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The Northern Samail Ophiolite: 
An Oxygen Isotope, Microprobe, and Field Study 
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Geological, petrological, and axygcn isotopic data are pn:sentecl for 228 whole rock and mineral samples 
collected from a 100x20 km area of the nortbem Samail opbiolite in Oman. MOlt of these samples arc from 
three detailed profiles tluough the pillow IIIYBI, sbeetecl dikes, and .red pbbi'OI of this laterally 
heterogeneous fratpnent of Cretaceous oceanic crust, down to and 8C1'0I& the petroaop: Moho. The profiles 
encompass a l'llDF of petrologic and tectonic styles, and each profile cmibit& distinctive llloJ16o variations 
compared to one another and to mid-ocean ridge basalt&, as a result of ~ seawater-h)'drothermal 
interaction that varied in intensity along strike in the ophiolite. In general, 1Bo depletions arc observed in 
the layered gabbi'OI and 1llo enrichments in most of the sheeted dikes and pillow lavas, similar to results 
previously observed in the southem part of the ophiolite (Ibra area), where 1Bo depletions within the gabbroic 
section arc quantitatively balanced by 1llo enrichments in the sballower parts of the oceanic crust. The Wadi 
Hilti profile, selected as an example of relatively intact crust, differs from lbra in having more uniform and 
slightly bigher6 1Bo in the gabbi'OI ( + S.4 to +6.3), as well as in containing more h)'drous alteration minerals 
(amphibole, epidote, cblorite, and prcbnite ). The profiles in the Wadi Kanut-Shafan and Wadi Rajmi sections 
arc much more complex and reveal the impact of off-axis intrusions and deep crustal shearing. Plagiogranite
webrlite intrusions in the Sbafan-Kanut area superimposed a local h)'drothermal aureole on the ophiolite, 
evident in dikes highly depleted in 1Bo, quartz-sulfide veins, abundant epidote, thullite, and cblorite in 
shallower rocks, and low-temperature h)'drous alteration of deeper gabbroic rocks; the latter produced an 
overall increase in wbole rock 6 1Bo ( +6.2 to +6.9). Such late stage intrusions arc found throughout the 
northem half of the Samail ophiolite. The Wadi Rajmi area, which is a possible fossil transform or 
propagating rift, represent& the most complex of the three profiles; it also contains the most abundant highly 
deformed and h)'drothermally altered rocks, together with the deepest and largest zone of 1Bo depletion yet 
found in any ophiolite (locally61llo < + 2.0). Conduits for large volumes of high-temperature h)'drothermal 
fluids were provided by fractures now occupied by low-1Bo gabbro pegmatitcs and Iow-lllo dikes. Material 
balance estimates for the regional samples and from the various transects through the ophiolite give crustal 
bulk 61Bo averages ( +S.9 to +6.3) that arc, within sampling error, almost identical to the average MORB 
basalt value of about + S.8, if both vertical and lateral crustal heterogeneities are integrated into a three
dimensional model. This supports and amplifies the conclusion of earlier workers that the 6 1Bo of seawater 
is buffered and controned by h)'drothermal interaction with oceanic crust, as long as the cumulative effects 
(both spatial and temporal) of all seafloor magmatic/bydrothermal processes arc considered. The very slight 
out-of-balance enrichment of the integrated crustal average 6 1Bo compared to MORB may be explained by 
the ubiquitous mineralogical and isotopic evidence for a late, low-temperature alteration event in the basal 
gabbros; these effects arc prominent in the vicinity of the petrologic Moho and may indicate exchange with 
low-temperature aqueous fluids during or after detachment of the obductecl slab. 

INTRooucnoN 

This is the first of a series of studies by us on the oxygen isotope 
and mineralogical relationships in the northern half of the Samail 
ophiolite, arguably the largest, best exposed, and most complete 
mass of oceanic lithosphere amenable to geologic study anywhere 
on Earth [e.g., Glennie et aL, 1974; Hopson et aL, 1981). Field 
studies and sample traverses were undertaken beginning in 1981 
and continuing in 1983 and 1985 in order to obtain an appropriate 
suite of rocks that would aUow us to determine the isotopic 
variability within a number of c5 180 versus depth profiles along 
the strike of this large fragment of oceanic crust. Laboratory 
studies of these samples were later made at both California 
Institute of Technology (Caltecb) and at the University of South 
Carolina. These studies complement and extend the studies in 
the southern part of this ophiolite by Gregory and Taylor [1981], 
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who were the first to show that an entire oceanic crustal section 
of an ophiolite was isotopically modified by pervasive and ubiqui
tous hydrothermal interactions with ocean water, locally extend
ing down to or even beneath the Moho. 

These kinds of oxygen isotope studies give us detailed insight 
into the deeper -workings of mid-ocean ridge hydrothermal sys
tems, thereby increasing our understanding of bow such systems 
affect the global beat balance and the geochemistry of seawater. 
Although there is evidence that many ophiolites may have formed 
in settings other than a mid-ocean ridge [Cameron, 1985; Coish 
et ol., 1983; Coish and Church, 1979; Hawkins et ol., 1984], there 
is no question that these bodies all represent some type of oceanic 
crust formed in an extensional environment (e.g., marginal basin 
crust formed by bact arc spreading). Thus, the study of ophiolites 
is still essential in understanding the construction and hydrother
mal cooling of oceanic crust. In particular, the Samail ophiolite 
bas been characterized by several -workers as being true oceanic 
crust formed in the Tethyan Sea at a fast or intermediate spread
ing rate just northeast of the present-day northern coast of Oman 
[Ntcolas et al., 1988ap; Pallister and Hopson, 1981; Hopson et al., 
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1981; Coleman, 1981]. Acrustalthicknessof5-7 km ofgabbroic 
and basaltic rocks and a remarkable continuity of the pillow lavas, 
sheeted dikes, and plutonic sequences make it the best ophiolite · 
analogue to the seismic structure of normal oceanic lithosphere. 

The Samail ophiolite complex was formed during the Upper 
Cretaceous (Cenomanian to Turonian/Coniacian [Glennie et al., 
1974]), probably over a very narrow time interval ( -94-97 Ma 
[Tilton et al., 1981]). Shortly thereafter, the body was abducted 
onto continental crust [Ghent and Stout, 1981; Lanphere, 1981]. 
Emplacement of the ophiolite resulted in structurally intact blocks 
in which the stratigraphy is largely undisturbed [Smewing, 1980; 
Smewing et al., 1984]. Along strike there are over 600 km of 
continuous exposure, and locally one can walk downward into the 
upper mantle to a depth of 10-15 km beneath the Moho. Mag
matic and metamorphic processes can be studied on a local, 
outcrop by outcrop scale, and these local studies can be compared 
along the entire strike length of the body. This is important 
because the major tectonic features of the oceanic crust are very 
large and likely to be absent or poorly discernible in a small 
ophiolite fragment (Figure 1 ). 

The Oman ophiolite and the present-day East Pacific Rise are 
compared at the same scale in figure 1, modified after Nicolas et 
al. [1988a]. Such fast spreading ridges typically display a periodic 
segmentation, with the segments being separated from one 
another by a variety of structural and magmatic discontinuities, 
including faults, overlapping spreading centers, and small non
overlapping offsets [Batiza and Margolis, 1986; Macdonald et al., 
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Fig. 1. Comparison of the outcrop area of the Samail Ophiolite with a 
portion of the East Pacific Rise, at the same scale (modified after a similar 
diagram ofNico/osetal. [1988a]). Also shown are the locations of Figure 
2 and of the lbra area studied by Gregory and Taylor [1981] and PaUisler 
and Hopson [1981]. 

1984; Sempere and Macdonald, 1986; Macdonald et al., 1988; 
Cooper et al., 1981]. 

The most important influences on hydrothermal convective 
systems in nature are heat and permeability [e.g., Norton and 
Taylor, 1979]. VIrtually aU oceanic hot springs occur along fis
sures and faults [Karson and Rona, 1990; Tivey et al., 1989], and 
studies of ophiolites confirm that hydrothermal discharge is 
dominated by fractures [Schiffman and Smith, 1988; Vmga and 
Moores, 1985; Horperet al., 1988]. FISSures and faults are probab
ly major contributors to the permeability of oceanic crust at 
mid-ocean ridges, and they probably play a fundamental role in 
off-axis magmatic activity as well [Stakes et al., 1984a; Cannat et 
al., 1991]. The depth and orientation of such faults within the 
crust are information not easily obtained from seafloor studies, 
but these features are readily mapped in a well-exposed ophiolite 
[Reuber, 1988; Juteau et al., 1988a, b ]. Anticipating the discussion 
below, we note that Reuber [1988] and Smewing [1981] have 
suggested that one ofthe transects we have studied in detail in this 
work (Wadi Rajmi) is either a highly sheared and fractured 
overlapping spreading center (OSC) or a fossil transform, respec
tively. 

PREVIOUS GEOLOOICAL SnmiFS 

OFlHE SAMAIL 0PHIOUI"E 

Structural and petrogenetic studies of the Samail ophiolite by 
several independent groups have resulted in detailed descriptions 
of the main ophiolite lithostratigraphy, although there is as yet no 
clear consensus with regard to the mode of its construction or its 
tectonic setting. Regional mapping of a 30-km strip in the SE 
Oman Mountains by an American group [e.g., Coleman and 
Hopson, 1981] indicated these fundamental units of the ophiolite 
(from bottom to top): (1) tectonized peridotite; (2) petrologic 
Moho; (3) layered gabbro (3-5 km thick); ( 4) a thin ( < 1 km thick) 
unit of amphibole-bearing noncumulus gabbro; (5) sheeted 
diabase dike complex (1.0-1.8 km thick); and (6) pillowed basaltic 
flows ( < 1 km thick). The ophiolite was interpreted by this group 
to represent normal Tethyan oceanic crust formed by crystal
lization on the floor, roof, and walls of a large (15 km half width) 
basaltic (mid-ocean ridge basalt) magma chamber. The high-level 
gabbro and plagiogranite were thought to represent late differen
tiated magma frozen to the roof. The presence of olivine gabbro 
and wehrlite at high levels within the cumulate section was taken 
to indicate crystallization from new inputs of primitive magma. 

Mapping in the northern Samail ophiolite (Figure 2) by a British 
group [e.g., Smewing, 1981; Lippard et al., 1986] was also inter
preted as indicating formation at a fast spreading center but 
perhaps in a back arc, suprasubduction zone environment rather 
than at a mid-ocean ridge. The average cumulate section in the 
north is thinner (3.5 km) than in the south and contains thicker 
units of cumulate peridotite and intrusive peridotite (dunite and 
webrlite). These interlayered mafic and ultramafic sequences 
were interpreted as the magmatic cycles of mantle input and 
crystal fractionation within a single large magma chamber [Smew
ing, 1981; Browning, 1984]. 

Detailed studies of the pillow lavas in the northern ophiolite by 
Alabaster et al. [1982] revealed three distinct units (in ascending 
stratigraphic order: Geotimes, Lasail, and Alley). The Geotimes 
lavas are widespread and typically aphyric, with green chloritic 
rims on large brown pillows [Alabaster, 1982; Smewing, 1990]. 
The Lasail and Alley units are related to distinct eruptive centers 
and show well-developed fractionation series from picrite basalt 
(only in the Alley lavas) and basalt to andesite, rhyolite, and 
obsidian. The l.asail and Geotimes units are hydrothermally 
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Fig. 2. Simplified geologic map of tbe northern part of the Samail Ophiolite, showing the areas sampled in the present work 
(geology modified after Smewing [1981] and Lippard a al. [1986]). The locations of Figures 3, 4, S, and 6 are indicated. The 
explanations of the lithologic symbols are the same as those listed in Figure 3, except that G is high level gabbro, V is pillow 
lavas, and BS is basal allochthonous complex of Hawasina thrust sheets. 
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TABLE 1. Oxygen Isotopic and Petrographic Data for Samples Collected From Map Localities 1-35 Along the Two Wadi Rajmi 
Profiles as Sbown in I'Wlrea 5 and 6 

d1'o Value/' %o 
Map Rock 1)pc and Geologic:al Relations, Textures and Mineral 
Locali!I Samete PetroJtnrpby" WR PLAG PX AMPH Other ComJ!2!!tions 

Wadi Rojmi North 

1 81-96 PEG,cpx,f,bb,ct,opr,pr,sulf [di,f) 11.7 4.6 4.1 deformed; px reaystallized; dunite" 
2 81-93 S-GB,f,cpx,bb,ol, su1f 5.3 6.0 4.9 5.1ol highly deformed; laminated pbbro" 

81-94 PEG,f,cpx,opx? ,bb,Cbl,llp wry fresh plag 
3 81-97 GB,f,cpx,opx,ilm,bb,cbl [prJ 6.3 ductile deformation, locally PEG 
4 81-99 S-GB,f,cpx,hb,opx 6.0 5.6 ductile deformation, locally PEG; pyroxenite" 
5 81-100 DIG,f,cpx,opr,hb,tc,mt,sulf 5.8 6.1 5.6 fresh, undeformed; pyroxenite" 

Wadi Rojmi South 

6 81-110 LOB,f,cpx,ol,sm,mt,cbl,sulf 6.2 wehrlite0 

7 81-109 GB,f,cpx,hb,amph [hbJ 4.4 ductile deformation; wehrlite" 
8 81-108 LOB,ol,f,cpx,hb,amph,tc 5.5 5.4 5.1 laJeJed pbbro" 
9 81-111 GB,f,hb,cpx,op,cbl,ct,sulf 5.5 ductile deformation; px and plag reaystallized 

10 81-106" GB,f,cpx,act,bb,cbl,ep (81-107) 2.9 4.1 1.7 Aa77-82; wehrlite" 
81-107 PEG,f,cpx,bb,cbl,sulf,[prJ 4.4 3.2 

11 81-105 (DK,f,hb,amph,cpx,opx,cbl,mt) (3.4) fine pained pbbro with PEG margins; 
ilotmpic gabbro• 

12 81-104 LOB,f,cpx,opx,amph,tc,mt,sulf 5.7 PEG and UM dikes parallel with pbbro 

81-1014 
ta,em; pyroxenite• 

13 PEG,ol,f,cpx,bb,act,tc,pr,ep,cbl,sm, Fo82,An9S; pyroxenite cut by troctolitic 
sulf (81-103) pbbro" 

81-102 LOB,f,cpx,hb,tc,opx,sulf (81-103) 6.4 6.7 cut by PEG, UM dikes and late mafic dikes 
81-103 (DK,f,cpx,opx,amph,pr) [prJ (5.1) late mafic dike, cpx and plag pbenoceysts 
81-41 GB,f,cpx,ol,bb,ampb,mt,sulf,cbl 5.5 5.8 5.7 saussuritized plag oikoceysts, locally PEG 

14 81-38 HB-PEG,f,ct,act,bb [prJ 2.4 5.0 0.9 layeJed pbbro near contact with pyroxenite" 
81-39 GB,f,opx,pr,cbl,amph,sm 4.6 metamorphic foliation orthogonal to layering 

1S 81-42 5-GB,f,cpx,amph 1.7 5.1 cataclasite; layered pbbro near contact 

81-4~ 
with pyroxenite" 

5-GB,f,hb,sph,ep,di [hb,epJ (81-44) 2.1 4.4 0.3 turbid plag An9S-98, amphibolitized 
81-44 5-HB-PEG,f,hb 2.7 4.2 3.5 hb pseudomorphs after cpx 

16 81-45 LOB,ol,f,cpx,hb,ampb,srp,ep 5.7 5.9 4.5 layered gabbro near contact with pyroxenitec 
81-S~ PEG,f,cpx,opx,anth,act,mt,pr 5.5 5.2 An92, cracks in plag filled with anth and act 

17 81-54 GB (81-55) 3.9 4.5 complex zone of iso~ic and troctolitic 
gabbro and pyroxenite 

18 81-55 (DK,amph,f,ep,cbl) (5.3) late mafic dike, cpx phenoceysts altered to amph 
19 81-52 UM-PEG,hb,tc,pr,cpx,ol,opx [diJ 5.0 near pyroxenite-isotropic gabbro contact" 
20 81-48 LOB,f,hb,cpx,amph,opx,sulf 5.9 5.2 fresh plag, good primary layering; 

layeJed gabbroc 
81-49 5-PEG,f,hb (81-SO) 3.8 in shear zone with peridotite 
81-SO (DK,f,amph,mt) (4.0) late mafiC dike 

21 81-47 PEG,opx,cpx,hb,amph 5.9 concordant with primary layering; 
layered pbbro0 

22 81-56 LOB,f,hb,cpx,opr,cbl,tc,ep (81-57) 5.2 5.2 good igneous lamination; layered gabbroc 
81-57 PEG,f,cpx,hb,cbl hesh plag, cpx oikoceysts altered to hb 

23 81-ss4 [V,q,ep,actJ 
81-sgd GB,f,ep,ampb,bb,mt,chl [epJ 5.0 3.8 heavily cracked and veined; laminated gabbroc 

Ps21-2S; Near PLOT body 
81-60 PEG,f,hb,ep,mt,sph,q 3.8 2.6 mgular patchy segregations 
81-61e XENO,f,px,hb,mt,ep,q,tc 5.1 HLG(?) microgranophyric texture 

24 81-62 DIG (81-63,81-64) 5.2 5.3 5.4 4.4 isotropic pbbro cut by plagiogranitec 
81~ PLOT,ep,q,f,amph,sph,cbl,ap (81-64) 6.6 cores of hesh plag An87-93;Ps13 
81-644 (DK,f,ab,hb,amph) (3.3) late microgabbro dike; albite rims on plag 

2S 81-6S DIG,cbl,q,f,hb,amph,ep,mt 5.9 isotropic gabbroc 
26 81-66 BR 3.1 agmatite; PLOT cuts diabase 
27 81-67 LOB,f,hb,amph,cpx,opx,mt,tc [epJ weak layering; isotropic gabbroc 
28 81-68 PEG,f,amph,bb,cpx,sulf 5.7 adjacent to sheared margin of PLOT 

81-6if DIG-XENO,q,chl,ep,f,op,act 6.1 within sheared margin of PLOT 
29 81-70" DIG,f,hb,amph,cbl,cpx,sulf,mt 6.5 7.2 4.8 10m from sheared margin of PLOT; 

interstitial granophyre 
30 81-71 GB,f,cpx,hb,mt,amph,cbl 5.9 local igneous layering; laminated gabbroc 

81-ne XENO,hb,ep in 81-71 ep spherules 
31 81-73 HLG,f,cpx,hb,amph,chl 5.8 base of SDC; cut by felsic vein 

[PLOT,ep,f,q,ep,di,sphJ 
32 81-74 [V,ep,sulf,q] [7.4q] epidote-rich vein 

81-75 PLOT,f,q,ep,amph [81-74J 6.2 at base of SOC, cut by epidote veins 
33 81-76 (EP-DK,ep,q,cbl) (8.1) late epidosite dike; 010°, 450S 

81-77 (DK,act,q,chl) (81-76) (6.4) early gray dike; 124°, roosw 
34 81-78 (DK,f,act,mt,ep,cbl) (5.9) pristine axis sequence SOC; f phenoceysts 
3S 81-79 BAS,pr,chl,ep.z 7.8 am sequence pillow lavas 
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TABLE 1. (Continued) 

"GB, cumulate gabbro; DK, dike; PEG, gabbroic pegmatite; PLGT, plagiogranite; BR, breccia; BAS, pillow basalt; V, vein; XENO, xenolith; HLG, 
high-level isotropic gabbro at base of SOC; LGB, CODSpic:uous1y layered cumulate gabbro; SDC, sheeted dike complex; UM, ultramafic rock, 
dominantly px + ol; DIG, deep isotropic gabbro. HB, hornblende; S, sheared, strongly foliated, or p1astical1y deformed rock collected from a 
well-defined shear zone; EP, strongly epidotized, e.g. epidosite. Either for plag. plagioclue (An is anorthite content); opx, orthopyroxene; cpx, 
clinopyroxene; px, pyroxene; ol, olivine; pr, prehnite; chi, chlorite; sm, smectite; sph, sphene; eli, diopllicle; ct, cumminponite; anth, anthophyllite; act, 
actinolite; hb, hornblende; act-hb, actinolitic hornblende; amph, peen amphibole (fibrous or acicular); trem, tremolite; sulf, sulfides (pyrite, 
chalcopyrite, pyrrhotite, sphalerite); srp, serpentine; ep, epidote (Psis pistacite content, Fe/Fe+ AI); tc- talc; mt, magnetite; q, quartz; ab, albite; ap, 
apatite; z, zeolite or analcime. Rock names and minerals enc:lo&ed in brackets, e.g., [V ,q,ep,sulf), represent materials from crosscutting veins; if 
brackets contain a sample number, e.g., [81-74], it indicates that the rock at that locality is cut by the vein 81-74; if brackets contain ad 180 value, e.g. 
[7.4], it indicates that the mineral or whole-rock d180 analysis is from vein material. Rock names and minerals enclosed in parentheses, e.g., 
(DK,f,amph,mt), represent a c:ross-c:utting dike; if the parentheses contain a sample number, e.g., (81-SO), it indicates that the rock at that locality is 
cut by the intrusive body 81-50, which is usually a dike, but also may be a plagiogranite or pegmatite body; if the parentheses contain a d18o value, it 
indicates a whole-rock isotopic analysis of the dike. 

bwR, whole rock; Pl.AG, plagioclase; PX, clinopyroxene; AMPH, amphibole; Other, mineral indicated by abbreviation. 
"Map units designated by Reuber [1988) (also see Figure 6). The Reuber map units represent a c:on&iderably more complex and more detailed 

subdivision of the cumulate gabbro unit shown in Figure 4; these designations apply only to that part of the oceanic crustal section that lies beneath 
the sheeted dike complex. 

