivine phenocrysts sometimes
with iddingsite are replaced by chlorite and clay minerals (Figure 3.4e-h, k and m-o).
Chrome-spinels occur in olivine pseudomorphs (Figure 3.4h). Orthopyroxene phenocrysts are
also altered to talc dr clay minerals (Figure3.4i). Distinguishing olivine and orthopyroxene
pseudo phenocrysts are sometimes difficult. Only clinopyroxene and chrome-spinel remain as
primary minerals. Clinopyroxene occurs as discrete crystals or glomerocrysts (Figure 3.4n-p).

Summary of petrography is shown in Table 3.1.

3.4. Bulk chemistry

Whole-rock major elements, Ni, Y, Zr, Cr and V contents of 80 samples were analyzed by
XRF (RIX3000, Rigaku Denki) at Niigata University. The analytical method is described in
Takahashi and Shuto [1997]. Other trace and rare earth elements of 27 samples were analyzed
by ICP-MS (Agilent 7500a ICP-MS) after Roser et al. [2000] at Niigata University. 10
samples from other localities are also analyzed. The results of major and trace element

analyses are given in Appendix Table 1 and 2.

Zr contents of the V2 samples rariges from 9 to 87 ppm, indicating that these samples are
highly variable from most primitive to most evolved. Zr ‘contents of the LV2 samples range
from 13 to 87 ppm, while that of the UV2 samples range from 9 to 15 ppm. Thus, the LV2
lavas have more evolved and variable feature than the UV2. Zr contents of the V2 samples
well correlate with TiOz contents but form two trends on Zr-AL) 03, -P,0s, -Cr, -V and -Ni
variation diagrams (Figure 3.5). The UV2 samples show rapid increasing incompatible

element and decreasing compatible element contents with increasing Zr content than the LV2
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samples. V contents of the UV?2 are slightly lower than those of the LV2 at a given Zr content.
The lava unit around 900 mab represented by ‘09vHil213’ shows more evolved and enriched
feature than the host LV2. \

The LV2 samples have 1.4 to 2.6 ppm Yb contents and almost samples show in (La/Yb)n
ratios ranging from 0.5 to 0.7 except for a basement sample attaining 1.6 (Figure 3.6b). The
LV2 samples are divided into LREE-depleted ((La/Nd)n ratios: 0.7-0.8) and slightly
LREE-enriched ((I.a/Nd)n ratios: 0.9-1.3). On the other hand, the UV2 has low Yb contents
ranging from 1.0 to 1.2 ppm and a LREE-enriched typical U-shaped pattern ((La/Nd)n ratios:
1.4-2.7) (Figure 3.6a). The UV2 has negative Nb and Zr anomaly (Nb/Ta: 10-11; Zr/Hf:
28-30) than that of the LV1 (Nb/Ta: 13-17; Zr/Hf: 33-38).

The V2 samples from other area (Wadi Fizh and Wadi Yanbu) have similar composition to
the LV2 samples (Figure 3.7). Their Zr content ranges from 32 to 49 ppm concentrating in
typical LV2 samples of Suhayli-Hilti. None sample is plotted in the UV2 compositional field.

3.5. Mineral chemistry

Clinopyroxene phenocrysts and microphenocrysts from 10 samples, and Cr-spinel included
in olivine pseudomorphs from 5 samples were analyzed by EPMA (JEOL JXA-8600SX) at
Niigata University. The accelerating voltage was 15 kV, beam current was 1.3x10® A, and
peak intensity was counted for 30 seconds. Correction procedures are followed ZAF-Oxide

method. Representative cIinopyroxene énalyses are given in Appendix Table 3 and 4.