"Samples for which electron microprobe compositional data were obtained. 
exenoliths and xenolith isotopic analyses. 

altered in the greenschist facies and the overlying Alley lavas in 
the zeolite facies (Alabaster, 1982; Smewing, 1990; Pjhunio, 
1988]. The Geotimes unit is considered to be transitional in 
composition between MORB and island arc basalt (lAB), a char
acteristic of modern back arc basin spreading centers such as the 
Mariana Trough and the older portions of the Lau Basin (Haw
kins and Melchior, 1985]. The upper units are considered to have 
lAB affinities and are interpreted as the products of oil-ridge 
incipient island-arc formation [Pearce et al., 1981]. 

Structural mapping by a French group began in 1978, focused 
on the mantle peridotite (e.g., Boudier and Coleman, 1981]. In 
1983, a systematic remapping of the ophiolite was begun by the 
Bureau de Recherches G&>logiques et Minieres (BRGM, [e.g., 
Buerrier, 1990]). More recent work has produced detailed struc
tural sections in the crustal sequence [e.g., Reuber, 1988; Nicolos 
et al., 1988a,b], including detailed mapping and geochemistry of 
the Salahi block [Pfhunio, 1988; Emewein et al., 1988] and the 
Haylayn block (Juteau et al., 1988a,b ]; the latter studies identified 
possible relicts of distal edges of magma chambers or propagating 
rifts (e.g., Wadi Haymi1iyab, Wadi Rajmi). Pfhunio [1988] and 
Emewein et al. (1988] infer the existence of three volcanic 
episodes (VI-V3), with V1 broadly equivalent to the Geotimes 
unit and V2 to the primitive l..asail or Alley lavas, using the 
Alabaster and Pearce terminology. The V3 magmas are alkalic 
basalt, similar to oceanic island basalts. 

The large webrlite bodies found in the cumulate section play a 
central role in the genetic model proposed by the French group; 
they suggest that many (if not all) of the webrlite and picrite layers 
may be late sills or dikes that have been tectonically rotated into 
concordant positions within the cumulate section. Evidence of 
segmentation of the spreading axis also was documented (Juteau 
et al., 1988b; Reuber, 1988]. The resulting model summarized by 
Nicolas et al. [1988a,b] creates the layering of the plutonic section 
by magmatic flow of the gabbros induced by the plastic flow of the 
underlying mantle. 

FIELD SAMPUNG, PEIROGRAPHY, 

AND CHEMICAL AND IsoToPIC ANAL YSFS 

The geological, petrological, and geochemical data obtained in 
this study are presented in Tables 1, 2, 3, and 4. Sample descrip
tions are brief and make extensive use of abbreviations but give 
the detailed mineralogy of each sample and indicate whether it is 
from the layered sequence, a xenolith, or a crosscutting vein or 
dike. Samples were obtained from several localities within a 100 

km x 20 km area (Figure 2). Petrographic thin sections were 
examined from 179 samples collected from 137 localities. 
Mineral separates and whole rock: powders were prepared from 
most of these samples, and 228 were analyzed for 18otl6o. 
Electron microprobe determinations of compositions of 16 
feldspars, 22 pyroxenes, 20 amphiboles, 10 epidotes, five chlorites, 
one serpentine, and five prehnites, from 17 representative 
samples are given in Tables 5-10. A few other microprobe 
analyses are briefly referred to in the text and in Tables 1-4. 

The sample localities are plotted on detailed maps in Figures 3, 
4, and 5, with the regional context given in Figure 2. The detailed 
site studies and maps are based on the regional map produced by 
The Open University (generalized in Figure 2), as this was all that 
was available in 1981 and 1983 when most of the field work was 
carried out. Recently, numerous detailed field mapping and 
petrographic studies in the northern Samail ophiolite have been 
published by a group of French workers [Boudier and Nicolas, 
1988]. Mapping by Reuber [1988] is particularly relevant to our 
study and is reproduced here as our Figure 6; this map emphasizes 
the complex multigeneration intrusive structure discovered 
during the more recent work, as contrasted with the simple "layer 

cake" stratigraphy of the earlier studies. For comparison, in Table 
1 the lithologic map units for our samples from Wadi Rajmi are 
also indicated utilizing the terminology of Reuber [1988]. 

Electron microprobe analyses were done at the California In
stitute of Technology (Caltecb) on the MAC 5-SA3 probe, and at 
the University of South Carolina's (USC) Southeast Regional 
Microprobe Facility (Cameca SX-50), utilizing natural minerals 
as standards. A 7-10 Jem beam was used on the more fragile 
hydrous samples and feldspar. At least five analyses were col
lected for each mineral and three to five individual crystals were 
analyzed to represent the average for the sample. For each 
sample, the zonation and maximum compositional variation in the 
mineral grains were noted. Secondary minerals were analyzed 
from selected samples to confirm optical identification. Mineral 
formulas are based on standard data reduction provided for each 
instrument (fables 5-10) and include a plausible estimate of total 
ironasferricand ferroussubstitution[seePapi/ceetal., 1974; and 
see Stakes et al., 1991]. For amphibole, the algorithms used to 
assign iron to the different oxidation states are based on certain 
crystallographic assumptions (see Table 7 and Robinson et al. 
[1982] and Yanko and Stakes [1991]). The recalculation 
produces four possible formulas: FE+2 is all Fe as ferrous Fe; 
15NK is total cations to 15 exclusive of Na and K, 15K is total 
cations to 15 exclusive of K; 13CNK is total cations total to 13 
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excluding Ca, Na, and K. For hornblendes coexisting with 
epidote, tbe 13CNK recalculation is usually most appropriate, 
wbile tbe 15NK is usually more appropriate for hornblende 
coexisting with cummingtonite and for Fe-Mg amphiboles. 

Oxygen was extracted from silicate samples using fluorine gas 
(at Caltech) or aF3 (at USC) and converting the~ to C02 prior 
to isotopic analysis. Results are reported to a precision of 0.1 to 
0.2 %o in the standard c5 notation, relative to standard mean ocean 
water (SMOW). NBS-28 bas a c518o of +9.60 on tbis scale in our 
laboratories. 

GFDLOOY AND PEIROLOOY OF SELECTED 

TRANSECI'S IN TilE NORTIIERN SAMAIL OPmOLITE 

Features Common to Most of the Transects 

The sections of cumulate gabbro in the northern part of the 
ophiolite vary in thickness from 1 to 5 km and are composed of 
varying proportions of olivine, plagioclase, and clinopyroxene, 
with lesser quantities of orthopyroxene, spinel, and magnetite 
[e.g., luleau et al., 1988a,b; Smewing, 1981 ]. The lower cumulate 
gabbros are rhythmically phase-layered, and at the bottom of the 
sequence tbere may be a dunite-rich zone separating tbe crustal 
sequence from mantle peridotite (the petrologic Moho). 
Hydrous minerals are only rarely described in tbese lowermost 
cumulates of the southern Samail opbiolite, except as tbin rims of 
red-brown hornblende on clinopyroxene [Pallister and Hopson, 
1981; Gregory and Taylor, 1981] or talc-magnetite p6Cudomorpbs 
after olivine. In contrast, the lower cumulates at most localities 
in the northern half of the Samail ophiolite commonly contain up 
to 5-10% primary and secondary amphibole, and even more in 
the vicinity of shear zones, as in the Wadi Rajmi area. 

Near the top of the cumulate section, tbe layering commonly 
disappears and is replaced by a faint planar lamination of the 
cumulus minerals, for a stratigraphic thickness of up to a hundred 

meters. 1bese planar-laminated gabbros also appear in some 
sections in tbe soutb where they are referred to as "transitional 
gabbros" by Pallister and Hopson [1981). In tbe north, tbese 
laminated gabbros (see Flgure 6) are most commonly gabbro
norite& [Juteau et al., 1988a]. Locally, tbis zone is invaded by a 
dense network of Ieuconorite and diorite impregnations that give 
way upward to a magmatic breccia. 

The uppermost 500 m of gabbro are typically isotropic (no 
cumulate layering), witb abundant amphiboles (Fe-actinolite to 
actinolite or magnesio-bomblende) and some epidote (locally 
tbullite, as at West Sbafan), cblorite, prebnite, and sphene. The 
texture is heterogenous, witb medium- to fine-grained zones 
surrounded by hornblende-plagioclase pegmatite and cut by silicic 
pods and stringers of quartz and albite. The plagiogranite dikes 
or sills may intrude upward into the overlying dike complex. In 
the northern Samail ophiolite, isotropic gabbros are not confined 
to the top of the cumulate section, but also form as discrete bodies 
wen down into tbe layered sequence [Reuber, 1988); tbese are 
termed deep isotropic gabbro (DIG) in our terminology (Tables 
1-4). Reuber [1988) believes that some of these occurrences 
represent "isotropization" of originally layered gabbro, evidenced 
by gradational transitions between the two facies in many 
localities. 

The transition from layered or laminated gabbro to isotropic 
gabbro is usually abrupt, marked by the appearance of abundant 
amphibole and by blocks of gabbro broken up by more silicic 
magma (diorite to plagiogranite ). The isotropic texture in some 
areas appears spotted, as pyroxene crystals are replaced by 
rounded clumps of amphibole. Phantom blocks of gabbro can be 
discerned within the high-level gabbros, where tbe core of the 
block is partially recrystallized to hornblende gabbro and the 
margins are pegmatites. In some areas, the high-level gabbros 
and plagiogranites intrude and partially assimilate or react with 
the base of the dike complex and so may represent the final 
magmatic event at the spreading axis. Here, xenoliths of diabase 

TABLE 2. Oxygen Isotopic and Petrographic Data for Samples Collected From Map Localities 61-85 Along the Wadi Hilti Profile 
as Shown in Flgure 3. 

Map Oeoiopcal Relations, Textures, and Mineral 
l..ocali!I SamJ!Ie Rock TvDc and PetroRraDhv" WR PLAO PX AMPH Other ComJ!2!!tions 

61 81-201 LOB,f,cpx,ol,bb,ampb,&ulf 6.3 7.6 53 finer pained than 81-202 
62 81-~ LOB,f,cpx,bb,cbl,act (z,b,n) 5.9 63 5.1 ~eYerse zoning in heavily veined plag, An83-91 
63 81-203" LOB,f,ol,amph,sulf,sm [pr] 6.0 6.5 4.4ol FoSS, An88, less altered than 81-201 or 202 
64 81-204 LOB,f,cpx,ol,hb,cbl,amph (81-204b) 5.3 53 ampb pseudomorphs after cpx 

81-204b (DK,f,bb,mt) (4.4) ~bale, cpx totally altered to hb 
6S 81-205 LOB,f,ol,srp,ampb 5.9 6.4 53 analysis is from a felsic layer 
66 81-206" LOB,f,cpx,ol,z,pr,ampb,sulf 5.4 5.7 4.9 ~. plag replaced by ampb 
67 81-207" LOB,f,cpx,hb,ampb,cbl,cp,mt,ilm,sulf 5.1 5.1 2.8 ADS6-87, Fe<hloritc; deformed; 

81-:Dr XENO,f,cpx,pr? in 81-207 6.4 9.5 53 cpx altered to ampb; hornfels 
70 81-210 DIO,f,cpx,bb,ampb,mt [cp] stroDgly zoned plag 

81-212 [V,cp,q,a:] (9.8) 
75 81-214 (DK,f,cpx) dark gray 

81-215 DB,ab,ampb,act-bb,cp,mt,sm,pr [cp,sulf] abrims 
76 81-216 (DK,ab,cbl,ampb,q) (a:,pr,cp] (6.8) plac phenocrysts 

81-217 (EP-DK,cp,cbl,ampb) [prJ 
78 81-218 HLO,cp,ab,q,cbl,ap (81-219) apatite needles in quartz 

81-219 (DK,act,chl,ab) [a:] (7.8) actinotitepscudcmnorphs 
80 81-220 (EP-DK,cp chl,ampb,sph,pr) (10.1) cpidosite dike 

81-221 (EP-DK,cp,pr,spb,ampb) (S.S) cpidosite dike 
82 81-222 (DK,cp,act,ab,pr,mt,q? ,spb) (9.2) fine-grained clots of act+ pr + ab + spb 
83 81-223 BAS,mt,cp,pr? (a:) 8.3 strongly oxidized 
84 81-224 BAS,sm,cp,f,q,cpx [a:,bm) 12.4 strongly oxidized, vesicular 
8S 81-225 {OB-DK.oox.di?1mtaJ!r1tc1sm} {9.~} stronm oxidizedj late i!!bbro dike 

Notes and abbreviations for c518o values, rock names, mineral names and prefiXCii are same as given for Wadi Rajmi in Table 1, except that hm, 
hematite; a:, calcite 
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TABLE3. Oxygen Isotopic and Petrographic Data for Samples Collected from Map Localities 121-185 Along the Wadi Shafan 
Profile as Shown in Figure 4 

c51So Value.'' %o 

Map 
Locality Sample Rock Type and Petrosrapbf WR PLAO PX AMPH grL Other 

Oeologic:al Relations, Textures, and 
Mineral Compositions 

121 81-121 LGB,f,cpx,hb,amph,di? [prJ 6.5 
122 81-122" LGB,f,hb,cpx,amph 5.1 8.4 

124 
125 
126 
127 
128 
129 
131 

132 
133 
134 
135 

137 

148 
1SO 

152 
153 
154 
155 
1S6 
162 

81-124 
81-125 
81-126 
81-127 
81-12B'l 
81-1~ 
81-130 
81-131 
81-132 
81-133 
81-134 
81-135 
81-136 
81-137 
81-138 
81-139 
81-140 

LGB,f,ol,amph,cpx,sulf 5.9 
LGB,f,ol,cpx,amph,chl,tc 
LGB,f,cpx,chl,pr,amph,hb [pr,chlJ 4.6 
LGB,f,cpx 6.9 
LGB,f,cpx,ol,tc,aoth,chl,amph,pr,sulf 6.2 
HLG,f,cpx,hb,z [prJ 6. 7 
PEG,f,hb,cpx,pr,sulf,sph,sm 6.0 
S-GB,ol,f,cpx,hb 6.2 
S-GB,f,cpx,hb,chl [q,ep,ccJ 
OB,ol,f,amph,cpx,hb,chl [prJ 
GB,f,cpx,amph [prJ 
S-GB,f,cpx,hb,ampb [p,ep,ccJ 
S-GB,f,hb,amph [prJ 
OB,f,hb,cpx,opx,chl,amph 
GB,f,hb,opx,amph,ep [pr,ep,sulf) 
(EP-DK,ep,sph,amph) [prJ 
EP-GB,f,pr,ep,cc,hb,cpx 

OB,ol,f,hb,srp 
EP-GB,ep,chl,f,pr,amph 
S-GB,f,ol,cpx,chl,amph,tc,mt [q) 
HLG,f,cpx,hb,pr [q) 
(DK,hb,f,pr) [q,ep] 
OB,f,cpx,opx,hb,ep,amph,mt [epJ 
S-GB,f,hb,cpx,amph,chl [pr,ep,chlJ 
OB [ep,pr] f,hb,ep,cc,sulf,chl,ab,z 
[V,ep,pr,sulf,ccJ 
HLG,f,cpx,hb,amph,q,ep,pr,sulf,sph 
PLGT,f,q,ep,chl,ap,ab,sph 
(DK,ab,ep,sph,amph,pr) 

3.4 
3.9 

6.2 
(4.7) 
3.0 

5.2 

4.8 
(2.9) 

6.1 

[2.9J 

5.1 

7.4 

4.9 

7.4 

9.1 

1.5 

3.9hb 

3.8hb 

2.5 

[7.3J 
[5.2] 

4.8 

0.9amph 

1.1ep; 
24.7cc 

gabbro interlayered with duoite 
OMS129 Open University; An84-90 
(primaty); An79,98 (secondaJY) 

OMS130- Open University 

AoS0-83; Fe-chlorite 
Ao80-8S 

OMS132 Open University; foliated gabbro 
foliated gabbro 
in shear zone that cuts gabbro 

lhear zone in gabbros 
mylonitic zones 

top of layered gabbros near PLOT 
paraUels shear 
mylonitic zones cut by pr veins; 
faltered to cc + pr 

contact with PLOT 
sulfides in fractures 

contact with PLOT 
Ps20-34; Cu-sulfide; Fe-prehnite 
Ps10-20 
Fe-epidote 

81-143 
81-144 
81-146 
81-148 
81-lSO 
81-151 
81-152 
81-153 
81-154d 
81-155" 
81-156 
81-163 
81-165 
81-166 
81-175 
81-176 

PEG,f,hb,chl,amph,ep,ab,q,pr,ilm,ap 8.1 U.S 2.7 contact with PLOT 

115 
176 

178 

180 
182 

[V,q,ep,sph,chl,sulf) 
(DK,ab,ep,amph,chl,mt,pr,sph) 
(EP-DK,ab,ep,chl,q,amph,pr,mt,chl) 
[81-177] 

81-177 [V,q,epJ 
81-178 (DK,f,hb,ep,mt,sph) 
81-179 DB,f,amph,ep,mt,q,pr [q,sulf,epJ 
81-181 (DK,ab,act,mt,q,chl,ep) 
81-182 OB,f,ilm,act,sph,ep,chl,ab,q (81-183) 
81-183 (EP-DK) ep,q,sulf 

(7.7) 

8.9 

completely metamorphosed 

epidotized dike margin 

cut by vein of PLOT 

cut by PLGTvein 
gabbro screen 

185 81-185 (DK,f,cpymph,chl,ep,mt,ab) (9.6) SOC; OM508S <>pen University 

Notes and abbreviations for 6 180 values, rock names, mineral names and prefixes are same as given for Wadi Rajmi in Table 1, except that zo, 
zoisite; ilm, ilmenite; cc, calcite 

from the dikes are evident in the plagiogranite and in the upper 
reaches of the high-level gabbro. Blocks of high-level gabbro 
surrounded by more felsic magma also suggest stoping. In other 
areas, a diking event postdates the high-level gabbro, which is 
evident as coarse-grained screens between the dikes. Less com
monly, large plagiogranite bodies are crosscut by later mafic dikes. 
In the northern part of the ophiolite, most of the ptagiogranites 
are associated with the off-axis intrusive complexes described 
below, but plagiogranites that form along the base of the sheeted 
dike swarm are likely related to the main stage of spreading. 

Tbe 1-2 km between the high-level gabbro and the pillow basalts 
are filled with vertical, subparallel sheets of diabase (Figure 2), 
the sheeted dike complex. These diabase dikes are pervasively 
altered to chlorite, albite, actinolite, sphene, quartz, and epidote 
[e.g.,Ho]Afon et al., 1981; Gregory and Taylor, 1981]. The upper
most gabbros and the lowetmost dikes contain both chlorite and 
green amphibole, whereas epidote plus chlorite is more common 

in the dikes at shallower levels. In general, the sheeted dike 
complex in the northern Samail ophiolite is oriented N-S (355°-
010"), and it appears to be essentially contemporaneous with the 
layered gabbros and the Geotimes or V1lavas [Hopson et al., 
1981; Alabaster et al., 1982; Pflumio, 1988). Lavas of purported 
arc affinities (V2 lavas) are localized in areas where late mafic 
dikes intrude the uppermost sections of the ophiolite. Younger 
dikes that crosscut or intrude mineralized seafloor faults in the 
Alley are oriented either NW-SE (120"-150") or NE-SW (020"-
030"). A similar change in dike orientation from early N -S to 
crosscutting NW-SE orientations was described in the Haylayn 
and Rustaq blocts by Buerrier [1990) andReuberet al. [ 1990], wbo 
attributed this sequence to a propagating rift. 

Small, discrete intrusive complexes are common in the northern 
Samail ophiolite, and these have the structural characteristics of 
off-axis magma chambers emplaced at shallow depths in the 
ooeanicaust [Alabasteret al., 1982). These superimpose a secon-
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Sample 

81-1 
81-2 
81-4 
81-5 
83-1 
83-3 
83-191 
83-192 
83-194 
83-196 
83-198 
83-199 
83-201 
83-202 
83-59 
83-60 
I!Ul 
83-205" 
5099 

81-13 
81-14 
81-15 
81-16 
81-17 
81-18 
83-5 
83-7 
83-ae 
83-gd 
S08S 

81-111 
81-117 
81-118 
81-119 
5080 
5107 

81-25 
81-26be 
81-26a 
81-27 
81-29 
81-30a 
81-30be 
81-31 
81-32 

81-33 
81-37" 

TABLE 4. OxyW. Isotopic and Petrographic Data for Regional Samples Collected from Wadi Jizi Area (Flgure 2), 
Wadi Kanut ~gure 2), Wadi Abin (Figure 2), Musafiyab (near Haylaynl and a Plagiogranite Body near Rustag 

Rock Type and Petrography" 

GB,f,amph,cpx,hb,cc,sph,ep 
PLGT,q,amph,mt,hb,sm 
PLGT,f,q,amph,mt,ep,ab 
OBS,glass,z,sm 
BAS,cel,cc,z 
BAS 
(DK,f,act,op,sph)[q) 
HLG (83-191) [ep,chl] 
(DK,act,chl,f) [ep,pr] 
(DK,f,ep,pr,spb,q?) [ep,pr] 
BAS,q,chl,ep,pr [pr] (83-199) 
(DK,f,act,chl,ep) 
(EP-DK,f,q,ep) [q] 
(DK,q,f,sulf,ep,chl) [q,ep] 
BAS,ab,chl,sulf,amph 
(DK,ab,q,act,chl,sph,mt,ep) 
BAS (83-60),q,chl,ep sulf? 
XENO,q,f,op,chl [ep,sulfj 
(DK) 

PLGT,f,q,di,hb,chl,ep,mt,sph 
(DK,f,q,cpx,act,chl,op) (81-15) 
(DK) 
UM,ol,cpx,opx,chl,pr (81-17) 
(DK,f,act,chl,pr) 
GB,f,hb 
HHLG,hb,f,mt,amph 
HHLG,f,hb,act,op 
XENO,ep,q,pr,sulf,chl,sph in 83-9 
PLGT-DK,chl,sp,sph,q,ab? ,sulf,ap 
(DK) 

HLG 
(DK,q,ep,chl,ab) 
(DK,f,act,pr,sm,hb,op) 
(EP-DK,q,ep,chl,sph) 
(DK) 
(DK) 

WR PLAG PX AMPH QTZ 

10.5 
13.5 
12.7 
21.6 
13.8 
10.3 
(5.5) 
6.1 

(9.0) 
(9.4) 
12.7 
(7.9) 
(8.0) 
(9.6) 
12.1 
(9.7) 
10.8 
6.5 

(9.4) 

6.5 
(3.0) 
(2.9) 

(10.3) 

Wadilizi 

WadiKonut 

5.0 3.4 5.0 
7.2 
5.1 

(9.0) 
(9.6) 

7.4 

Wadi Ahin Sheeted Dike Complex 

5.2 
(4.1) 
(5.8) 
(3.2) 
(7.8) 
(6.5) 
Musa(iyah- HLG and Axis PLGT 

Geological Relations, Textures, and Mineral 
Compositions 

late gabbro cuts pillow in the Alley 
late PLGT; cuts pillows in the Alley 
late PLGT; XENO-rich; in the Alley 
obsidian; in the Alley 
Alley pillow lava in the Alley 
Lasail pillow lava in the Alley 
mafic dikes of SDC at contact with HLG; W of Huwayl 
Fine-grained gabbro; W of H11wayl 
SDC (?) intruded by gabbro; W of H11wayl 
diabase with linear psan material 
dike,lbasalt contact; pervasively altered 
SDC at contact with pillow basalt 
west of Huwayl; SDC 
west of Huwayl; SDC 
fault zone near mine 
late mafic sheet above Lasail mine 
piUow basalt from between sheets above mine 
XENO in PLGT; dike/PLGT contact; W of H\IW8yl 
FJZh axis dike; OU collection 

PLGT on main road 
CIOiiSC\Itting dikes near PLGT 
CIOiiSC\Itting dikes near PLGT 
late wehrlite intrusion; same as locality 81-18 
late mafic dike cuts wehrlite; plag phenoctySts 
late gabbro from zoned intrusion 
late gabbro body 

very large sphenes plus epidotes 
zoned ep (Ps19-26); mafic XENO's are epidotized; 
Axis dike; OU collection 

SDC; coarse-grained 
SDC; px pseudomorph 
SDC; epidotized dike margin 
Sarami axis dike; OU collection 
Ahin, 1yPe 4 dike, OU collection 

PLGT,f,q,amph,chl,op 8.3 9.9 7.7 fvery turbid; small pod near HLG!SDC contact 
XENO in 81-25 5.1 atthe base of SOC 
PLGT,q,f,amph,sph,mt,ap 8.5 7.7 intNdes base of SDC 
(DK,f,hb,op,amph,ep) (5.8) SDC; adjacent to PLGT dike 
HLG,f,q,hb,amph,cpx,opx,chl 6.0 6.8 7.3 20 m below SDCIHLG contact 
PLGT,q,ab,amph,hb,op 6.1 q + ab granophyre;intl'\ldes base of SDC 
XENO,f,amph,hb,di,op,sp in 81-30 2.7 at base of SDC 
HLG,f,mt,amph,cpx,hb 6.0 6.1 3.8 SO m below SDCIHLG contact 
HLG,f,ep,chl,sm,talc,opx,amph 5.5 7.1 lOOm below SDCIHLG contact 

(DK,f,di,amph,op) 
XENO,ep,q,z 

Sponed PLGT with ep and sph (near Rustaq) 

(4.7) coarse-grained; late with pxphenoctySts 
4.7 spherical; 8 em in diameter 

Lasail Mine and DriUcore 

DH2-3-466 BAS,chl,q,hm,[hm,q]4.3 stockwork, Lasail; cut by hm-q vein, vesicular 
DH2-9-676 BAS,q,chl,[pyr] 7.4 8.1 stockwork, Lasail; milky q cut by sulfide vein 
DH2-9-8S6 BAS,q,chl,sulf [sulf] 6.5 13.6 stockwork, Lasail; q contemporaneous with sulfide 
DH2-9-91S BAS,q,chl,sulf [q,sulf] 5.9 12.9 stockwork, Lasail; main stage alteration 
DH2-9-9SO BAS,q,chl 3.3 stockwork, Lasail; main stage alteration 
OMLC-45 BAS,chl,q [jp,sulf] 3.6 stockwork, Lasail 
OMLC-46B BAS,chl,q,hm 5.5 stockwork, Lasail; massive jp vein 
OMLC-47 BAS,chl,q 4.1 stockwork, Lasail; footwall volcanics 
85-428 DK,q,f,act,op,chl,sph (10.2) "ore body sheet"; near footwall fault 
85-429 DK,act,f,q,sulf (85-428) (5.7) mineralized sheet inside ore body 

Notes and abbreviations for d 18o values, rock names, mineral names and prefixes are same as given for Wadi Rajmi in Table 1, except that jp
jasper; hm-hematite; pyr, pyrite; HHLG, very high-level gabbro; OU, Open Univemity; OBS, obsidian; op, opaques; eel, celadonite. 
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Fig. 3. Simplified geologic map of the Wadi Hilti area (for location see Figure 2), showing sample localities listed in Table 2 
(modified after Lippard et al. [1986]). 
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Fig. 4. Simplified geologic map of the Wadi Sbafan area (for location see Figure 2), showing sample localities listed in Table 3. 
Map symbols are as follows: A, plagiogranite cuts dikes; B, fine-grained gabbro cut by dikes; C, flaser gabbro and pegmatite; 
D, pegmatite and plagiogranite; E, layered gabbro with ductile deformation; F, serpentinized ultramafiC layers and folded 
rodingitized felsic layers; G, dark massive gabbro cut by epidote and plagiogranite; H, dunite with clinopyroxenite, grading to 
layered gabbro; d, dikes; a, pegmatite, stoped blocks, epidote, and chlorite. 

dary metamorphic assemblage on the surrounding country rocks, cally occur well up into the dike complex or the pillow lavas, to 
locally forming abundant quartz, epidote, and sphene. These within 1-2kmoftbesea.Ooor. Thesiteofintrusionisstructurally 
"magma chambers" are commonly lithologically zoned (wehrlite, controlled, that is, the early precursor dikes and veins are all 
isotropic gabbro, plagiogranite, etc.) and shallow-roofed and lo- subparallel, and the directions roughly correspond to the major 
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Fig. S. Simplified FOiogic: map of the Wadi Rajmi area (for location &ee Figure 2), showing sample loc:alities listed in Table 1 
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Pig. 6. Simplified geologic map of the Wadi Rajmi area (the ll8llle area shown in F'~preS), based on the pologic: work of Reuber 
[1988]. 

directions of the paleotransform stress field, either ridge or trans
form parallel. These structural relationships are perhaps 
analogous to those described by Bati.za and Van/co [1983] for 
seamounts constructed near the intersections of spreading axes 
and transform faults. The mineralogies and conspicuous 
heterogeneous textures of the margins and xenolith-rich portions 
of these "off-axis" intrusions are virtually identical to those of the 
isotropic gabbros of the "intact" or "axis" part of the section; 

however, the relative proportions of the various lithologies are 
differenL 

Wadi Hibi Thwene ("lntllct Oceanic Cmst") 

The Wadi Hilti transect (Figure 3, and Table 2) represents our 
attempt to sample the least deformed, least complex, and struc
turally most pristine cross section available in the northern Samail 



ophiolite, and below we shall refer to this as "intact oceanic crust." 
Nicolas et al. [1988b] report that in this area the ophiolite is 
unaffected by tectonic disturbance, the Moho contact is flat and 
sharp, and the dike complex is systematically oriented N -S. In the 
Wadi Hilti area, there are none of the large silicic intrusions or 
deep seafloor fault systems that disrupt the cumulate gabbros in 
the other transects (Figure 3), although small wehrlite intrusions 
are fairly common. The Wadi Hilti section contains a 5-km 
thickness of layered gabbro topped by a relatively thin (100m 
thick) unit of isotropic gabbro containing very small plagiogranite 
segregations, which is in tum overlain by a 2-km-thick section of 
sheeted dikes and pillow lavas. 

The basal cumulates in Wadi Hilti are typically clinopyroxene 
gabbro or olivine gabbro. These appear to be pristine in hand 
sample, although petrographic study invariably reveals minor 
hornblende and accessory chlorite, serpentine, epidote, zeolite, 
and an unidentified calc-silicate mineral. Commonly, about 5-
15% of the primary mineralogy is replaced by secondary minerals, 
of which about 2-5% is hornblende. There is little evidence of 
plastic deformation or of aluminous hornblende as a vein mineral. 
One cataclastically deformed layered gabbro (81-207) is the only 
sample from the layered gabbros found to contain sodic 
plagioclase ( An56), as well as a higher proportion of secondary 
minerals such as Fe-cblorite and epidote (Table 2). Primary 
plagioclase is generally An86-91; the most calcic plagioclase oc
curs as reversely zoned rims of grains in 81-202. Clinopyroxene is 
locally replaced by actinolitic hornblende, actinolite, and Fe-rich 
chlorite, even in some of the lower cumulate gabbros. Blebs of 
green fibrous magnesia-hornblende are observed in the 
plagioclase. Samples from deep in the crustal section locally 
contain small amounts of a calcic zeolite (probably laumontite) 
whereas prebnite and a second unidentified Ca-silicate fill veins in 
the shallower rocks. 

The Wadi Hilti traverse contains a smaller proportion of late
stage, hydrous minerals than the other two transects described 
below, but much more than the corresponding section in the 
southern part of the ophiolite. In the lbra gabbros, hornblende is 
present only as a trace mineral (except in the high-level isotropic 
gabbros), and prehnite, chlorite, actinolite, and zeolites are 
present only locally [Pallister and Hopson, 1981; Gregory and 
Taylor, 1981]. 

Wadi Shafan-Kanut Traverse ("Complex Oceanic Crust") 

The Wadi Shafan-Kanut transect is made up of only a thin zone 
of2.5 km of cumulate gabbro and a correspondingly much greater 
relative thickness of sheeted dikes, perhaps as a result of repeti
tion of this part of the section by faulting (Figure 4). In Wadi 
Kanut, just to the north of the Wadi Shafan area, a large, com
posite gabbro-plagiogranite intrusion is intruded into the sheeted 
dike complex (Figure 2). Combined with the complex set of 
intrusions that crop out in the vicinity of the contact between the 
layered gabbros and the sheeted dikes in Wadi Sbafan, this makes 
the upper levels ofthe Sbafan-Kanut oceanic crustal section much 
more complex than the sections at Wadi Hilti or to the south in 
the lbra area. Although the origin of these intrusions is controver
sial, they are clearly a late stage phenomenon; they probably 
represent an off-axis intrusive episode. 

Numerous faults offset the upper 100m of the cumulate gabbro 
section in Wadi Sbafan, and smaller deformation zones locally 
penetrate more deeply into the gabbro section. The lower gab
bros contain discontinuous layers ofwebrlite, dunite, and sheared 
peridotite. A major right-lateral fault separates intact cumulate 
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gabbros from the isotropic high-level gabbros and sheeted dikes 
(Figure 4). Within this shear zone, the upper gabbro cumulates 
are remobilized and strongly deformed, with serpentine and calc
silicate assemblages replacing mafic and felsic layers, respectively. 
Adjacent gabbro layering is broken, boudinaged, and rotated 
parallel to the shear zone. Gabbros within the shear zone have a 
spotted "leopard" or flaser texture with a foliation oriented paral
lel to the shear, and are epidotized where cut by the fault. 
Quartz-epidote veins and late homblende-pegmatoidal veins also 
parallel the shear zone. 

Adjacent to this major shear zone in Wadi Sbafan, a 2 to 
3-km-wide plagiogranite body intrudes the high-level gabbros and 
the lower part of the sheeted dike complex. Stoped fragments of 
the diabase dikes are partially resorbed, and the xenolith margins 
are replaced by fine-grained intergrowths of quartz and epidote. 
Near the margins of the plagiogranite body, the isotropic gabbro 
is intensely altered to epidote, thullite, prebnite, hornblende, and 
sphene, locally ~ucing a homogeneous "spotted" texture as 
the result of replacement of clinopyroxene by aggregates of green 
hornblende. Within xenoliths and at the contact, the amphibole 
"spots" are replaced by epidote. Small faults around the 
plagiogranite bodies are filled with abundant quartz, as well as 
massive epidote, prehnite, and sulfides (including chalcopyrite). 

Cumulates in Wadi Sbafan are typically clinopyroxene gabbro 
or olivine gabbro replaced by 5%-40% hydrous secondary phases, 
with the average around 20%. Secondary mineral compositions 
are similar to those observed in Wadi Hilti samples, but the 
alteration minerals are much more abundant in Wadi Sbafan. 
The early stage of alteration is associated with 3-25% amphibole. 
Later stages involved an increasing quantity of secondary minerals 
adjacent to major shear zones, with even slightly deformed 
samples usually thoroughly replaced. Proximity to these shear 
zones is also associated with late low-temperature microfractures 
filled with chlorite-quartz, chlorite-prehnite, prebnite, and zoisite. 

1be two lowermost cumulate gabbros, a "fresh" (81-121) and a 
highly-altered sample (81-122) (Table 3), were collected just 
above the cumulate ultramafic rocks and about 100 m above the 
Moho. In the "fresh-appearing" sample, 5% of the clinopyroxene 
bas brown rims of hornblende, 10-15% of the clinopyroxene has 
been replaced by green hornblende and pale tremolite-actinolite, 
and green amphibole replaces the plagioclase and clinopyroxene 
margins (Tables 3 and 7). The highly altered sample 81-122 
displays a similar alteration pattern, and the greater abundances 
of secondary minerals made it possible to carry out detailed 
electron microprobe identifications. Sample 81-122 is more than 
50% recrystallized to green amphiboles and untwinned 
plagioclase. Clinopyroxene is low Tt-endiopside replaced by ac
tinolite-tremolite (1-2% AI) and actinolitic hornblende. Margins 
of clinopyroxene and plagioclase are replaced by actinolitic 
hornblende containing 4-6% A1~3. with greener portions of the 
amphibole higher in Fe and AI (Table 7). The association of 
magnesia-hornblende and anorthite is typical at the margins be
tween plagioclase grains. Radial bundles of green magnesia
hornblende are associated with turbidity in the plagioclase (An86-
An90 to An97-An99). The anorthite is interpreted as a 
metamorphic replacement, with Na and K removed and excess 
Ca added (see Table 5). An atypica~ more sodic, altered rim 
(An79) contains 7% K-feldspar component, compared to typical 
values of < 1 %. Thin blocky microveins of a mixture of Fe-rich 
chlorite and quartz and tremolite fill some intergranular spaces, 
probably as a replacement of amphibole. The least altered 
layered gabbro in Wadi Sbafan is 81-124, an olivine gabbro with 
clear, twinned, and unzoned plagioclase, containing a tiny amount 
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of green fibrous amphibole. Dark brown hornblende is evident 
as rims on the clinopyroxene, and some of the clinopyroxene 
grains contain zones of secondary pyroxene. 

The stratigraphically highest layered gabbro (81-128, Table 3), 
collected just below the megashear and deformed gabbros, con
tains olivine pseudomorphs of saponite or smectite (6-7% AI) 
which have parallel extinction (Table 9). In addition to the ubiq
uitous amphiboles, microfractures are filled with Fe-rich chlorite 
and prehnite. The plagioclase (An80 to An82 with some reverse 
zoning to An85) is partially saussuritized and up to 10% replaced 
by fine-grained amphibole. The isotropic gabbros in Wadi Shafan 
adjacent to the plagiogranite body contain abundant: 1) clear 
brown hornblende (up to 4% AI203), either primary or replacing 
clinopyroxene; 2) fibrous green actinolitic hornblende and ac
tinolite, or actinolite plus prehnite replacing clinopyroxene and 
brown hornblende; 3) sphene replacing ilmenite; and 4) epidote 
(3%-4% Fe), thullite, and prebnite (1% Fe) replacing plagioclase. 
These secondary minerals are concentrated in quartz-bearing 
pegmatoidal pods characteristic of the high-level section. These 
isotropic gabbros are crosscut by quartz and quartz-epidote veins, 
some of which contain the oxidized relicts of copper sulfide 
minerals. The vein mineral compositions are greatly enriched in 
Fe compared to the adjacent host gabbro. A vein sampled near 
the margin of the plagiogranite contains strongly zoned, 
pleochroic epidote (11%-14% FeO) and prebnite (up to 3% 
FeO). An oxidized sulfide and secondary green pbyllosilicate 
within the same vein contains 10-15% CuO. 

Wadi Rajmi Traverse ("Fossil Transform") 

We made a detailed study of the Wadi Rajmi transect, expressly 
because it had been originally identified m1 the possible site of a 
fossil transform zone [Smewing, 1980]. Evidence for the trans
form model includes the appearance of a second set of dikes in 
this region that are oblique to the dike complex of the main 
ophiolite; these oblique dikes are generally oriented NW-SE at 
about 120". There is also the appearance of numerous high 
temperature shear zones that have strike-slip features. However, 
later studies by French workers did not observe mantle 
petrofabrics to support this contention (T. Juteau, personal com
munication, 1985). Reuber [1988] presents some arguments that 
this region might be a pale<HWerlapping spreading center (OSC) 
complicated by intraoceanic thrusting (detachment) at or very 
near the ridge. This interpretation implies that this shearing took 
place while the rocks were at very high temperatures ( -10000C, 
according to Boudier et al. [1985]. A number of major east 
trending fault zones are found just north of the area shown in 
Figure 6; these are considered to be extensional features by 
Reuber [1988]. She suggests that these features guided the 
wehrlite and plagiogranite intrusions, the east trending dikes, and 
the hydrothermal circulation associated with these magma bodies. 
Reuber [1988] suggests that the magmatic and tectonic charac
teristics of the Rajmi area are gradational to those in the south, 
which would not be expected at a major transform boundary 
separating independent magmatic systems. Regardless of the 
exact interpretation, the Wadi Rajmi area is clearly a zone where 
intense fracturing and shearing took place at, or just after, the 
time of formation of this section of oceanic crust. Our samples 
are from two wadis separated by about 6 km (Figures 5 and 6). 