Mg# (= Mg/(Mg+Fe*) where Fe* is total Fe as FeO) of the V2 clinopyroxene ranges from
0.66 to 0.90, which is comparable to or more varied than the previous reports for the V2 rocks
from the Oman ophiolite [Alabaster et al., 1982; Ernewein et al., 1988; Umino et al., 1990].
This is consistent with the wide Zr range of bulk rock compositions in this area as described
above. Mg# of clinopyroxene ranges widely from 0.66 to 0.90 for the LV2, while the UV2
clinopyroxenes range from 0.85 to 0.90, implying that the UV2 is comparatively less-evolved
and has a limited compositional range among the V2 lavas as like as the bulk rock

compositions.
Analyses of the V2 sequence have a negative correlation between Mg# and TiO,, and Na,O,

and positive correlation between Mg# and Wo (=100Ca/(Ca+Fe*+Mg)) (Figures 3.8a, d and
e). CroO3 contents attaining 1.2 wt% decrease rapidly with decreasing Mg# (Figure 3.8c).
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Moreover, it is noted that clinopyroxene of the UV2 is extremely depleted in TiO; and Na,O
contents (Figure 3.8a and d). Thus, the clinopyroxene of the LV2 and UV2 are apparently

distinct as similar to whole rock compositions.

The LV2 samples contains high- (>0.8) and low-Mg# - (<0.7) clinopyroxenes.
Clinopyroxenes in one sample generally contain similar Mg# crystals, but ‘09vhil 259’ at 163
mab contains both high- and low-Mg# clinopyroxenes. 1.2-mm minor diameter phenocryst
shows low Mg#, while 0.4-mm minor diameter microphenocryst shows high Mg#.
‘10vhil217” at 1000 mab belonging to the LV2 has similar composition to the UV2 in high
Mg# and Cr;0s, and low incompatible element contents. ‘09vhil 213’ clinopyroxenes at 900 -

mab show high TiOé content similar to the V3 clinopyroxene (Figure 3.8a).

Cr# and Mg# of chrome-spinels in the ‘10vhil217’ range from 0.72 to 0.75 and from 0.46 to
0.50, while these in the UV2 range from 0.66 to 0.77 and from 0.43 to 0.62, respectively. TiO»
“contents of the UV2 chrome-spinels are lower at a given Cr# indicating that the UV2 is more
depleted than the <10vhil217° (Figure 3.9) though they have similar clinopyroxene

composition.

3.6. Chemical Stratigraphy \
Bulk-rock compositions shown above are examined in respect to the lithological
stratigraphy. The lithological column and geochemical variations around the Wadi Hilti are

. illustrated in Figure 3.10.

The LV2 lava shows overall smooth variations (TiO,: 0.5-0.8 wt%; Zr: 35-60 ppm; Ni:
25-51 ppm) except for few spikes around 2, 172, 527, 591, 900 and 1000 mab. The trace
elements show wavy variation upward and roughly five times repentance between 0 and 200
(cycle 1), 200 and 440 (cycle 2), 440 and 660 (cycle 3), 660 and 800 (cycle 4), and 800 and
1010 (cycle 5) mab are recognized. Ti/V and Th/Nd ratios are approximately constant whole
the LV2 but (La/Pr)n ratio shows a weak wavy profile upward. Lower paft of the LV2 shows
low-(La/Pr)n ratio (less than 1.0), while the upper\ LV2 shows repentance of low- and
high-(La/Pr)n ratios (rhore than 1.0). Nb/Ta ratio also shows wavy profile similar to other
trace elements. This fact indicates that the LV2 is composed of lavas derived from a
heterogeneous source or variable degrees of partial melting. A whole rock compositional
spike at 900 mab corresponds to the occurrence of the V3-like clinopyroxene. Lobate sheet‘

flow at 630 mab shows low- and high-clinopyroxene Mg# due to plot of two samples from
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separate points. A pahoehoe lava flow at 163 mab containing high- and low- Mg#
clinopyroxenes has 37 ppm Zr content. It may be an evidence of magma mixing, but more

detailed analysis is needed.

The 1.0-m thick metalliferous sedimentary layer marks the sharp compositional gap
between the LV2 and UV2. The UV2 has extremely low incompatible element and high
compatible element contents (Zr: 9-15 ppm; Cr: 399-874 ppm). The UV?2 exhibits more tight
compositional profiles in incompatible elements and more broad compositional profiles in
cdmpatible element such as Ni and Cr than the LV2 samples, which shows zigzag profiles
with low- and high-trace element content samples. Ti/V and Nb/Ta ratios of the UV2 are
lower, and (La/Pr)n and Th/Nd ratios of the UV2 are higher than that of the LV2.