The lower part of the Rajmi plutonic section is very complex, 
and it is difficult to estimate a true stratigraphic thickness; how
ever, from the steeply dipping harzburgite contact to the base of 
the sheeted dike complex represents a stratigraphic thickness of 

at least 4 km, and this section is overlain by about 2-3 km of 
sheeted dikes and pillow lavas, giving the Wadi Rajmi section a 
relatively "normal" oceanic crustal thickness in spite of its com
plexity [see Reuber, 1988]. The plutonic section in the Rajmi area 
is unusual for the ophiolite in that it is comprised of almost equal 
proportions of bimodal mafic and ultramafic cumulates. The 
mafic cumulates are dominated by two-pyroxene gabbros, rare in 
other localities in the ophiolite except for Wadi Haymiliyah 
[luteau et al., 1988a ], Which is also suggested to be the distal edge 
of a magma system. The ultramafic units include feldspathic 
dunites, wehrlites, and olivine websterites [Smewing, 1981, 1990]. 
These bimodal units (gabbro/peridotite alternations) occur on a 
variety of scales from centimeter-scale repetitions to layers a 
couple of hundred meters thick. Smewing [1981] interprets these 
ultramafic layers as representing crystallization during abrupt 
shifts to more primitive magma compositions in an open-system 
magma cbamber; more than a dozen resets were observed in a 
500-m-thick section. 

Gabbro tectonites and pegmatites cut even the lowermost 
layered gabbros down to and including the Moho, wbicb dips 
almost vertically in this area. Layering fabrics have been rotated 
into shear zones where cataclasis and amphibolite-facies recrys
tallization have occurred. According to Smewing [1990], the 
Moho at this locality is acting as a major N-S sinistral shear zone. 
This is evidenced by a tectonic fabric in the lowermost gabbro, and 
the fact that the gabbro layering is progressively rotated from a 
strike of 060" to due north as the Moho is approached. Dikes of 
feldspathic peridotite and gabbro pegmatite (1-3 m across) also 
commonly crosscut the cumulate gabbro layering. Composite 
webrlite-gabbro intrusions are common at all levels throughout 
the layered gabbro section, locally extending upward into the 
sheeted dikes and pillow lavas. 

Our stratigraphically lowest samples are from just above the 
Moho in Wadi Rajmi North (Figure 5), and include several 
sheared gabbros and gabbro pegmatites from ultramafic units 
and the laminated gabbro unit (Figure 6), as defined by Reuber 
[1988]. This traverse also includes a sample of isotropic gabbro 
(81-UlO), here termed DIG (Deep Isotropic Gabbro) to distin
guish it from the typical occurrence of this lithology. All of our 
North Rajmi samples are strongly deformed, except for this later 
stage DIG intrusion. Highly altered gabbroic rocks were collected 
from the vicinity of the petrologic Moho, as well as farther upward 
in the gabbro section. For example, a highly deformed and 
foliated gabbro cut by a gabbro pegmatite was collected about 15 
mabove the Moho; approximately 20% of the primary plagioclase 
and clinopyroxene bas been replaced by green and brown 
hornblende. Similarly, a gabbro tectonite collected from 75 m 
above the Moho is extensively replaced by green hornblende and 
is crosscut by a hornblende pegmatite. 

All higher-level samples are from Wadi Rajmi South (Figure 5), 
the lowermost of which are deformed layered gabbros from a 
complex zone of wehrlite, layered gabbro, troctolitic gabbro, and 
pyroxenite, together with local occurrences of isotropic gabbro 
and laminated gabbro, m1 shown in Figure 6 and as mapped by 
Reuber [1988]. These lithologies are interlayered with, and 
crosscut by, a series of amphibole-rich gabbro pegmatites and 
fine-grained dikes that also contain abundant hydrous minerals 
(Table 1 ). Some of these layered gabbros are intensely sheared 
(e.g., locality 15), and these are typically rich in hydrous alteration 
minerals. The degree of shearing and the abundance of gabbro 
pegmatite is much greater in this section of Wadi Rajmi than in 
the corresponding portion of Wadi Hilti. 

In the lower half of the Wadi Rajmi section, within the zone of 



strong 180 depletion (see below), the amphibole content varies 
from 5 to 40%, averaging about 15%. Above this 180-depleted 
zone, the amphibole content is 3-60%, with an average of35-40%. 
Other, lower-temperature hydrous minerals are also common 
throughout the section, and locally 70% of the rock is made up of 
OH-bearing minerals. The sheared feldspathic wehrlite or 
dunite, hornblende gabbro pegmatite, and late basaltic dikes au 
typically crosscut the cumulate gabbro layers at high angles. 
These late gabbro pegmatite dikes are characterized by abundant 
orthopyroxene, calcic plagioclase (An95-98), primary brown 
hornblende, and copper-rich sulfides. Undeformed gabbroic 
rocks adjacent to these late crosscutting features contain veins of 
coarse green-brown hornblende and talc replacing olivine. 
Clinopyroxene is up to 50% replaced by green hornblende. The 
most extensive metamorphic replacement is adjacent to peg
matite dikes, basaltic dikes, and fault zones. 

The Rajmi area is unique in containing the largest mapped 
zones of ~lied laminated gabbro in tbe Samail ophiolite (Fig
ure 6). In this area a thick zone of isotropic gabbro invaded by 
plagiogranite bodies is bounded above and below by large 
stratigraphic units of laminated gabbro; tbe uppermost of these 
units extends right up to tbe SOC contact (Figure 6). These zones 
of laminated noritic gabbro have many of the characteristics of 
the same kinds of lithologies described in detail by Juteau et al. 
[1988a,b], including the association with orthopyroxene, intense 
veining and fracturing, and gradations into zones of magmatic 
breccias (localities 23-30, Table 1 ). The mineralogy and structure 
of the vein systems in this zone are similar to those described by 
Nehligandluteau [1988]. 

The late gabbroic intrusions contain abundant orthopyroxene 
a~d primary brown amphibole. A medium-sized (1-2 km 
diameter) composite plagiogranite and isotropic gabbro body is 
intruded into the top of the gabbro section (localities 24-29), and 
a smaller plagiogranite body occurs at the base of the sheeted dike 
complex (locality 32); the latter has an anomalous ESE trend in 
this part of the ophiolite. Several other plagiogranites are in
truded into the upper third of the gabbro section (Figure 6). 
Similar to Wadi Shafan, the clinopyroxenes in the high-level 
isotropic gabbros are predominantly altered to green actinolitic 
hornblende and epidote veins are abundant. Xenoliths of gabbro 
within the plagiogranites are similarly replaced by amphibole and 
epidote. 

A gabbro collected from near the margin of the larger 
plagiogranite intrusion shows a metamorphic foliation and is 
characterized by orthopyroxene replaced by green talc, primary 
brown hornblende replaced by fibrous ferro-actinolite, strongly 
zoned plagioclase, and late epidote veins. The plagiogranite con
tains large quartz crystals and highly pleochroic epidotes (Ps 15), 
some of which have cores of a mesh of finely intergrown epidote 
and Fe-cblorite. Unusually fresh plagioclase is An89-93. The 
smaller plagiogranite body exposed at the base of the sheeted dike 
complex contains much less epidote. At the top of the gabbro 
section, a late shear zone cuts through the uppermost gabbros, 
close to the plagiogranite body and to a zone of late mafic dikes. 
Hornblende pegmatites and epidote veins cut the sheared gabbro. 
The epidote has pistacite contents of 20%-30% and is intergrown 
with quartz and associated with actinolite and actinolitic 
hornblende. 

DISCUSSION OF CHEMICAL COMPOSmONS OF MINERAlS 

The electron microprobe analyses presented in Tables 5-10 are 
not meant to be comprehensive; they serve mainly to characterize 
the samples analyzed for 18oP6o, and to provide a framework 
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for comparison with the more extensive microprobe analyses 
previously published by Smewing [1981 ],Browning [1984], Juteau 
et al. [1988], and Emewein et al. (1988] for the northern Samail 
ophiolite, and by Pa/Jister and Hopson (1981] for the southern 
Samail ophiolite. 

Plagioclase Compositions 

Representative plagioclase compositions are provided in Table 
5. Plagioclases in tbe gabbro pegmatite dikes and the basal 
layered gabbros of Wadi Rajmi are extremely calcic, An90-98, 
consistent with results reported by Smewing (1981] (An90-95 for 
Rajmi mafic-ultramafic cumulates). Deformed grains of 
plagioclase that are depleted in 180 are equally calcic in composi
tion. Slightly more sadie compositions (Ann-82) are observed in 
non-layered gabbro crosscut by late stage dikes. The quartz
epidote-chlorite assemblage in the discordant "plagiogranite" 81-
63 contains relict calcic plagioclase whose core compositions 
(An93) are similar to those found in the Rajmi pegmatoidal 
intrusives; the smaller plagioclase grains have An87-89. 

The Wadi Rajmi plagioclases are the most calcic reported from 
tbe Samail ophiolite. For comparison, in the Jabal Dimh area 
[Pallister and Hopson, 1981], the average cumulate gabbro 
plagioclase is An70-85, with somewhat more sadie values in the 
high-level gabbros. The average plagioclase i~ the northern half 
of the ophiolite, excluding the Rajmi area, ; about An80-90 
(Smewing, 1981; this work]. Our limited datd suggest that the 
later stage intrusions, the crosscutting pegmatoidal dikes, and 
particularly the feldspathic wehrlites are associated with 
plagioclase compositions more calcic than An90. Younger in
trusions containing more calcic plagioclase are also reported for 
the Assayab region between Wadi Rajmi and Wadi Hilti, where 
they are attributed to a hydrous mantle source region [Vetter and 
Stokes, 1990]. This is similar to what has been proposed for the 
wehrlitic intrusions that dominate the Rajmi area. Four analyses 
of different plagioclase grains from the strongly sheared and 
180-depleted sample 81-43 show that the bulk of the plagioclase 
is An98-99 but that smaller, recrystallized grains are An91-94 
(Table 5). This sample is particularly interesting because it is from 
the most 180-depleted outcrop yet found in the Samail ophiolite 
(see below). 

Plagioclase compositions in Wadi Shafan an ... Wadi Hilti were 
found to be on average less calcic than those from the Rajmi area. 
Fresh-appearing samples have plagioclase that is An84-An88 in 
composition and typically unzoned. Heavily altered samples from 
the lower portions of both of these sections contain secondary 
calcic plagioclase (An91-98). Syndeformational (metamorphic) 
plagioclase is more sadie (down to An56), especially in samples 
with abundant hydrous replacement minerals (e.g. green fibrous 
amphibole, chlorite, and epidote). This is best illustrated by 
analyses 15 and 16 from sample 81-207 in Table 5. Analysis 16 is 
an igneous plagioclase inclusion (An85) within a large primary 
pyroxene; this feldspar appears to have been "protected" from 
subsequent aqueous-fluid interaction, based on a comparison 
with a small sadie neoblast (An58) in a deformation zone that cuts 
the rock. 

Plagioclase of intermediate composition is only common in the 
uppermost gabbros, or associated with deformation or extensive 
alteration. Both Pa/Jister and Hopson (1981] and Juteau et al. 
(1988a] note only minimal cryptic variation in primary mineral 
phase chemistry; small jumps in composition toward more primi
tive values are linked to input of more primitive magma into the 
chamber. Smewing (1981] also notes an abrupt change in 
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TABLE 5. Feldsl!! Come2!!!tions 
Analvse& 

1 2 3 4 5 6 7 8 

•• SiOz 43.29 43.50 44.2S 45.63 44.92 46.86 45.71 46.95 
Ah03 37.53 37.72 36.43 36.98 36.13 33.66 33.76 33.26 
MgO 0.00 0.00 0.01 0.00 0.01 0.04 0.03 0.04 
CaO 20.19 19.71 18.85 18.~ 18.37 17.37 17.94 17.44 
MnO 0.00 0.00 0.00 O.Ql 0.00 NA NA NA 
Feo• 0.05 0.13 O.lS 0.08 0.49 0.29 0.28 0.30 
BaO 0.01 0.00 0.00 0.00 0.00 0.06 0.00 0.01 
NazO 0.16 0.20 0.69 0.96 0.91 2.11 1.61 2.06 
KzO 0.00 0.00 0.00 0.01 0.02 0.02 0.02 0.16 
Total 101.21 101.32 100.58 101.75 100.85 100.40 99.43 100.22 

Si 1.982 1.987 2.034 2.062 2.057 2.151 2.12S 2.161 
AI 2.02S 2.030 1.973 1.970 1.950 1.822 1.848 1.805 
Mg 0.000 0.000 0.000 0.000 0.001 0.003 0.002 0.002 
Ca 0.990 0.967 0.928 0.875 0.901 0.854 0.893 0.860 
Mn 0.000 0.000 0.000 0.000 0.000 NA NA NA 
Fe• 0.002 o.oos 0.014 0.003 0.019 0.011 0.011 0.012 
Ba 0.001 0.000 0.000 0.000 0.000 0.001 BDL 0.000 
Na 0.014 0.018 0.062 0.~ 0.081 0.188 0.145 0.184 
K 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.010 
Catsum 5.013 5.001 5.011 4.995 5.009 5.032 5.02S 5.033 

Ab 1.37 1.83 6.2S 8.75 8.23 17.99 13.98 17.44 
Or 0.00 0.00 0.00 0.07 0.09 0.11 0.14 0.90 
An 98.63 98.17 93.75 91.18 91.68 81.90 85.89 81.66 

Ana~ 
9 10 11 12 13 14 15 16 

SiOz 44.42 46.50 45.45 45.97 46.64 45.81 53.29 47.02 
Alz03 36.71 35.64 35.44 33.81 33.19 33.62 28.89 33.69 
MgO 0.01 0.00 0.01 0.02 0.02 0.10 0.00 0.09 
CaO 18.74 17.33 17.76 17.63 17.52 18.35 12.25 17.42 
MnO 0.02 0.03 0.00 NA NA NA NA NA 
Feo• 0.03 0.06 0.16 0.34 0.30 0.37 0.52 0.48 
BaO 0.01 0.00 0.00 0.06 0.04 o.os 0.02 0.00 
NazO 0.73 1.40 1.17 1.75 2.09 1.36 4.85 1.73 
KzO 0.00 0.00 0.01 0.02 0.03 0.02 0.08 0.02 
Total 100.73 100.96 99.99 99.63 99.87 99.71 99.91 100.47 

Si 2.034 2.114 2.092 2.130 2.034 2.124 2.422 2.155 
AI 1.984 1.909 1.922 1.847 1.809 1.838 1.548 1.821 
Mg 0.001 0.000 0.001 0.001 0.001 0.099 0.000 0.006 
Ca 0.920 0.844 0.876 0.875 0.868 0.912 0.597 0.856 
Mn 0.001 0.001 0.000 NA NA NA NA NA 
Fe• 0.001 0.002 0.006 0.007 0.012 0.014 0.020 0.018 
Ba 0.003 0.000 0.000 0.001 0.001 0.001 0.000 0.000 
Na 0.065 0.123 0.104 0.157 0.187 0.122 0.428 0.154 
K 0.000 0.000 0.000 0.001 0.002 0.001 o.oos 0.001 
Catsum 5.006 4.994 5.000 5.020 4.913 5.110 5.020 5.012 

Ab 6.56 12.71 10.65 15.21 17.70 11.82 41.55 15.21 
Or 0.00 0.02 0.03 0.13 0.17 0.09 0.47 0.14 
An 93.44 87.26 89.32 84.66 82.13 88.09 51.99 84.65 

NA, not analyzed; BDL., below detection limit; Analyses: 1, OM8143 (Rajmi; sheared gabbro) core of large 
euhedral plagioclase; rim is An9S; 2, OM8143, cut by vein of actinolitic hornblende; adjacent to vein; 3, 
OM8143, small plagioclase grain adjacent to brown hornblende; 4, OM8143, deformed plagioclase with 
inclusions (nuclei) of actinolitic hornblende; 5, OM81-53 (Rajmi; pegmatitic gabbro), core of large primary 
plagioclase; 6, OM81-128 (Shafan), core of large plagioclase; 7, OM81-128, edge of previous large grain of 
plagioclase (slight revc11ie zonation); 8,0M81-128, average plagioclase composition (average of three); 9, 
OM81-63 (Rajmi plagiogranite), core of large plagioclase grain; 10, OM81-63, island of plagioclase in large 
quartz grain; 11, OM81-63, small grain associated with chlorite and actinolite; 12, OM81-129 (Shafan), clear 
twinned unzoned grains, average of two; 13, OM81-129 (Shafan), core of fresh plagioclase, average of three; 
14, OM81-203 (Hilti), large turbid plagioclase grains, unzoned, average of three; 15, OM81-207 (Hilti), 
ncoblasts in deformed zone in plagioclase, small grains on edge of large crystal; 16, OM81-207, euhedral 
plagioclase enclosed in igneous pyroxene. 

chemistry between ultramafic and mafic layers in bimodal units, more sodic plagioclase tban that of tbe normal cumulates. The 
similar to the difference observed in tbe present study between appearance of sodic plagioclase in tbe ophiolite may thus be 
normal and calcic plagioclase. Pallister and Hopwn [1981) correlated with two general hydrothermal processes: (1) concur-
showed that the Aqsaybab fault zone is characterized by a much rent recrystallization during tbe formation ofC8-ricb minerals like 



epidote, actinolite, prebnite, and Ca-zeolites; and (2) deformation 
and deep penetration of NaO-ricb seawater at bigb waterJroct 
ratios into the oceanic crust. 

• Hilti 
aRajml 
• Shalan 

wo 
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The chemical compositions oftbe plagioclases in tbe upper parts 
oftbe oceanic crustal sections in tbe Samail opbiolite are obviously 
hydrothermal-metamorphic in origin, as tbey are typically much 
changed from their original Ca-ricb magmatic values. In tbe 
lower parts of these sections, the plagioclases are much closer in 
composition to their original magmatic values; nevertheless, it is 
doubtful that any of these plagioclases have pristine magmatic 
compositions. The 18ot16o evidence for their ubiquitous ex
change with hydrothermal fluids is clear (see below), so the 
preservation in the lower cumulates of compositions close to 
magmatic values is purely a result of the fact that the CaiN a ratia~ 
of the deep-circulating fluids are being controlled by the adjacent 
rock reservoir rather than by the external ocean water reservoir. 
The presence of apparent hydrothermal plagioclase with very 
calcic compositions in the deep-seated gabbra~ is very likely a 
result of subsolidus exchange between these fluids and the nearby 
wehrlite intrusions, which have primitive chemical compositions. 

(MgSiO,) (FeSIO,) 

Pyrax.ene Compositions 

The pyroxene compa~itions given in Figure 7 and Tables 6a, 6b 
and 6c are, in general, consistent with data reported by Smewing 
[1981] and Pa/Hster and Hopson [1981 ]. The clinopyroxenes have 
En40-54, and orthopyroxenes from Wadi Rajmi have En70-88. 
Although ma~t of the compositions can be explained by magmatic 
crystallization, some of the chemical variations are correlatable 
with metamorphic events. Secondary pyroxenes (neoblasts?) are 
less aluminous and more calcic than igneous pyroxenes in the 
same sample (compare analyses 3 and 4, Table 6b, and analyses 

FJ&. 7. Pymxcne quadrilateral for fonnulaa billed on Pllpil« et al. (1974]. 
FJeld& are from tbe lbra uea in tbe soutbem Samail Opbiolite described 
by Pallbter II1Ul Hop«~~~ (1981], with the followiDg abbreYiatioa&: AFZ, 
Aq&aybah Fault Zone; IDH, Jabal Dimh high level pbbrol; JDC, Jabal 
Dimh cumulate gabbros; IDMD, Jabal Dimh mantle dike; IDL, Jabal 
Dimh lower gabbros. The Skaergaard fractionation trelld il also llhown 
for comparison. Note the similarity in pytatenecompoeitkms in the Wadi 
Rajmi sheared gabbros aDd pegmatite& compared with thole from the 
Aqlll)'bah Fault Zone. Note that tbe Wadi Hilti and Wadi Shafan 
pyroxenes an: mostly within the range of the mon: enstatite-rich 
PJI'OICDCS in cumulate gabbros from Jabal Dimh. Diopsidic: compoei
tkms from Wadi Hilti and Wadi Shafan are metamorphic pytatenes, 
analogous to certain samples from the Skaergaard intrusion studied by 
Mt11111ing II1Ul BiTtl (1986) aDd BiTtl et al. [1986). 

1 and 2, Table 6a). Dark turbid grains of clinopyroxene (e.g., 
Table 6c, analysis 6) and altered rims of large clinopyroxene grains 
(e.g., Table 6b, analysis 1) commonly have similar calcium-rich, 
aluminum-poor compa~itions. The 15 analyzed clinopyraxenes 

TABLE 6a. Rajmi PYroxene Come;!!tions 
ADalv&es 

1 2 3 4 5 6 7 
81-43 81-43 81-53 81-53 81-53 81-53 81-101 

Si02 53.34 52.3S 51.70 S0.72 53.99 54.55 S0.91 
Ti02 0.10 0.23 0.26 0.25 0.14 0.06 0.10 
Al2<>3 2.17 1.29 2.06 2.29 1.72 1.19 2.44 
Fe2<)3 0.00 1.49 2.59 3.03 o.ss 0.81 2.28 
FeO 7.04 5.44 5.02 6.64 17.36 15.80 2.72 
MnO 0.13 0.30 0.20 0.27 0.32 0.35 0.20 
MgO 16.03 14.48 15.32 14.06 25.28 26.50 16.58 
CaO 20.03 24.01 22.26 21.79 1.45 1.47 21.73 
Nal<> 0.17 0.11 0.22 0.21 0.02 0.01 0.14 
Crz03 0.00 0.00 0.11 o.os 0.04 0.06 0.46 
Total 99.02 99.70 99.74 99.31 100.87 100.78 97.57 

Si 1.973 1.948 1.918 1.906 1.952 1.962 1.909 
Ti 0.003 0.007 0.007 0.007 0.004 0.002 0.003 
AI 0.095 0.057 0.090 0.102 0.073 O.OS1 0.108 
Fe3+ 0.000 0.042 0.072 0.0116 0.015 0.022 0.064 
Pel+ 0.218 0.169 0.156 0.209 0.525 0.475 0.085 
Mn 0.004 0.009 0.006 0.009 0.010 0.011 0.006 
Mg 0.884 0.803 0.847 0.788 1.363 1.420 0.873 
Ca 0.794 0.958 0.885 0.878 0.056 O.OS7 0.873 
Na 0.012 0.008 0.016 0.015 0.001 0.000 0.010 
Cr 0.000 0.000 0.003 0.002 0.001 0.002 0.014 
Cat&um 3.983 4.000 4.000 4.000 4.000 4.000 4.000 

Wo 41.9 49.4 46.7 46.6 2.9 2.9 46.2 
En 46.6 41.4 44.7 41.9 69.8 72.4 49.0 
Fs 11.5 9.2 8.6 u.s 27.4 24.7 4.9 

Analyses: 1, sheared gabbro; pyroxene cut by epidote vein; 2, diopside neoblast inte:rgmwn with brown 
hornblende; 3, n:lict grain of clinopyroxene; 4, pegmatite; edge of grain adjacent to An93 plagioclase; 5, edge 
of large orthopyroxene grain adjacent to clinopyroxene 4; 6, laige orthopyroxene grain adjacent to 
clinopyroxene 3; 7,1arge primaJY clinopyroxene in pegmatitic gabbro. 



7060 SfAKBSAND TAYLOR: 180116o IN 1HE NORnmRN SAMAIL OPHIOI.lm 

TABLE 6b. Sbafan Pyroxene Com~itions 
Analyses 

1 2 3 4 5 6 7 8 
81-129 81-129 81-129 81-129 81-128 81-128 81-128 81-122 

SiOz 54.15 52.95 52.95 54.41 53.3S 53.37 53.62 52.53 
TIOz 0.16 0.62 0.26 0.16 0.36 0.34 0.40 0.27 
Alz03 0.98 1.73 2.17 0.46 2.6S 2.03 1.81 1.89 
Fez03 0.00 0.00 0.00 0.00 0.00 1.41 0.00 0.23 
FeO 2.86 4.30 3.96 3.81 4.33 2.77 3.78 4.57 
MnO 0.06 0.10 0.04 0.10 0.10 0.07 0.09 0.11 
MgO 15.95 15.87 15.73 16.18 16.51 17.27 16.38 15.92 
CaO 24.12 22.26 22.38 23.50 22.21 22.11 22.66 22.50 
NazO 0.18 0.38 0.29 027 0.31 0.47 0.36 0.25 
Cn03 0.26 0.23 0.44 0.16 027 0.38 0.43 0.30 
Sum 98.71 98.43 9822 99.05 100.07 10023 99.52 98.57 

Si 1.996 1.96S 1.96S 2.004 1.944 1.939 1.964 1.953 
Ti 0.005 0.017 0.007 0.004 0.010 0.009 0.011 0.008 
AI 0.043 0.076 0.095 0.020 0.114 0.087 0.078 0.083 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.039 0.000 0.142 
FeZ+ 0.088 0.133 0.123 0.117 0.132 0.084 0.116 0.003 
Mn 0.002 0.003 0.001 0.003 0.003 0.002 0.003 0.003 
Mg 0.876 0.877 0.870 0.888 0.897 0.935 0.894 0.882 
Ca 0.953 0.885 0.890 0.928 0.867 0.861 0.889 0.896 
Na 0.013 0.027 0.021 0.019 0.022 0.033 0.026 0.018 
Cr 0.008 0.007 0.013 0.005 0.008 0.011 0.012 0.009 
Catsum 3.981 3.990 3.984 3.989 3.996 4.000 3.993 4.000 

Wo 49.7 46.7 47.3 48.0 45.7 45.8 46.8 46.7 
En 45.7 46.3 46.2 46.0 47.3 49.7 47.1 45.9 
Fs 4.6 7.0 6.5 6.1 7.0 4.5 6.1 7.4 

Analyses: 1, slightly altered pyroxene; 2, large grain; 3, turbid grain; 4, secondaty pyroxene, islands in 
pseudomorph; 5, core of large grain with exsolution lamellae and blebs of hornblende; 6, edge of same grain 
as sample 5; 7, edge of large grain; 8, rounded grain of clinopyroxene in plagioclase. 

TABLE6c. Hilti Pyroxene Com~itions 
Analyses 

1 2 3 4 5 6 7 
81-207 81-207 81-207 81-202 81-202 81-206 81-203 

SiOz 53.00 53.42 53.51 53.31 53.21 53.60 52.50 
TIOz 0.28 0.32 0.29 022 0.26 0.21 0.29 
Alz03 1.89 2.23 2.27 2.24 1.59 0.98 2.40 
Fez03 0.58 0.11 0.93 1.31 0.98 0.04 0.62 
FeO 5.31 4.17 2.98 2.88 3.19 4.47 3.78 
MoO 0.20 0.17 0.00 0.05 0.19 0.16 0.11 
MgO 16.13 17.30 17.96 16.50 16.44 15.56 18.39 
CaO 21.98 21.85 22.13 23.88 23.72 24.19 19.85 
NazO 0.26 022 0.20 022 0.17 020 020 
Cn03 0.12 0.13 0.00 028 0.27 0.05 0.94 
Total 99.74 99.91 100.26 100.88 100.00 99.45 99.07 

Si 1.951 1.947 1.938 1.932 1.947 1.979 1.925 
Ti 0.008 0.009 0.008 0.006 0.007 0.006 0.008 
AI 0.082 0.096 0.097 0.096 0.068 0.043 0.104 
Fe3+ 0.016 0.003 0.025 0.036 0.027 0.001 0.017 
FeZ+ 0.163 0.127 0.090 0.087 0.098 0.138 0.116 
Mn 0.006 0.005 0.000 0.002 0.006 0.005 0.003 
Mg 0.885 0.940 0.969 0.891 0.897 0.856 1.005 
Ca 0.867 0.853 0.859 0.927 0.930 0.957 0.780 
Na 0.019 0.015 0.014 0.015 0.012 0.014 0.014 
Cr 0.003 0.004 0.000 0.008 0.008 0.001 0.027 
Catsum 4.000 4.000 4.000 4.000 4.000 4.000 4.000 

Wo 45.3 44.4 44.8 48.7 48.3 49.0 41.0 
En 46.2 49.0 50.5 46.8 46.6 43.9 52.9 
Fs 8.5 6.6 4.7 4.6 5.1 7.1 6.1 

Analyses: 1, large pyroxene enclosing plagioclase; 2, large pyroxene enclosing plagioclase; 3, fresh euhedral 
pyroxene; 4, pale green clinopyroxene; 5, rim of clinopyroxene with exsolution lamellae; 6, core of dark turbid 
pyroxene; 7, fresh-appearing pyroxene adjacent to vein. 



from Sbafan and Hilti are all fairly similar, with Fs contents of 4.6 
to 8.5 and AJ:z()3= 0.98 to 2.65. However, most ofthe analy£ed 
Rajmi clinopyroxenes are much more Fe-rich, with Fs = 8.6 to 
11.5 (fable 6a). Most orthopyroxene observed in samples from 
Wadi Rajmi is replaced by Fe-Mg amphibole or tremolite. Two 
representative analyses from sample 81-53 are provided in Table 
6a; these are En70-72 in composition, significantly more Fe-rich 
than the range of compositions (En 80-90) reported by Smewing 
[1981] for this area. 

Based on the present study and earlier work, the compositions 
of pyroxene in the Samail ophiolite are much more uniform than 
those of plagioclase. Cryptic variations in the igneous pyroxenes 
are small, and readily related to magmatic features in the layered 
gabbros [e.g., Smewing, 1981]. This limited ayptic variation in 
ciinopyroxene was, in fact, used by Palliste and Hopson [1981] as 
evidence for open-system magmatic fractionation. Most of the 
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clinopyrmenes analyzed in the present study are within the range 
of compositions established by these previous studies, and there
fore most of the pyrol(CilC grains seem to have preserved their 
original magmatic or near-magmatic chemical compositions; the 
hydrothermal metamorphic effects in the pyroxenes are, in 
general, confined to obvious recrystaUization zones. 

The few exceptions to the above generalization typically fall in 
the field of diopsides or salites. Petrographically, these 
anomalous clinopyroxene compositions are observed as rims on 
larger igneous pyroxenes or as neoblasts associated with sadie 
plagioclase or green-brown hornblende. Pyroxenes with simi1arly 
salitic compositions are also characteristic of the Aqsaybab fault 
zone in the Wadi Kadir area of the southern ophiolite (Figure 7). 
We suggest that these low-aluminum, low-titanium, high-calcium 
clinopyrmenes are metamorphic in origin and Ukely are related to 
crustal deformation in the presence of high-temperature hydro-

TABLE 7a. Rajmi Amehibole Com~tions 
AnaJe 

1 2 3 4 5 6 7 8 
81-43 81-43 81-43 81-43 81-43 81-53 81-101 81-11)6 

SiOz 51.73 49.59 53.35 50.63 53.80 53.35 56.65 48.03 
TIOz 0.43 0.90 0.10 0.19 0.15 0.09 0.02 0.25 
Alz03 5.34 6.15 4.01 5.92 3.84 1.68 0.30 8.24 
Feo• 9.62 12.34 8.40 10.SO 9.33 15.51 3.11 9.41 
MnO o:n 0.23 0.04 0.10 0.12 0.39 0.16 0.23 
MgO 16.49 15.27 18.23 16.18 17.61 21.30 22.76 15.SO 
CaO 12.58 11.97 13.24 12.88 12.68 1.81 12.33 12.42 
NazO 0.45 0.59 0.35 0.57 0.26 0.19 0.03 1.11 
KzO 0.05 0.04 0.01 0.02 0.02 0.01 0.00 0.04 
a 0.02 0.01 0.01 0.02 O.ot 0.00 0.00 0.00 
F NA NA NA NA NA NA NA NA 
Total 96.98 97.09 97.74 97.01 97.82 94.33 95.56 95.23 

-0-a,F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Total 96.98 97.09 97.74 97.01 97.82 94.33 95.56 95.23 

13CNK lSNK 13CNK 13CNK 15NK 15NK 15NK 13CNK 
Si 7374 7.179 7.507 7.254 7.600 7.816 7.963 7.008 
AI 0.626 0.821 0.493 0.746 0.400 0.184 0.037 0.992 
SuminT 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 

AI 0.271 0.229 0.173 0.254 0.240 0.107 0.013 0.426 
Fe3+ 0.286 0.224 0.209 0.334 0.053 0.002 0.012 0.307 
n 0.046 0.098 0.011 0.020 0.016 0.009 0.002 0.027 

~~+ 3.503 3.294 3.823 3.455 3.708 4.651 4.751 3.370 
0.860 1.155 0.780 0.924 0.984 0.231 0.222 0.841 

Mn 0.033 0.000 0.005 0.012 0.000 0.000 0.000 0.028 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sum inC 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

FeZ+ 0.000 0.115 0.000 0.000 0.066 1.667 0.130 0.000 
Mn 0.000 0.028 0.000 0.000 0.014 0.048 0.019 0.000 
Ca 1.921 1.857 1.996 1.977 1.919 0.284 1.851 1.942 
Na 0.079 0.000 0.004 0.023 0.000 0.000 0.000 0.058 
SuminB 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 

Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.046 0.166 0.092 0.136 0.071 0.054 0.008 0.256 
K 0.009 0.007 0.002 0.004 0.004 0.002 0.000 0.007 
Sum inA 0.055 0.173 0.094 0.139 0.075 0.056 0.008 0.263 

a 0.005 0.002 0.002 0.005 0.002 0.000 0.000 0.000 
F NA NA NA NA NA NA NA NA 

Analyses: 1, actinolitic hornblende replaces plagioclase; 2, brown magnesio-homblende adjacent to 
plagioclase (An93); 3, actinolitic hornblende inclusions in deformed plagioclase; 4, Actinolitic hornblende 
vein in plagioclase; 5, fibrous actinolite; 6, bladed cummingtonite replaces orthopyroxene; 7, tremolite with 
talc replaces olivine; 8, acicular magnesio-homblende with prehnite. 13CNK is total cations excluding Ca, Na, 
and K; 15NK is total cations excluding Na and K (see text). 
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TABLE 7b. Shafan Amphibole Coml?(!itions. 

1 2 3 4 5 
81-122 81-122 81-122 81-129 81-155 

Si()z 47.79 54.98 51.95 49.04 53.33 
TIOz 0.04 0.11 O.OS 1.43 0.30 
Ah03 9.33 1.80 4.57 6.48 2.34 
Feo• 11.41 6.62 5.57 6.44 13.56 
MnO 0.20 0.19 0.09 0.07 0.39 
MgO 14.26 20.32 19.68 17.03 16.66 
CaO 12.25 12.67 12.45 12.02 10.88 
Na%0 1.30 0.43 0. 70 1.68 0.63 
K20 0.03 0.01 0.01 0.14 0.14 
a o.03 o.oo 0.11 0.14 o.07 
F 0.12 0.00 O.fJl 0.12 0.21 
Total 96.76 97.13 95.26 94.59 98.51 

-o-a,F 

Total 

Formula 
Si 
AI 
SuminT 

AI 
Fe3+ 

n 
~~+ 
Mn 
Ca 
Sum inC 

Fe2+ 

Mn 
Ca 
Na 
SuminB 

Ca 
Na 
K 
Sum inA 

a 
F 

0.06 

96.71 

13CNK 
6.919 
1.081 
8.000 

0.512 
0.388 
o.oos 
3.077 
0.994 
0.025 
0.000 
5.000 

0.000 
0.000 
1.900 
0.100 
2.000 

0.000 
0.265 
0.006 
0.271 

0.007 
0.055 

0.00 

97.13 

15NK 
7.726 
0.274 
8.000 

0.024 
0.107 
0.012 
4.256 
0.601 
0.000 
0.000 
5.000 

0.070 
0.023 
1.908 
0.000 
2.000 

0.000 
0.117 
0.002 
0.119 

0.000 
0.000 

0.06 

95.20 

13CNK 
7.386 
0.614 
8.000 

0.152 
0.464 
o.oos 
4.170 
0.198 
0.011 
0.000 
5.000 

0.000 
0.000 
1.897 
0.103 
2.000 

0.000 
O.fJl9 
0.002 
0.091 

0.027 
0.036 

O.fJl 

94.51 

FEZ+ 
7.179 
0.821 
8.000 

0.298 
.0.002 
0.157 
3.715 
0.790 
0.009 
0.032 
5.000 

0.000 
0.000 
1.853 
0.147 
2.000 

0.000 
0.330 
0.026 
0.356 

0.035 
0.056 

0.10 

98.41 

15NK 
7.657 
0.343 
8.000 

0.053 
0.024 
0.032 
3.565 
1.326 
0.000 
0.000 
5.000 

0.279 
0.047 
1.674 
0.000 
2.000 

0.000 
0.175 
0.026 
0.201 

0.017 
0.095 

Analyses: 1, green magnesio-homblende replaces plagioclase; 2, green 
actinolite replaces pyroxene grain boundaries; 3, pale green to colorless 
fibrous actinolitic hornblende replaces plagioclase-pyroxene margins; 4, 
euhedral brown magnesio-homblende cut by prehnite vein; 5, green
brown actinolite rim on clinopyroxene. 

thermal fluids. Hydrothermal-metamorphic clinopyroxenes of 
similar composition have been described by Bird et al. [1986) and 
Manning and Bird [1986) from the Skaergaard intrusion. 

Preservation of near-magmatic chemical compositions in the 
ophiolitic pyroxenes was a priori to be expected, because it is well 
known that it is very difficult to exchange the 180/160 of 
pyroxenes during static hydrothermal alteration [e.g., Taylor and 
Forester, 1979; Gregory et al., 1989). Only if there is obvious 
recrystallization, replacement, or vein deposition in a fracture, do 
we expect to observe pronounced changes in either 18ot16o or 
chemical composition of pyroxene. 

Amphibole Compositions 

The calcic amphiboles shown in Table 7 and Figure 8 range from 
actinolite to magnesia-hornblende, using the formulas based on 
estimated Fe+2/Fe+3 distribution, as previously described. If all 
the iron was ferrous, a few mineral species would be considered 

to be ferro-actinolite or ferroan pargasitic hornblende. Assigning 
a portion of the iron to ferric iron effectively increases the value 
of [Mg]I[Mg+(Fe+2)], the vertical axis in Figure 8. Using a 
reasonable assumption for the ferrous-ferric ratio produces for
mulas that include no ferroan compositions, no edenitic composi
tions, and only a single pargasitic hornblende. 

Actinolite and actinolitic hornblende are the most common 
amphibole replacement of clinopyroxene or clinopyroxene
plagioclase grain boundaries. light green amphibole observed as 
patches or small veinlets cutting plagioclase is typically an 
aluminous magnesia-hornblende. Cummingtonite is observed to 
replace orthopyroxene (e.g., Table 1a, analysis 6) and tremolite
talc to replace olivine (e.g., Table 1a, analysis 7). The green
brown hornblende typically intergrown with plagioclase neoblasts 
is an actinolitic hornblende, and this is also observed to replace 
pale brown aluminous hornblende. little mineralogic evidence 
was found in these samples for pargasitic hornblendes of mag
matic composition, although many samples display petrographic 
evidence of replacement by metamorphic hornblendes. Pallister 
and Hopson [1981] include several analyses of aluminous, 
postcumulus hornblendes that are likely magmatic in origin (Fig
ure 8). We assume that the extensive moderate- to low-tempera
ture hydrothermal alteration of the northern Samail ophiolite (see 
below) bas caused such high-temperature bornblendes to be 
replaced by lower-temperature actinolitic bomblendes. The na
ture of the amphibole may reflect the pbaaes being replaced; 
actinolitic hornblende, tremolite, and magnesio-bomblende can 
all be found together replacing clinopyroxene, olivine, and 
plagioclase, respectively. 