3.7. Discussion
3.7.1 Volcanic history during the V2 magmatism

Although approximately 25% of outcrop of the whole V2 section have no outcrop, the
predominant occurrence of pahoechoe and lobate sheet flows indicate that the V2 volcanism
erupted on the flat seafloor. The pahoehoe flow unit is dominated in the lower part of LV2,
and often forms tumuli. Thin pahoehoe flows are limited under the lobate sheet flows as same
flows. While the upper part of LV2 and the UV2 consist of lobate sheet flows, it is suggested
that eruptions with large amount of lava flows occur on the more flat field as later V2
volcanism. These lobate sheet flows sometimes intercalate 1-5‘ cm thick sedimentafy layers
indicating shallow sea level and intermittent volcanisms. Occurrence of the cylindered
conduit (Figufe 3.3h) may suggests- that the compression environment during the V2

magmatism [Umino et al., 1990].

Metalliferous sedimentary layer at 1010 mab divides the V2 to the LV2 and UV2, but is
deformed and crosscut by shale under the V3 at northward in the study area. The local
appearance of the UV2 might be erupted and emplaced in somewhere like a fault basin. The -
UV2 consists of pahoehoe and lobate sheet flows as like as the LV2, but lapilli and tuff
appears on the top. This pyroclastic fall neither show grading or imbrication (Figure 3.3g).
Therefore, it indicates that at least the end of V2 magmatism was formed by subaqueous

strombolian eruption fed from a conduit near the study area.

After the deposition of 30-m thick shale, the V3 magmatism occurs through huge feeder
dike intruding the V2 unit [Umino et al., 2009]. Because the feeder dike appears 1.8 km
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southward near from the study area, the branch might intrude into the V2 sequence at around

900 mab. Vesiculated umber might be produced by the heating from such branch.

3.7.2 Timihg of the boninites eruption —comparison with other boninites

The V2 section in this area records two types of volcanism represented as the LV2 and UV2.
The LV2 mainly consists of Pl-Ol-Cpx-Opx with aphyric basalts. Plagioclase and olivine
phenocrysts constantly occur and frequently pyi'oxenes occur. The lower part of LV1 is richer
in phenocryst contents than the upper. Orthopyroxene phenocryst often occurs but coexistence
with clinopyroxene phenocryst is limited. Also, orthopyroxene phenoérysts are not contained
in high-(La/Pr)n lavas. These mineral assemblages are responsible for the wavy compositional
variations. The cycle 1 (0-200 mab) consists of P1-Ol-Cpx type and relatively phenocryst rich,
the cycle 2 (200-440 mab) consists of P1-Ol and aphyric types. The cycle 3 (440-660 mab)
consists of Pl-Ol-Cpx and PI-Ol-Opx type and the cycle 4 (660-800 mab) consists of
- P1-O1-Cpx but the amount of phenocrysts is decreased. The cycle 5 (800-1010 mab) mainly
consists of few phenocrysts of OI-Cpx type.

The LV2 lavas are plotted in an island arc tholeiite (IAT) field on the discrimination
diagram of TiO,-10MnO-10P,0s after Mullen [1983]. Since the V2 samples from other area
also plotted in fhe IAT field, IAT would be the representative character of the V2 unit. As far
as the lowest part of the V2 unit, southern area shows more LREE enriched pattern. As shown
in Figure 3.7, (Pr/Nd)n ratios increase from Fizh through Yanbu to Hilti UV1. Because LREE
enrichment is considered to be derived from a fluid mixing, it may be influenced by
hydrothermal circulation ‘after the V1 volcanism. The most large scale unconformity exposes
at Wadi Ahin [Umino et al., 1990], 5 km southward, primary ophiolite nappe boundary might

feed seawater or fluids preferentially.