The most abundant type of amphibole found in all three tran
sects through the northern part of the ophiolite is actinolitic 
hornblende to magnesio-bornblende (Figure 8). This is present 
in almost all samples, and makes up as much as 2S% of some 
heavily altered samples. These compositions are most charac
teristic of transitional greenschist- to amphibolite-facies 
metamorphism [Liou et al., 1974], and the equilibrium plagioclase 
at these conditions would be An25-An50 [Spear, 1980l 

Much of the spread in amphibole compositions, for example in 
tetrahedral Si (Figure 8), may be observed in different amphiboles 
from the same sample. Actinolite and tremolite are more com
mdn at Shafan than in the other transects, compatible with 
18ot16o evidence for low-temperature hydrothermal alteration 
there (see below). Brown aluminous hornblende is a common 
mineral in the pegmatoidal gabbros in Wadi Rajmi all the way 
down to the Moho, compatible with the 18ot16o evidence for 
deep-seated high-temperature hydrothermal alteration there (see 
below). In other areas, both in the northern and southern parts 
of the ophiolite, brown aluminous hornblende is only common in 
the high-level gabbros or in trace amounts in the cumulate gab
bros. The most Fe-rich amphiboles occur in high-level gabbros 
and the sheeted dike complex. 

Epidote Compositions 

Representative epidote compositions (Ps13 to Ps33) are 
provided in Table 8. Epidotes are observed as an accessory 
mineral in cumulate gabbros, as a minor phase in high-level 
gabbros, and as a major mineral in plagiogranites, diorites, and 
alteration zones. The Fe-poor epidotes and zoisites replace 
feldspar in the gabbros and plagiogranites, whereas the Fe-rich 
varieties occur as strongly zoned vein minerals typically associated 
with sulfides. These vein epidotes are characteristically normally 
zoned (i.e., with Fe-rich cores, Table 8, analyses 6 and 7). Host 
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TABLE 7c. Hilti Am~bibole Com~tions 
Analwes 

1 2 3 4 5 6 7 
81-202 81-202 81-206 81-206 81-207 81-207 81-221 

SiOz 56.14 50.94 47.60 50.51 56.13 51.22 52.96 
TIOz 0.09 0.54 0.45 0.78 0.01 0.12 0.36 
Alz03 1.94 6:J:1 1o.42 8.25 0.76 5.49 1.6o 
Feo• 5:n 6.33 9.62 7.53 10.68 12.91 19.46 
MnO 0.17 0.18 0.16 0.19 0.10 0.30 0.22 
MgO 21.25 19.08 14.66 16.93 17.70 16.11 11.70 
CaO 12.72 12.72 12.39 12.30 13.31 9.88 10.80 
NazO 0.31 1.03 0.80 0.90 0.04 0.29 0.43 
KzO 0.01 0.05 0.04 0.05 0.00 0.04 0.05 
a 0.04 0.01 0.09 0.11 0.00 0.02 0.07 
F 0.00 0.00 0.09 0.13 0.00 0.00 0.03 
Total 97.94 97.15 96.32 97.63 98.73 96.38 97.68 

-O=a,F 0.01 0.00 0.06 0.08 0.00 0.00 0.03 

Total 97.93 97.15 96.26 97.60 98.73 98.38 91.65 

15NK 15NK 15NK 13CNK 13NCK 15NK 13CNK 
Si 1.m 7.191 6.896 7.097 7.895 7.428 7.734 
AI 0.228 0.809 1.104 0.903 0.105 0.572 0.266 
SuminT 8.000 8.000 8.000 8.000 8.000 8.000 8.000 

AI 0.089 0.235 0.677 0.465 0.021 0.367 0.010 
Fe3+ 0.035 0.168 0.097 0.315 0.060 0.090 0.666 
n 0.009 0.057 0.049 0.082 0.001 0.013 0.040 

~~. 4.384 4.014 3.165 3.545 3.710 3.482 2.546 
0.482 0.525 1.012 0.570 1.196 1.048 1.711 

Mn 0.000 0.000 0.000 0.023 0.120 0.000 0.027 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sum inC 5.000 5.000 5.000 5.000 5.000 5.000 5.000 

FeZ+ 0.093 0.054 0.057 0.000 0.000 0.428 0.000 
Mn 0.020 0.022 0.020 0.000 0.000 0.037 0.000 
Ca 1.887 1.924 1.923 1.852 2.000 1.535 1.690 
Na 0.000 0.000 0.000 0.148 0.000 0.000 0.122 
SuminB 2.000 2.000 2.000 2.000 2.000 2.000 1.812 

Ca 0.000 0.000 0.000 0.000 0.006 0.000 0.000 
Na 0.083 0.282 0.225 0.097 0.011 0.082 0.000 
K 0.002 0.009 0.007 0.009 0.000 0.007 0.009 
Sum inA 0.085 0.291 0.232 0.106 0.017 0.089 0.009 

a 0.009 0.002 0.022 0.026 0.000 0.005 0.017 
F 0.000 0.000 0.041 0.058 0.000 0.000 0.014 

Analyses: 1, actinolite rim on clinopyroxene pseudomorph; 2, small patch of magnesio-homblende in 
plagioclase; 3 and 4, green fibrous patches of magnesio-homblende in plagioclasc;5, green tabular actinolite 
on edge of clinopyroxene; 6, brownish actinolite hornblende replaces clinopyroxene;7, pleochroic green-
brown Pe-rich actinolite. 

gabbro adjacent to an epidote-bearing vein usually contains 
epidote that is reversely zoned (i.e., with Fe-rich margins, Table 
8, analyses 4 and 5). In Wadi Shafan, two types of epidote were 
observed in the high-level gabbros: normal green pistacite and 
pink thullite (e.g. Table 8, analysis 8). This Mn-rich epidote was 
only observed as radial aggregates apparently associated with 
replacement of Mn-rich ilmenite by sphene. The aluminous 
epidote found sparsely in the cumulate gabbros is characteristic 
of lower-amphibolite grade metamorphism, transitional to 
greenschist [Maruyama et al., 1983]. 

Chlorite and Smectite Compositions 

Representative chlorite and smectite compositions are provided 
in Table 9. The chlorites include Fe-rich (ripidolite, diabanite, 
pycnochlorite) and Fe-poor compositions (penninite, 
chlinochlore ). The more magnesian varieties are found in minor 
amounts in the layered gabbros. In the gabbros with only trace 

quantities of hydrous alteration minerals, small fractures contain 
talc wbere they cross olivine grains, amphibole wbere they cross 
pyrmene grains, and chlorite wbere they cross plagioclase grains. 
Clearly, these features indicate relatively low water/roCk ratios 
and host mineral control of the vein mineralogy. The Fe-rich 
varieties of chlorite are typically found in larger veins and frac
tures, commonly associated with epidote. Brown to green fine
grained smectite is fairly common as a late replacement of the 
mafic minerals. 

Prehnite and Zeolite Compositions 

Prehnite, tbomsonite, and other calcic zeolites were locally ob
served as vein fillings and replacements of plagioclase in the 
northern Samail opbiolite, with prehnite in particular being ubiq
uitous throughout the cumulate sections of all three transects. 
Representative analyses are provided in Table 10. The ubiqui
tous occurrence of tbomsonite and prehnite in the lower half of 
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Fig. 8. Plot of amphibole compositions based on [Mgi[Mg + (Fe +iJ vs. tetrahedral Si, with nomenclature taken from Robinson 
et al. (1982]. Most samples from the present study have A site substitution of Na +Kless than 0.5 (top chart) while amphiboles 
from Jabal Dimh contain A site substitution 2: 0.5 (bottom chart). The substitution ofNa + K into the A site and value of Fe +2 

are dependent upon how the mineral formula is calculated from the microprobe analyses, as discussed in the text. Magnesio
hornblendes are most characteristic as replacements of plagioclase, whereas actinolitic hornblende is most characteristic as 
replacement of pyroxene. Tremolite and tremolitic hornblende are observed to replace olivine. This range of amphibole 
compositions is consistent with that described from Jabal Dimh by Pallister and Hopson (1981) (their analyses have been 
recalculated using our formulas) in the southern part of the ophiolite, except that the more aluminous brown magmatic 
hornblende they describe from the cumulate gabbros is very rare in our samples. The amphiboles described in this study are 
skewed toward lower AI (and lower temperature) compositions. 

the Wadi Hilti section suggests extensive low-temperature altera
tion and may be correlated with alteration of the ultramafic units 
and subsequent "rodingitization" of the felsic members. Prehnite 
is also found with epidote in the shallower portions of all three 
transects and is especially abundant near the plagiogranite in
trusion in Wadi Sbafan. Prehnite found as a vein mineral with 
epidote and sulfide typically contains significant amounts of FeO. 

The maximum temperature at which prehnite is stable is about 
400"C [Bird and Helgeson, 1981). This places an upper limit on 
the temperatures of fluids responsible for the sulfide-epidote
prehnite assemblages in the high-level gabbros and sheeted dike 
complex. Obviously, significant quantities of seawater continued 
to circulate through the lower parts of the Wadi Hilti and Wadi 
Shafan sections even after these rocks bad cooled down to 300°-
400"C, compatible with the fact tbat the prehnite veins in the basal 
cumulates are always a late stage replacement feature. The preh
nite veins crosscut earlier formed amphiboles and form networks 
through plagioclase. This in tum suggests tbat formation of most 
of the characteristic hydrothermal amphiboles was largely com
plete by the time temperatures reached the low values charac
teristic of prebnite formation. 

OXYGEN lsaroPE GEOCHEMI!!ITRY 

OF1HE TRANSECIS 

General Statement 

The 18ot16o data given in Tables 1, 2, 3, and 4 are presented on 
graphs of c51So versus depth in Figures 9, 10, and 12. Because we 
wish to compare these profiles with one another (and with other 
profiles from the southern part of the ophiolite) and because we 
are most concerned with the plutonic crustal sequence, it is useful 
to normalize the thickness of the gabbro portion of the section in 
eacb of the transects. Thus, irrespective of the actual stratigraphic 
thickness from the Moho to the base of the sheeted dike complex 
(SDC), we bave plotted all of the 18ot16o data on Figures 9, 10, 
and 12, as if the gabbroic portions of the sections each bad exactly 
the same thickness. 

All of the northern Samail transects studied in the present work 
display significantly more 18ot16o heterogeneity tban the c518o 
values of +5.6 to +6.0 characteristic of MORB (Figures 9, 10, 
and 12). Also, as in the southern part of the ophiolite, the upper 
parts of the oceanic crustal sequences in the north tend to be 
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TABLE 8. Ee!dote Cometions 
Analyses 

1 2 3 4 5 6 7 8 9 10 
81-43 81~ 81--58 83-9 83-9 81-154 81-154 81-155 81-207 81-221 

SiO:z 37.88 38.14 37.71 37.73 37.62 37.51 38.44 38.97 38.35 38.95 
TIO:z 0.00 0.02 o.os 0.08 0.58 0.05 0.08 0.01 0.07 0.09 
Al:z03 27.10 27.74 24.92 27.32 25.09 21.32 26.18 27.21 24.20 24.43 
Fe:z03• 6.58 6.84 10.34 9.72 12.25 16.04 9.94 7.77 12.18 11.83 
CaO 23.95 24.42 23.95 23.95 24.01 23.6S 24.22 24.61 24.34 23.19 
MnO 0.10 0.10 0.03 0.23 0.16 0.00 0.02 0.22 0.07 0.15 
Total 95.61 95.61 9726 97.01 99.03 99.71 98.56 98.88 98.78 99.20 

Si 3.060 3.009 3.025 2.896 2.906 2.991 2.988 3.005 2.994 3.061 
n 0.003 0.001 0.003 0.004 0.034 0.003 0.005 0.001 0.004 0.006 
AI 2.581 2.606 2.379 2.602 2.284 2.004 2.400 2.474 2.228 2.264 
Fe 0.400 0.406 0.622 0.568 0.720 0.973 0.588 0.456 0.723 0.707 
Ca 2.011 2.06S 2.053 2.074 2.093 2.020 2.017 2.034 2.036 1.953 
Mn 0.007 0.006 0.002 0.014 0.010 0.000 0.001 0.014 0.004 0.010 
Catsum 8.062 8.094 8.084 8.158 8.047 7.990 7.998 7.983 7.989 8.000 
Ps=100X 
(Fe/Fe+AI} 13.4 13.5 20.7 17.9 24 32.7 19.7 15.6 24.5 23.8 

Analyses: 1, small vein cuts pyroxene, Rajmi; 2, large yellow grain associated with chlorite, average of two analyses, Rajmi; 3, euhedral grains in 
vein, average of three analyses, Rajmi; 4, core of large grain adjacent to vein with quartz and chlorite, Wadi al Kanut plagiogranite with sulfides and 
partially resorbed xenoliths; 5, edge of large zoned grain, Wadi al Kanut; 6, deeply colored core of zoned grain; in vein with Cu-rich sulfide and 
prehnite, Shafan; 7, colorless half of same grain as analysis 6, Shafan; 8, pinkish thullite; radial aggegrate in isotropic gabbro; host for vein 81-154, 
Shafan; 9, small grains occur along grain boundaries in strongly zoned plagioclase, Hilti; 10, replaces plagioclase or amphibole, Hilti. 

enriched in 180 and the tower parts tend to be depleted in 180. 
However, we shaD demonstrate below that the transects in the 
north display considerable heterogeneity in 18o;t6o relative to 
one another and to the lbra transects in the south, mainly because 
(1) the northern transects were "selected" as being representative 
of extreme structural types of oceanic crust; (2) the sampled 
sections in the north are from a much broader area (100 km x 20 
km) than the Ibra profiles in the south; (3) the northern part of 
the ophiolite is more heterogenous and more complex than the 
southern part; and ( 4) the northern part of the ophiolite contains 

significant volumes of crust formed in an off-axis environment, 
and those magmas may have bad an initial c518o different from 
MORB. 

In the following discussion, the samples that are enriched in 180 
relative to MORB are assumed to have been either hydrother
mally altered at relatively low temperatures with pristine 
Cretaceous seawater (c518o = -05) or at higher temperatures 
with an 1'o-enriched (i.e., exchanged) seawater. Alteration at 
about 250"C in the presence ofH~ with a c518o = -0.5 will leave 
the c5t8o value of MORB-type plagioclase unchanged at ap-

TABLE 9. Chlorite and Smectite Compositions 
Analyses 

1 2 3 4 5 6 7 8 
81~ 81~ 81-128 81-207 81-202 81-128 81-203 81-154 

SiO:z 24.75 33.31 33.55 28.18 30.17 46.08 39.41 37.21 
Al:z03 19.80 15.52 13.25 18.97 18.47 6.89 1.12 3.07 
TIO:z 0.00 0.02 0.00 0.06 0.01 0.01 0.02 NA 
MgO 10.77 13.55 31.81 22.60 29.49 28.98 38.3S 0.51 
Feo• 30.22 25.57 7.06 17.75 8.92 6.07 5.09 0.74 
MnO 0.32 0.39 0.14 0.21 0.11 0.05 0.05 0.00 
CaO 0.20 3.17 0.11 0.07 0.11 0.45 0.02 1.80 
Na:zO 0.26 0.14 0.00 0.00 0.03 0.02 0.00 NA 
K:zO 0.04 0.0082 NA NA 0.01 NA NA NA 
CuO 47.13 
Total 86.35 91.68 85.91 87.84 87.33 88.54 84.07 90.45 

Si 5.474 6.684 6.536 5.668 5.826 6.289 1.926 6.522 
AI 5.163 3.671 3.043 4.497 4.206 1.109 0.06S 0.634 
Ti 0.000 0.003 0.000 0.010 0.002 0.001 0.001 NA 
Mg 3.550 4.053 9.242 6.778 8.483 6.177 2.795 0.133 
Fe 5.591 4.291 1.151 2.986 1.442 0.693 0.208 0.109 
Mn 0.059 0.067 0.023 0.036 O.Q18 0.006 0.002 0.000 
Ca 0.047 0.681 0.022 0.015 0.023 0.06S 0.001 0.338 
Na 0.112 0.055 0.000 0.000 0.011 0.005 0.000 NA 
K 0.010 0.002 NA NA 0.001 NA NA NA 
Cu 6.241 
Catsum 20.006 19.506 20.017 19.988 20.012 14.345 4.998 13.978 

Analyses: 1, large clump of chlorite adjacent to epidote, ripidolite, Rajmi; 2, chlorite intergrown with and 
replacing amphibole, diabantite, Rajmi; 3, chlorite fills fractures in plagioclase, penninite,Shafan; 4, fills large 
fractures and intergranular boundaries, pycnochlorite, Hilti; 5, core of pyroxene pseudomorph, clinochlore, 
Hilti; 6, smectite replaces margin of clinopyroxene, Shafan; 7, pale green serpentine in vein with prehnite, 
Hilti; 8, green phyllosilicate replacing Cu-sulfide in vein, Shafan. 



TABLE 10. Prehnite and Zeolite ComE5!itions 

Anall!!:! 
1 2 3 4 5 6 7 8 

81-202 81-206 81-129 81-53 81-154 81-155 81-206 81-221 
Si()z 39.97 38.99 41.54 43.43 43.59 43.73 43.99 43.06 
Alz03 29.71 28.64 27.73 24.57 22.33 20.60 23.67 19.13 
MgO 0.00 0.00 0.00 0.57 0.00 0.16 0.00 0.00 
CaO 13.27 13.38 11.90 24.49 27.13 27.37 26.58 26.29 
MnO 0.02 NA 0.00 0.00 0.02 0.04 0.01 NA 
Feo• 0.02 0.02 0.00 0.46 2.64 3.40 0.14 6.41 
BaO NA 0.04 NA 0.00 NA NA NA 0.00 
Naz<> 0.50 0.62 0.94 0.12 0.02 0.01 NA 0.00 
KzO 0.01 0.01 0.02 0.00 0.02 0.00 NA 0.02 
Total 83.51 81.71 82.13 93.63 95.74 95.32 94.39 94.90 

Si 6.269 6.~1 6.685 6.162 6.029 6.093 6.123 6.283 
AI 5.495 5261 5261 4.109 3.642 3.384 3.885 3.292 
Mg 0.000 0.000 0.001 0.120 0.000 0.033 0.000 0.000 
Ca 2.230 2.233 2.052 3.722 4.021 4.086 3.96S 4.111 
Mn 0.003 0.000 0.000 0.002 0.004 0.001 
Fe• 0.003 0.003 0.000 0.054 0.30S 0.396 0.016 0.782 
Ba 0.002 0.000 0.000 
Na 0.054 0.189 0.292 0.034 0.004 0.004 0.001 
K 0.001 0.002 0.005 0.001 0.003 0.000 0.003 
Catsum 14.055 13.Tn 14.297 14.201 14.008 14.000 13.990 14.473 

Analyses: 1, occurs as veins in plagioclase and radiating aggregrates, thomsonite, Hilti, 2, thomsonite 
replacing plagioclase; average of three, Hilti; 3, euhdral tabular vein mineral, Shafan; 4, prehnite, island in 
orthopyroxene, replacing plagioclase, Rajmi; 5, blocky grain of prehnite in vein with sulfides and epidote, 
Shafan; 6, coarse prehnite replacing plagioclase adjacent to sulfide-epidote vein, Shafan; 7, late prehnite vein, 
Hilti; 8, prehnite in veins and replacing plagioclase, Hilti; 
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Fig. 10. Plot of d 18o versus depth for the whole rock samples and mineral separates analyzed from the composite Wadi 
Shafan-Wadi Kanut traverses (Tables 3 and 4). The vertical axis is normalized in that the distance from the Moho to the base 
ofthe SDC is identical to that ~n in Figure 9. The dashed curves enclose all of the whole rock c5180 values in the Wadi Shafan 
transect, with the whole rock c5 Ovalues of the Shafan plagiogranite and the Kanut gabbro-diorite-plagiogranite body enclosed 
by the solid curves. 0, quartz. 

proximately +6.0 [O'Neil and Taylor, 1967]. In other words, at 
this particular temperature, and excluding minor complications 
resulting from possible alteration to new hydrothermal minerals 
like prehnite, or to a more sodic plagioclase, the entire ocean could 
pass through and exchange with the rocks, leaving virtually no 
oxygen isotopic imprint on the feldspar! On the other band, 
alteration at only a slightly lower temperature of ZOOOC will cause 
a readily discernible enrichment of more than 1 %o, to about +8; 
at still lower temperatures, this 180 enrichment of the feldspar 
becomes very striking, increasing to about + 15 at lOO"C, and 
becoming much higher at still lower temperatures. 

Above 300"C, in the presence of pristine seawater, the «5180 of 
the plagioclase will certainly be lowered, to a value of about + 2 at 
400"C, and down to as low as -2 at SOO"C. However, these 180 
depletions and all of the above quoted 180 enrichments are 
extreme values, because they each require a pristine, unshifted 
«5180 for the seawater; hence, the prehistory of that particular 
packet of water requires either canceling exchange effects or an 

infinite water/rOCk ratio. If we apply the simple equation of Taylor 
[1977] for closed-system water-rock exchange and also assume a 
more reasonable prehistory with a water/rock ratio of about unity, 
we see much smaller 180 shifts in the plagioclase ( d 180 = + 7 and 
+ 10, respectively, instead of +8 and + 15). Similarly, we get only 
+4 and +2 instead of +2 and -2 at 400"C and SOO"C. The 
respective 180 shifts at eac1t temperature are always in the same 
direction, but much smaller. The imr!rtant thing is that starting 
with pristine ocean water, overall 1 0 enrichments in the bulk 
oceanic crust require hydrothemtal temperatures lower than 
250"C, and similarly, 180 depletions in the bulk crust require 
temperatures higher than about 2500C. Depending on the prehis
tory of each p!lrticular water packet, one ean conceivably obtain 
almost any «5180 value for small quantities of exchanged ocean 
water and hence for any limited quantities of altered rocks with 
which this water excltanges. However, note that strongly 180-en
riched ocean waters that have exchanged only with basaltic and 
gabbroic rocks must have had a significant exchange history well 
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above 3500C, and those rocks will of course all exhibit a com
plementary downward 180 shift. Major excursions in 180 of large 
volumes of water independent of complementary shifts in large 
volumes of rock are forbidden by the requirements of mass 
balance. 

Wadi Hilti 18or6o ("Intact Oceanic Crust•) 

The whole rock c518o values of most of the Wadi Hilti gabbros 
are very uniform at +5.4 to +6.3, just slightly outside the "nor
mal" MORB range (Figure 9). Therefore, this is by far the most 
uniform section of layered gabbros yet studied in Oman. Also, 
most of the plagioclase-clinopyroxene A1Bo values are uniform at 
1.0-1.2, which is typical of essentially unaltered plutonic gabbros 
throughout the world [Taylor, 1968; Taylor and Forester, 1979). 
The only exceptions are the two samples with extremely high-18o 
plagioclases, namely, the xenolith 81-208 and the lowermost 
layered gabbro 81-201. Clearly, these two relatively deep-seated 
plagioclases have been enriched in 180 by subsolidus fluid-rock 
alteration, either as a result of exchange with relatively high)8o 
fluids or because exchange occurred (or continued to occur) down 
to temperatures lower than 200"C. Similar effects are probably 
responsible for the slight 180 enrichments in some of the other 
Hilti gabbros, as compared to the c518o values observed by 
Gregory and Taylor [1981) in similar gabbros farther south. 

Only three samples from Wadi Hilti are distinctly depleted in 
180, the layered gabbros 81-207 and 81-206and the dike81-204b. 
These samples constitute clear isotopic evidence that, at least 
locally, high-temperature aqueous fluids penetrated well down 
into the Wadi Hilti crust, particularly along the fracture occupied 
by the dike 81-204b. Because of the evidence quoted above for 
a late, low-temperature hydrothermal alteration at Hilti, either 
the low c518o values of these particular samples were preserved 
for some unknown reason (e.g. vagaries of the hydrothermal 
"plumbing" and fracture systems), or they were originally even 
lower prior to this late stage alteration event. 

The upper parts of the Wadi Hilti crust (sheeted dikes and 
pillow lavas) are strongly enriched in 180 compared to MORB, 
typically up to c518o values of +6.8 to + 12.4, similar to the values 
reported in the lbra area by Gregory and Taylor [1981). Also, as 
in the Ibra area, the pillow lavas have higher 180 values than the 
sheeted dikes, and the major change from relatively low c518o 
values to high c518o values occurs fairly abruptly near the SDC 
-gabbro contact. 

The Wadi Hilti 18o;t6o variations nicely confirmed our expec
tations that this "intact oceanic crust" would display a relatively 
simple 18ot16o pattern. However, it is important to point out that 
a material-balance 180!160 calculation for the entire Hilti section 
(fable 11) gives a c518o slightly higher than MORB. This is a 
result ofthe fact that only minor 180 depletions relative to MORB 
are observed in the Wadi Hilti layered gabbros, compared to the 
WadiKadirand Wadi Saq traverses of Gregory and Taylor [1981), 
where plagioclase and whole rock c518o values of +3.6 to +4.5 
are common in the layered gabbros. Also, in contrast to the 
relatively anhydrous Wadi Saq section, where the evidence for 
deep-seated, pervasive hydrothermal alteration comes mainly 
from the oxygen isotopic data, the Wadi Hilti gabbro samples all 
contain some hornblende and/or green acicular amphibole and 
commonly some chlorite, actinolite, and epidote as well; locally, 
they even contain prehnite and zeolites. In other words, there is 
clear petrographic evidence for deep hydrothermal activity at 
Wadi Hilti. Thus, in spite of the fairly uniform c51Bo values, it is 
certain that the Hilti gabbro section was pervasively hydrotber-

mally altered; however, some of this alteration must have oc
curred either at lower water/rOCk ratios or at lower temperatures 
compared to the Wadi Saq gabbros. 

Note that the lowest 1Bo whole rock sample at Wadi Hilti ( c518o 
= +4.4) is the late dike that cuts one of the deeper layered gabbro 
samples, 81-204. In this dike, the clinopyroxene is totally replaced 
by hornblende, whereas the ~oxene in the host gabbro is only 
partially replaced, and the c5 80 of the plagioclase in the host 
gabbro is only depleted in 180 by about 1 %o relative to MORB. 
It is common for the dike rocks in the ophiolite to be more 180 
depleted than the coarser-grained rocks that they intrude (fables 
1, 2, and 3). The more extreme effects in the dike, as compared 
to the host gabbro, seem to be readily explained by two factors: p) the finer grain size of the dike makes it more susceptible to 
8ot16o hydrothermal exchange [e.g., Gregory et al., 1989]; and 

(2) the fracture now occupied by the dike was likely an important 
conduit for the deeply circulating marine-hydrothermal fluids. 
Both the low c5180 value and the presence of hydrothermal 
hornblende imply that these must have been high-temperature 
fluids. 

Wadi Shafan-Klmut 18o(6o ("Complex Oceanic CJust") 

The 18ot16o pattern at Wadi Shafan-Kanut (Figure 10) is 
dramatically different from that of Wadi Hilti, or of any other 
published transect through the Samail ophiolite. These striking 
differences are mainly associated with the two large high-level 
intrusions, the Wadi Shafan plagiogranite and the Wadi Kanut 
composite wehrlite-gabbro-plagiogranite intrusion. Strong 180 
depletions are locally associated with both of these high-level 
intrusions, as would be expected if high-temperature hydrother
mal convective systems formed locally around each magma cham
ber. The very low whole rock <S180 values of +2.9 and +3.0 
around the Wadi Kanut intrusion are the lowest yet rerrrted this 
high up in the sheeted dike complex. Also, the c51 0 of the 
plagioclase 81-18 ( + 3.4) is the lowest yet reported for plagioclase 
this high up in the SDC. 

The Wadi Shafan plagiogranite body is intruded into a major 
shear zone, and it is possible that this zone of weakness controlled 
the emplacement of the plagiogranite. Striking 180 depletions 
are generally present in the quartz veins, gabbros, and dikes 
within, and in the vicinity of, this shear zone (fable 3 and Figure 
10). This is particularly true of those samples that are themselves 
strongly sheared, as well as those that are stron~ epidotized 
(prefixes Sand EP in Table 3). The locus of major 0 depletions 
thus coincides with the contact zone of the plagiogranite body, 
with the base ofthe SDC, and with the shear zone, all of which are 
virtually coincident in Wadi Shafan. Inasmuch as the base of the 
SDC is not the locus of important 180 depletions in any other 
studied transect through the Oman ophiolite, it is logical to con
clude that some combination of the other two features must have 
provided the heat and permeability necessary to produce the 
observed 18ot16o effects. 

The c518o values from the Shafan-Kanut traverse thus nicely 
confirmed our a priori expectations that this transect would be 
isotopically complex, as well as our expectation that the principal 
complexities would be associated with the two large high-level 
intrusions and/or with the shear zone. Another interesting fea
ture of the Wadi Shafan-Kanut traverse is that the layered gab
bros are slightly enriched in 180, with seven samples having whole 
rockc5I8o = +6.2 to +6.9. 1bese1Bo enrichments are even more 
striking than those in the Wadi Hilti cumulates, and they are in 
marked contrast with the Wadi Rajmi plutonic sections (see 
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below), as weD as with the lbra sections in the southern part of the 
~biolite, where essentially none of tbe layered gabbros bas a 
c5 8o higher than +6.0. The only notable exceptions are samples 
near the Mobo with anomalously 180-enricbed plagioclase (see 
the discussion of this phenomenon below). It is logic:al to ascribe 
this overall slight 180 enrichment of tbe Wadi Sbafan layered 
gabbros to the superimposed effects of alteration in the distal, 
lower-temperature portions of the convectiYe hydrothermal sys
tems associated with the large, late stage intrusions that cbarac
terize the upper levels of this transect; fluid access to these depths 
would be enhanced by the numerous fractures and shear zones. 
This interpretation is compatible with the abundant prehnite in 
these rocks (fable 3), as well as with the extremely 180-rich calcite 
( +24.7) in sample 81-140. Small amounts ofvery low-tempera
ture fluids ( <50"C) obviously passed through these rocks at a late 
stage in their cooling history. 

Three samples of quartz were analyzed from the contact zone 
of the Wadi Shafan plagiogranite. For hydrothermal quartz, 
these c518o values ( +4.8 to +7.3) are very low, and they require 
deposition from relatively 180-derseted fluids (e.g., even at 
temperatures of 400"-SOO"C, the c5 80 values of the coexisting 
water would be -0.4 to +4.1 using the quartz-H:z() geother
mometer used by Taylor [1974]. Lower-temperature deposition 
would require a considerably more 180-depleted hydrothermal 
fluid than this. 

A plausible interpretation of the Wadi Shafan-Kanut 18otl6o 
data might be as follows: (1) An original oceanic crustal section, 
which, except for its thickness, may have been similar to the 

sections in the Ibra and Hilti areas, was formed at a spreading 
center and hydrothermally altered in the "normal" way (i.e., with 
overaU 18o enrichments above the base of the SOC and overall 
180 depletions below it). (2) Subsequent formation of a major 
shear zone controlled the emplacement of a large plagiogranite 
body and localized the high-temperature hydrothermal activity at 
the base of the SDC. (3) Spreading away from this central axis 
was foUowed by high-level emplacement of off-axis composite 
intrusions, typified by the Wadi Kanut body. These local, high
level magma chambers each established moderate-sized 
hydrothermal systems. These convective systems caused low
temperature (i.e., higher 180 and prehnite) alteration of the 
originally lowerJ8o layered gabbros distant from and beneath 
these intrusions, but produced a high-temperature (lower-180, 
amphibole plus epidote) alteration just above, and in the imme
diate vicinity of, each high-level magma chamber. 

The data from the Wadi Kanut intrusion are important because 
they show that these composite wehrlite-gabbro-plagiogranite 
intrusions, which are surely a late stage, off -axis phenomenon, can 
by themselves produce impressive, albeit local, zones of 180 
depletion. Their later stage 180/160 effects are superimposed 
upon the original hydrothermal effects produced at the spreading 
axis. Locally, these composite intrusions are also abundant in 
deeper parts of the crustal section, in the layered gabbros (Figure 
11 ). Except for some caution in assuming that the permeabilities 
of the layered gabbros would be as high as in the sheeted dikes, 
we can therefore readily infer that each of these deeper intrusions 
will establish its own hydrothermal system. A particularly com-

Fig. 11. Generalized block diagram taken from the work of Juteau et al. [1988a), summarizing their geologic model of the same 
part of th~ Samail Ophiolite studied in the present work. They divide the oceanic crustal section into two main magmatic series: 
(1) the pnmaJ.Y crustal sequence was formed at the spreading axis from long-lived, elongate, periodically replenished magma 
c~mbers; and (2) the wehrlite series was intruded at~ later stage as numerous thick laccolithic sills into the barely consolidated, 
still hot layered gabbros (these are commonly ductllely deformed). In the upper part of the oceanic crust these wehrlite 
i~trusi~ ~ commonly fault-controlled and differentiated to gabbro, diorite, and plagiogranite. The numbers are keyed to 
lithologtc untts, as follows: Mantle sequence: (1) hanburgite and (2) impregnated residual dunites. PrimaJ.Y crustal sequence: 
(3) layered gabbro sequence; (4) recJ.YStallized isotropic gabbros; (5) planar-laminated gabbro norites; (6) magmatic breccias; 
(7) intrusive isotropic gabbros; (8) high level isotropic gabbros; (9) sheeted dike complex; (10) plagiogranites; (11) lower 
extrusive lavas. Wehrlite series: (12) dunite-wehrlite laccoliths and sills, locally layered; (13) wehrlitic intrusive bodies; (14) 
picritic dikes; (15) differentiated intrusive bodies (wehrlites, gabbros, plagiogranites, and swarms of diabase and picrite sills 
and dikes); (16) upper extrusive lavas; and (17) clinopyroxene-rich and picrite basalts. 
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pelling visual presentation of the scale of this phenomenon, as it 
relates to the northern Samail ophiolite, is given by Juteau et al. 
[1988a) (their Figure 23 is reproduced here as our Figure 11). 
One should imagine that as the oceanic crust migrates laterally 
away from the spreading axis, convective bydrotbermal systems 
will exist for a significant length of time around each one of the 
solid black bodies displayed on the block diagram of Figure 11. 

than MORB are found throughout the entire section of layered 
gabbro, right down to the Moho. This enormous zone of 180-
depleted gabbros is much thicker, and overall much lower in 180, 
than any other section through the Samail ophiolite, including all 
of the sections studied in the southern part of the ophiolite by 
GregoryandTaylor[1981;alsounpublisheddata, 1992]. Thedata 
in Figure 12 therefore nicely confirm our expectations that 
whether the Wadi Rajmi area is a "fossil transform," an overlap
ping spreading center (OSC), or whatever, this zone of highly 
deformed and fractured rocks was obviously a high-permeability 
zone that was hydrothermally altered at high temperatures by 
large volumes of seawater. 

Wadi R!Jjmi 180(60 ("Fossil Transform") 

The combined Rajmi North and Rajmi South 1Bot16o profile 
is shown in Figure 12. As might have been expected from the 
absence of any large, late-stage, high-level intrusions in the SOC 
and pillow lavas at Rajmi, the upper part ofthe profile is more like 
that of Wadi Hilti than that of Wadi Shafan-Kanut. However, the 
lower part of the Rajmi profile beneath the SOC is dramatically 
different from both Hilti and Shafan in displayin~ an astonishingly 
large zone of 180 depletion. The whole rock c5 80 values locally 
go down to values lower than +2, and samples with c518o lower 

Although moderate to strong 180 depletions are ubiquitous 
throughout the section of layered gabbros at Wadi Rajmi, there 
are also some very clear structural and lithologic controls on these 
18ot16o effects. All of the samples of gabbroic pegmatite listed 
in Table 1 are labeled PEG on Figure 12; note that a great 
preponderance of the PEG samples plot well to the left of the 
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MORB c51so values, indicating that one major set of low-1so 
samples at Wadi Rajmi is made up of gabbroic pegmatite. Of the 
nine analyzed gabbro pegmatite samples, only two have c51so as 
high as MORB, and several have whole-rock c51so < +4. 

Another set of samples from Wadi Rajmi that tends to be 
strongly 1sO-depleted is the group of abundant finer-grained 
dikes that cut the deformed layered gabbros (as well as the gabbro 
pegmatites) well down into the cumulate section. Ftve samples of 
these dikes have c51so = +3.3to +5.3 (fable 1 and Figure 11). 
These Jow_tsa dikes also all contain hydrous mineral assemblages 
indicative of hydrothermal metamorphism, and are analogous to 
Hilti sample 81-204b discussed above. 

The final correlation with 1sot16o that is discernible from the 
data of Figure 12 is that that the extremely deformed and sheared 
samples tend to be associated with the most intense 1so deple
tions. This is most obvious at locality 15, where all of the rocks, 
including a hornblende-plagioclase pe~matite, are heavily 
sheared; these rocts display the lowest c5 sa values yet found 
anywhere in the Samail ophiolite ( + 1. 7 to + 2. 7). Again, this kind 
of phenomenon is analogous to features observed in other tran
sects (e.g., Wadi Shafan ). 

We also observe 1so depletions in the bast gabbros from those 
out~ that contain low_tsa gabbro pegmalites, low_tso dikes, 
or Jow)So hydrothermal metamorphism IIIIOCiated with strong 
shearing and deformation. It is logical to conclude that abundant 
conduits for these high-temperature hydrothermal fluids were 
provided by the fractures now occupied by the pegmatite bodies 
and the late stage dikes, as well as the fractures that "Were probably 
opened and reopened during the intense shearing and deforma
tion that characterize the Wadi Rajmi cumulate section. It is also 
plausible that the great abundance and complcmty of deep, 
wehrlite-gabbro intrusions in this area [Reuber, 1988] is in a large 
degree attributable to the zones of structural weakness (e.g. 
"pull-aparts") provided by this intense shearing. Together with 
the gabbro pegmatites and dikes, these intrusions act as individual 
"heat engines" whose combined effects add to the high-tempera
ture hydrothermal 1so depletions originally produced at the 
spreading axis [Gregory and Taylor, 1981]. The combination of 
all of these phenomena produced the intense hydrothermal 1So 
depletion that characterizes the lower level of the oceanic crust at 
Wadi Rajmi (e.g., see Figures 11 and 12). 

The Wadi Rajmi area displays a number of structural, mag
matic, and hydrothermal characteristics that are not at all typical 
of most other transects through the Samail ophiolite. For ex
ample, the Rajmi plutonic section contains abundant or
thopyroxene, a feature that has so far been documented in only 
one other area in the ophiolite, at Wadi Hamiliyab, which Juteau 
et al. [1988a,b] believe was located at the southern lip of a 
spreading cell. The Wadi Hamiliyab area also exhibits 
petrographic evidence for abundant and pervasive hydrothermal 
alteration essentially down to the Moho, virtually identical to the 
relationships we have described at Rajmi [Nehlig and Juteau, 
1988). Although no 1Sot16o data have yet been gathered from 
Wadi Hamiliyab, we predict that future 1sot16o studies of that 
area ought to be similar to our studies in the Rajmi area. 

Although not as abundant as at Wadi Shafan, prebnite is locally 
present throughout the lower parts of the Wadi Rajmi section, 
probably to a greater degree than at Wadi Hilti. Therefore, 
judging by what seems to have happened at both Hilli and Shafan, 
we might infer a similar high_tsa "overprint" of the Rajmi area. 
If so, this would imply that most of the Rajmi whole-rock samples 
and felds~rs (fable 1 and Figure 12) were at one time even 
lower in 1 0, prior to this late stage prebnitization. Some indica-
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lion of bow low in 1So these rocks mift have been at one time is 
indicated by the spread of very low c51 0 values in the amphiboles 
(see Figure 15 below), because amphibole is much more resistant 
to the late, low-temperature overprint than is plagioclase. Note 
that the green secondary amphibole ( actinolitic) is, in general, very 
low in 1so compared to the primary-appearing brown 
hornblende, even where the latter is present in one of the later
stage intrusions (e.g., DIG sample 81-HlO, Table 1). 

The abundance of Jow)So gabbroic pegmatite in the Wadi 
Rajmi area is particularly informative with respect to another 
problem. Recall that in the lbra area there is clear evidence for 
an extremely high-temperature (>500"C) hydrothermal altera
tion event, based on the widespread occurrence of Jow-1so, es
sentially anhydrous gabbro samples with reversed plagioclase
pyroxene tsat16o fractionations [Gregory and Taylor, 1981; 
Taylor, 1986]; however, sucb a conclusion is leas certain in the 
north, because the samples in the north are full of hydrous 
minerals. However, no credible model of the formation of tbe 
gabbro pegmatites would suggest a temperature lower than about 
600"-700"C, regardless of whether these pegmatites are magmatic 
or metamorphic in origin. In addition, tbe pegmatilic textures 
require H~-ricb conditions [e.g., Johns and Bumhom, 1969). 
Thus, the strong linkage between the tso depletions and the 
development of gabbro pegmatite (Figure 12 and Table 1) sug
gests that very high-temperature hydrothermal activity at sig
nificant watertroct ratios also occurred in tbe layered gabbros of 
the northern Samail ophiolite, in spite of this event being partially 
obscured by the subsequent overprinting by moderate- to low
temperature hydrothermal activity. 