The UV2 lavas are plotted in boninite field on the discrimination diagram of
TiO,-10MnO-10P,0O5 after Mullen [1983]. Whole rock content has been modified by
secondary alterations, but as reference value, SiO,, MgO and CaO content of the UV1 ranges
from 48 to 64, from 7.9 to 12, and from 5.4 to 18wt%, respectively. According to the
definition of boninite, the UV2 lavas divided into high-Ca boninite similar to the Troodos
ophiolite and N Tdnga trench [Crawford et al., 1989; Falloon et al., 1989]. The UV2 rocks are
distinguished from the LV2 in moderately to highly phyric features containing olivine

phenocrysts with groundmass clinopyroxenes (Figure 3.4e-h).
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Although occurrence of boninite has been reported at the northern Oman ophiolite [Umino
et al., 1990; Ishikawa et al., 2002; Adachi and Miyashita, 2003], this is the first sequential
evidence of boninite lava flows. The UV2 ovérlays on the LV2 after a short rest of
magmatism and has produced at least 140-m thick lava flows with a pyroclastic fall. These
lines of evidence indicate that the boninitic magmatism occurred after island arc tholeiitic
magmatism, as the end of the V2 magmatism. At the Tonga Arc, arc basalts cover the boninite
[Cooper et al., 2010], but no arc volcanisms are represented in this area after the boninitic
volcanism. Therefore, paleo geological setting seems to be different from that of the modern

Tonga arc.

3.7.3 Difference between the V1 and V2 lavas ‘

The V1 and V2 units have tend to be distinguished from the geochemical evidence
[Alabaster et al., 1982; Lippard et al., 1986; Ernewein et al., 1988; Godard et al., 2003], but
this study revealed that their whole foc_k and mineral compositions of the V1 less-evolved and
the V2 rocks sometimes overlap each other. Especially the V1 lavas have large compositional
variations due to on- and off-axis magmatism (see chapter 1), and along-axis variation (see

chapter 2), we need to use extreme care in handling.

As mentioned in chapter 1, the useful indexes for comparing the V1 and V2 lavas.are Whole
rock trace element and clinopyroxene compositions. Clinopyroxene TiOz and Naz20 contents of
the V2 are lower than that of the V1 at a given clinopyroxene Mg# (Figure 3.11). Even the
low-Mg# V1 samples (ZaBin and Ghayth) decreasing TiOz or NazO due to crystallization of
Fe-Ti oxide show higher concentration than V2 clinopyroxenes. But some analyses overlap
between the V1 and V2 especially Mg#>0.8. In the most less-evolved samples both the V1 and
V2 pyréxenes have lower contents in TiOz or Na20 at Mg#>0.8. Moreover, because a lot of
clinopyroxenes show sector zoning and/or normal zdn:i_ng and such crystals tend to concentrate
high TiO2 or Naz0, the compositional field becomes broad and finally overlaps. Some V2
samples suggesting magma mixing for their generation process might give a spread variation.
Considering the along-axis compositional variations, the V1 lavas at the segment center

experienced higher degree of melting show lower concentrations than other area. -

It is difficult to distinguish the V1 and V2 lava in whole rock immobile element composition
such as HFS elements. However, Zr-variation diagram with (Nd/Yb)n ratio gives an apparent
distinction between the V1 and V2 lavas in Fizh, but Ghayth sampie partly overlap with the

V2 lavas (Figure.3.12). These lavas intércalated in the V1, and may be generated from mantle
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heterogeneity or relatively higher degree of partial melting. Nb/Ta-Zr/Hf ratio diagram shows
overlapping with the V1 and V2 lavas. Particularly Thuqubah, Ghayth and off-ridge Fizh lava
are plotted in the V2 field. Although Nb anomaly generally used for comparing arc component
~ between the V1 and V2 [e.g. Godard et al., 2003], this result indicate that we need to
multi-sided coﬁsideratio.ﬁs to distinguish the V1 and V2 lavas.

3.8. Conclusions

This is the first thorough description of the approximately whole V2 unit around the
Junction of Wadi Suhayli and Hilti, and shows detailed stratigraphic variation in terms of
lithology and geochemistry. The 1150-m thick V2 consists of the 10 10-m thick LV2 and 140-m
thick UV2. The LVZ shows island arc tholeiitic character based on their petrology and
geochemistry, while the UV2 contains abundant olivine phenocrysts and shows boninitic
feature. The stratigraphy indicates that boninite had erupted after the tholeiitic volcanism
and terminated the V2 magmatism in this area. This discovery gives a new constraint for the

petrogenesis of the V2 magmatism.

79



Figure 3.1 Geological map along Wadi Suhayli and Hilti.
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Figure 3.2 Stratigraphic column of the V2 sequence along intersection of Wadi Suhayli and Hilti. Broken lines indicate
boundaries of each sequence.
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Figure 3.3 Representative lava morphology and lithofacies. (a) Lobate sheet flows around 511 mab. 2-m thick jointed sheet flows gently
change the dip in laterally. (b) Occurrence of tumuli around 380 mab. (c) Lobate sheet flows are sometimes underlain by pahoehoe flows. At
630 mab, a hollow appears in pahoehoe flows. (d) Occurrence of pahoehoe flows with thick crust. The coarse core is eroded.
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V2-Botndaryi

Figure 3.3 Representative lava morphology and lithofacies. (e) Pyroclastic rock piles up at the top of V2. Red volcanic rock fragment and tuff
are contained in the layer. (f) UV2 has limited occurrence due to erosion. (g) V3 intrusion at 910 mab. Metalliferous sediments are branched
to thin layer. (h) Cylinder conduit in the V2 section.
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Width: 4.5 mm
Figure 3.4 Microphotographs of flows and dikes. (a) Doleritic texture of the V3 basalts. (b) Coarse grained P1-Cpx type of 09vHil213.
(c) Plagioclase phenocrysts occur at the chilled margin of intrusion at 910 mab. (d) Pyroclastic rock contains basalt fragments and
colored minerals. Pl: plagioclase: Cpx: clinopyroxene; Ves: vesicle.
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Width: 4.5 mm
Figure 3.4 Microphotographs of flows and dikes. (e) The UV2 contains olivine phenocrysts (10vHil203). Many clinopyroxenes occur in
groundmass. () Olivine sometimes occurs like a jigsaw puzzle (10vHil204). (g) Fine grained UV2 contains olivine and clinopyroxene
phenocrysts (10vHil209). (h) Olivines sometimes appear as glomeroeryst. Olivine pseudomorphs frequently contain chrome-spinels
(10vHil216). Ol: olivine; Pl: plagioclase; Cpx: clinopyroxene; Ves: vesicle.
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(k) (1) Width: 4.5 mm
Figure 3.4 Microphotographs of flows and dikes. (i) Aphyric type of 09vHil238. Orthopyroxene altered to clay minerals or talc often
appears at groundmass. (j) Pl-phyric type of 09vHil232. (k) Olivine has replaced clay minerals (09vHil241). (1) Plagioclase glomerocryst
of 09vHil241. Ol: olivine; Pl: plagioclase: Cpx: clinopyroxene; Opx: orthopyroxene; Ves: vesicle.
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Figure 3.4 Micropho phs of flows and dikes. (m) Pseudomorphed olivine frequently remains hexagon (09vHil226). (n)
P1-O1-Cpx-phyric type of 09vHi1256. Olivine phenocrysts are replaced by chlorite. (0) Clinopyroxene phenocrysts sometimes show

sector zoning (09vHil256). (p) Clinopyroxene phenocrysts in the basement flow of the V2 (10Sh21). Ol: olivine; Pl: plagioclase; Cpx:
clinopyroxene; Ves: vesicle.
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Figure 3.5 Si0,, TiO,, ALO3, P,0s, Ni, Cr, V, Y and Zr/Y ratios plotted against Zr. Si0,, TiO,, Al,O5 and P,O; are based on an anhydrous basis.
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Figure 3.6 Chondrite-normalized REE patterns for UV2 (a) and LV2 sequence (b). The chondrite value is after Sun and McDonough [1989].
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Figure 3.9 Plots of Cr# (= Cr/(Cr+Al)) versus TiO, wt% of Chrome-spinels.
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