Only very limited tsa enrichment is shown by the sheeted dikes 
and a single pillow lava from the Wadi Rajmi profile. In fact, the 
basalt sample 81-79 exhibits the lowest c51so of any extrusive 
sample in the Samail ophiolite, if we exclude those samples that 
have been subjected to special circumstances of hydrothermal 
alteration, sucb as the samples from the stockwork vein system in 
the Lasail ore deposit (fable 4). This sample 81-79 is also from 
the axis sequence (e.g., Geotimes unit); these were hydrother
mally metamorphosed at higher temperatures (greenschist versus 
zeolite facies) than the samples from the upper part of the off-axis 
sequence (e.g., the All~ unit); the latter unit bas supplied most 
Jf the extremely bigh-1 0 pillow lava samples analyzed to date 
(e.g., c51so = + 12; Wadi Jizi [Gregory and Taylor, 1981], Table 
4 ), and this may have led to an overestimate of the degree of 1So 
enrichment of the entire section of pillow lavas (see the discussion 
below and Table 11 ). 

Comparison of the c51sO-Depth Profiles 

On Figures 13 and 14 we compare the normalized 1So-depth 
profiles from this study with a similarly normalized profile ob
tained using the data of Gregory and Taylor [1981] from the lbra 
area in the southern part of the Oman ophiolite. These com
parisons are made on two separate diagrams, in order to obtain 
sufficient clarity in the presentation. As a further aid in comparing 
all these data, Table 11 has been prepared to summarize various 
kinds of material balance tsat16o features of the different 
profiles, as well as that of the bulk ophiolite. 

The lbra and Ratmi transects are the two profiles that display 
the most extreme sa depletions within the gabbro portions of 
the Samail ophiolite. Both profiles are essentially coincident at 
the Moho, and in both profiles the average c51so value of the 
gabbro section is distinctly lower than MORB (fable 11 ). The 
two profiles differ mainly in the following respects: (1) The highly 
sheared and diked Wadi Rajmi gabbro section is overall much 
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Fig. 13. Comparison of the 6 180 versus depth profile of the Wadi Rajmi profile from Figure 12 of the present work with the 
composite Wadi Saq and Wadi Kadir traverses from the lbra area of the southern Samail ophiolite [after Gregory and Taylor, 
1981]. These are both normalized to the same scale of distance between the Moho and the base of the SDC. 

lower in 180 than the Ibra gabbros (c518o = +4.86 vs. +5.34, 
Table 11 ). (2) The 180 depletions at Rajmi mainly occur in the 
lower part of the gabbro section, whereas at lbra they mainly 
occur in the upper half of the section (Figure 13). (3) Above the 
SOC-gabbro contact, the section at lbra is distinctly higher in 180 
than at Rajmi; this is true of both the sheeted dikes and the pillow 
lavas (Table 11 ). 

The lbra, Hilti, and Sbafan-Kanut profiles are compared in 
Figure 14. The gabbro sections at both Hilti and Shafan are 
distinctly higher in 180 than at Ibra, although all three profiles 
more or less coincide near the Moho. The slight •sa enrichment 
of the gabbros in these two northern transects is attributed to 
superposition of low-temperature (prebnite) alteration, as dis
cussed above. However, the Sbafan-Kanut transect is overaU 
lower in 180 than the Ibra transect, as a result of the much lower 
180 values of the sheeted dikes at Sbafan-Kanut. Relative to lbra 
and Rajmi, the zone of 180 depletion at Shafan-Kanut is displaced 
to much higher levels in the oceanic crustal section, clearly a result 
of the hydrothermal activity associated with the late, high-level 
intrusions at Shafan-Kanut. The Hilti and lbra •sa profiles vir
tually coincide above the base of the SDC, but both are very 
distinct from Shafan-Kanut. 

18o/6o in Other Areas 

Several samples from other areas in the northern Samail 
ophiolite were studied in this work (Table 4), to provide a more 

extensive database for the mass balance calculation below. It was 
especially important to have a representative number of aU 
generations of dikes and extrusives, because their isotopic dif
ferences are not indicated in previous studies. These regional 
samples include (1) a set of samples from the pillow lavas and 
sheeted dikes in the Wadi Jizi area (Figure 2), including a couple 
of very high-level plagiogranite bodies that cut the pillow lavas in 
the Alley. (2) A set of samples from the Wadi Allin sheeted dike 
complex (Figure 2), located just southeast of the Hilti area, and 
(3) the highly altered pillow lavas from the mineralized zone 
beneath the Lasail ore deposit. 

The Wadi Jizi samples are interesting mainly from the point of 
view of the material-balance discussion outlined below. Here, we 
note simply that the sheeted dikes have c518o = +5.5 to +9.7, 
distinctly lower than the pillow lavas which havec518o = + 10.3 to 
13.8. None of these lava samples are from the lowermost extrusive 
unit (Geotimes), which was metamorphosed in the greenschist 
facies. The lower)8o samples are from the middle or l..asail unit 
( + 10.3 to + 12.1) and the higher-180 samples are from the upper, 
or Alley, unit ( + 12.7 to + 13.8), metamorphosed in the zeolite 
facies. Similarly high c5180 values are also observed in several very 
high-level plagiogranites that cut these high-180 pillows in the 
Alley ( + 12.7 to + 13.5, Table 4 ). Thus, there appears to be a good 
correlation among the three parameters of metamorphic grade, 
structural height in the ophiolite complex, and whole rock c518o. 

The main reason for going to the Wadi Allin locality was to 
sample the truly impressive array of N-S trending, paraUel dikes 
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Fiz. 14. Comparison of tbe 6 180 versus depth profile from Figures 9 and 10 for Wadi Hilti and Wadi Shafan-Wadi Kanut with 
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that stretch for tens of kilometers along strike. There is also a 
minor set of conspicuous sheets/Sills that cross these axis dikes at 
an oblique angle. The Wadi Ahin SOC is overall extremely low in 
cJ 180, + 3.2 to + 7 .8. The high-level gabbro collected just beneath 
the SOC atthis locality is also low in cJ18o, + 5.2. These relatively 
low values indicate either that (1) these are values imprinted at 
the spreading center by the high-temperature hydrothermal ac
tivity that we expect there, and then (perhaps because of the 
vagaries of the hydrothermal "plumbing" system) these samples 
were subsequently "protected" from the high.l8o, lower
temperature overprint that we see elsewhere in the ophiolite; or 
(2) there is a hidden, higher-level, off-axis intrusion like that in the 
Wadi Kanut area, and this bas caused a late stage, high-tempera
ture overprint. To the south, a late gabbro and a late peridotite 
are in fact mapped as truncated (or intruded along?) a fault. Also, 
a nearby section contains a very thick isotropic gabbro body that 
extends deep into the layered gabbro. 

l.Asail Mine Sonrpks 

Ten samples from the Lasail mine stockworks were analyzed, 
including subsamples from a diamond drill core (D~mples) 
and hand-samples collected underground from the 70-m level 
(OMLC series) and the 100-m level (85 series). Petrographic 
description of these samples, their field relationships and the 

relationship to copper-sulfide ore distribution is discussed by D. 
S. Stakes and H. P. Taylor, Jr. (manuscript in preparation, 1992). 
The isotopic data are pertinent to the present discussion, and are 
included in the mass balance calculation given below. 

Geotimes lavas form the footwall of the ore deposit and 
presumably are the host for the stockwork breccia. The overlying 
greenish lavas have been interpreted as part of the Lasail series 
(Alabaster and Pearce, 1985]. The stockwork is composed of 
chloritized basalt talus crosscut by a complex series of (mostly 
quartz) veins. Most samples of chlorite-rich breccia (e.g., DH2-
950 and OMLC-45) are strongly depleted in 180 compared to 
MORB, but the average cJ18o for the 10 samples, which includes 
some quartz veining, is + 5.6. 

MATERJAL .. BALANCE 18ol60 CALcUlATION 

The only way to make a true material balance 18oP6o calcula
tion for the entire Samail ophiolite would be to systematically 
sample it on a random grid. Even then, problems would arise 
because ofthe vagaries of erosion and the nature ofthe outcrops 
(e.g., the pillow lavas and sheeted dikes do not, in general, crop 
out as nicely as the gabbros). Thus, one must in any case sub
divide the ophiolite into separate units, systematically sample each 
unit, and then accurately estimate the proportions of each unit. 
This is not easy to do, even in an area like Oman where the 
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TABLE 11. Average Whole-Rock c518o Values of Selected Portions of Various Transects Across the Samail Ophiolitea 

Bulk Avera&!: 

Transect Gabbro SDC Pillow Lavas Unweipted Weigtttei 

WadiHilti +5.57(7) +7.88(5) +10.20(3) +7.27(15) +6.61 

Wadi Shafan-Kanut +5.43(16) +6.61 (17) +6.04(33) +6.09 

WadiRajmi +4.86(42) +6.65 (4) +7.80 (1) +5.07(47) +5.59 

lbraAreac +5.34 (18) +8.15(8) +12.70(1) +6.44(27) +6.81 

{WadiJizi +11.8S (11) } WadiAhin +5.43(6) +8.13 (27) +5.74 
l.asail Stockwork +5.64(10) 

Overall Bulk Average for the Entire Ophiolite 

Unweighted +5.13(83) +6.90(40) +9.15(26) +6.31 (149)d 

Weightede +5.30(4) +7.0S (5) +9.64 (5) 
[+10.64(4){' 

+6.19(3/ +6.17(5., 

"Numbers of samples analyzed are given in parentheses. 
"weighted averages for each locality, assuming that the rati~ of the gabbro section: sheeted dikes: pillow lavas is constant at 4.0: 1.3: 0.7. For the 

two entries for which no data are given, we use the averaged1 Ovalue for that unit listed below for the entire ophiolite (weighted value). 
cData from Gregory and Taylor [1981]. 
11Simple unweighted average of all149 whole-rock samples analyzed to date by us and by Gregory and Taylor [1981] from the Samail ophiolite (this 

value is, of course, also identical to the weighted average of the three entries to the left in this same row, as well as the weighted average of the five 
entries above in this same column). 

eSimple averages of the average whole rock d 180 values at the four or fJVC localities listed above, with each locality weighted equally. 
!weighted average of the weighted values to the left in this row, assuming the same proportions listed above for the three major stratigraphic units. 
"'bis is the average d 180 value of the fJVC weighted values for each transect listed above in this same column. 
11 Average for the four pillow lava localities (each weighted equally) but excluding the l.asail Stockwork samples. 

outcrops are superb, because of the heterogeneity in stratigraphic 
thickness, lithology, magmatic history, and intensity of hydrother
mal metamorphism along the strike length of the ophiolite. 

Although there was certainly an element of randomness in our 
sampling procedures, many of the samples listed in Tables 1-4 
were collected specifically because of some unique attribute. 
Also, we largely ignored the ultramafic cumulates and the 
wehrlite portions of the late-stage intrusions, and we focused on 
the gabbros from Rajmi and the sheeted dike section at Shafan
Kanut far our of proportion to the other portions of these tran
sects. In spite of the above complications, we believe it is impor
tant to use these data to make some crude material balance 
calculations. 

Table 11 presents various kinds of whole rock c518o averages for 
the Samail ophiolite. Table 11 includes all of the 149 whole rock 
analyses available from Tables 1-4 and from Gregory and Taylor 
[1981]. The simple, uoweighted (mindless!) avera1,e of all of 
these data is +6.31, which is just slightly higher in 1 0 than the 
characteristic MORB c5 18o value of +5.8. More meaningful 
values are listed in the weighted bulk average column, where for 
simplicity we assumed a constant proportionality among the sizes 
of the three major stratigraphic units of the ophiolite, basing these 
on a "normal" oceanic crusta] thickness of 6.0 tm: (1) 4.0 km of 
layered gabbro and isotropic gabbro, including the associated 
later-stage wehrlite, gabbro, and plagiogranite intrusions (see 
Figure 11 ); (2) 1.3 km of sheeted dikes; and (3) 0. 7 km of pillow 
lavas; ( 4) also, for simplicity we lumped the data from three widely 
separated localities from Table 4 all together to provide a fifth 
("composite") transect (Abin, Jizi, l..asail). The proportions of the 
three major units of oceanic crust given above ( 4.0: 1.3: 0. 7) 
represent our best estimates for the entire Samail ophiolite. Ob-

viously these proportions do not accurately reflect each individual 
transect, as Shafan for example contains relatively less gabbro and 
lbra and Hilti contain more. 

For the four transects in our own data set, the weighted bulk 
averages range from a low of +5.59 at Wadi Rajmi to a high of 
+6.61 at Wadi Hilti. It thus seems clear that it is not just the 
gabbros, but the entire Wadi Rajmi section that has overall 
become slightly depleted in 180. In contrast, at Wadi Hilti, the 
entire section has become slightly enriched in 180. The integrated 
values of the Shafan-Kanut and the "composite" Jizi-Ahin-Lasail 
transects are virtually unchanged from the typical MORB values. 

Somewhat of a surprise in this method of calculation is the very 
high c51So of +6.81 obtained for the Ibra transect in Table 11. 
However, this is clearly attributable to the high c518o of the SOC 
at lbra ( +8.15) and to the very high c518o of the single pillow lava 
analyzed ( + 12.7). This average for Ibra would be brought down 
by0.36 %o to +6.45, if the weighted average c518o for all the pillow 
lava localities (+9.64) were used instead of the +12.7 value. 
Gregory and Taylor [1981] reported an average c51So of about 
+5.8 ±0.3 for the Ibra transect, not +6.45 or +6.81 as in Table 
11. This discrepancy is a result of the crudity of our material
balance calculations, because the actual proportion of gabbro 
relative to pillow lavas in the stratigraphic section at Ibra is larger 
than that assumed above [Gregory and Taylor, 1981 ]. 

In spite of all the difficulties and qualifications attached to the 
averages listed in Table 11, some clear-cut conclusions arise: (1) 
The plutonic portions of most transects through the oceanic crust 
are overall distinctly depleted in 180 relative to MORB, and both 
the weighted and uoweighted bulk averages of all of the gabbros 
so far analyzed are similar at c518o = + 5.1 to + 5.3. (2) In contrast, 
except for the sheeted dikes at Wadi Ahin and the stockwork vein 



system of the Lasail ore deposit, the SDC and particularly the 
pillow lavas are everywhere distinctly enriched in 180 relative to 
MORB. (3) The crude weighted bulk averages for each transect 
range only from +5.6 to +6.6 (if for lbra, we use the better 
constrained value of+ 5.8±0.3 from Gregory and Taylor p98~). 
( 4) Three different ways of averaging all of the available 80P 0 
data from the various transects give very similar results ( +6.17 to 
+6.31); note also that the +6.17value,obtained by averaging the 
bulk averages for all of the five transects, would be reduced to 
+ 5.97 if we replace the clearly incorrect +6.81 value for lbra with 
the more accurate estimate of +5.8 from Gregory and Taylor 
[1981). 

What then are we to make of the three different kinds of bulk 
average that range from +5.97 to +6.31? Within our sampling 
error and experimental error, these values are essentially identical 
to the average MORB basalt value~f about +5.8. Thus one 
plausible conclusion is that in spite of all of the complex lateral 
and vertical 18ot16o heterogeneities in the Samail oceanic crust, 
there has been virtually no change in the bulkc518o oftbis package 
of rocks, because: (1) the upper 1eve1 18o enrichments are essen
tially canceled out by the lower-level 18o depletions; and (2) the 
slight 180 enrichments of structurally simple, intact oceanic crust 
are balanced by the 180 depletions in the highly deformed crust 
penetrated by abundant late stage intrusions. This strongly sup
ports, validates, and amplifies the fundamental conclusion of 
Gregory and Taylor [1981 ], that the c51So of ocean water is closely 
buffered and controlled by the integrated series of overlapping 
mid-ocean ridge and subsequent off-axis hydrothermal processes. 
This conclusion can now be basically applied to the entire 500,000 
km3 volume of oceanic crust in the Samail ophiolite, not just to 
the smaU area around lbra in the southern part of this body. 
However, is the 0.2-0.5 %o c518o difference between MORB and 
the averages in Table 11 real, or simply a result of the crude 
sampling procedures? There are a number of ways of looking at 
this question. 

One obvious possibility is that the original magmas that formed 
the bulk of the Samail ophiolite did not have a MORB-type c518o 
= +5.8 but were higher by about 0.2-0.5 %o, particularly given 
the fact that other workers have suggested a non-MORB origin 
for parts of the ophiolite (e.g., the wehrlite suite of magmas in the 
northern part). Several workers have suggested that the northern 
Samail magmas have island arc affinities or that they are formed 
by melting of hydrous mantle. Such materials could have started 
out with c518o values as high as +65 or even higher, because 
oceanic magmatism is known to have produced such values in 
certain environments (see reviews by Kyser [1986], Taylor [i986], 
and Taylor and Sheppard [1986]). 

Another reason why the material balance c518o values might be 
too high is that our sampling has focused almost totally on the 
plagioclase-bearing rocks; the ultramafic units in the oceanic 
crustal section have been avoided and essentially ignored, for 
three main reasons: (1) we concentrated on plagioclase because 
it is by far the best mineral to analyze in order to monitor 

. hydrothermal alteration effects in these kinds of rocks [e.g., 
Taylor, 1974; TaylorandForester, 1979); (2)theolivine-richrocks 
are heavily serpentinized, and because we know that much of this 
serpentinization is subaerial in origin, it is clear that the original 
sea-Ooor 180 signature of those rocks has been disturbed (see 
below and Bames et al. [1978]); (3) the ultramafic units are not 
very abundant, so their exclusion will not be all that important to 
the overall material balance. The ultramafic rocks probably all 
started out with primary c518o values about 1 %o lower in 180 
than MORB (i.e., with the typical c518o values of pyroxene and 
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olivine in basaltic magmas), and those that were altered to chlorite 
and amphibole at moderate to high temperatures and moderate 
to high water/rOCk rati~ would all be lowered in 180 even further 
(down to values of +2 to +4, see the amphibole c518o values in 
Figure 15 and Tables 1-4). Another factor is that the cumulate 
ultramafics are not the only rocks of this type that have been 
excluded. Particularly in the northern Samail ophiolite there are 
numerous later-stage wehrlite siUs, pods, and dikes (e.g. see Fig
ure 11). If we were to add about 5% of ultramafic material with 
<5180 = + 3.5 to +4.0 to the sections listed in Table 11, the bulk 
values would be lowered by about 0.15 %o, thereby making them 
much closer to MORB. 
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F~g. 15. Plot of d 18o plagioclase ~rsus d 18o clinopyroxene or d 18o 
ampbibole for samples from the Samail Ophiolite, including data from 
the present work and from Grqpry tmd Taylor [1981 ]. The diagonal lines 
at~= Oand~ = 1enc:ompassthenormal,high-temperatun:equilibrium 
fractionation between plagioclase and pyroxene in ba&alts and ~red 
gabbros, and the stippled square is the characteristic range of d 0 in 
c:oexistingplagioclue and clinopyroxcnc in fn:sh, unaltered MORB. The 
field with a steep ~~ ~ that is encloscd by a solid curve is the 
pyroxenc-plagioclue 0/1 0 envelope for the lbra an:a in the southem 
Samail Ophiolite, originally defined by Grqpry tmd Taylor [1981 ]. This 
envelope also encompasses all such mineral pairs analyzed in the present 
study except for the 81-96 Moho sample from Wadi Rajei and a prch
nitizcd xenolith from Wadi Hilti (see text). The low- 0 amphiboles 
encloscd by the two dashed envelopes illustrate the striking differences 
between the Wadi Rajmi and Wadi Shafan profiles. Both sets of data 
indicate amphibole formation during a high-temperature, low-180 stage 
of hydrothermal alteration, followed by a much lower temperature event 
that pn:fen:ntially raised the d 180 values of plagioclase; this high-180 
event is particularly noticeable in the Shafan samples. Note that the 
diagonal line at~ = 10 represents an absurdly large equilibrium 18ol6o 
fractionation between either plagioclase and amphibole or between 
plagioclase and pyroxene, even if the tempera tun: of exchange is cxtn:me
\1 ~ Ocarly, the Shafan plagioclase-amphibole pairs do not represent 
0/1 0 equilibrium. The horizontal dashed lines connect analyses of 

coexisting mineral pairs. Single plagioclase-amphibole pairs an: plotted 
for the following loc:alities: M, Musaftyah; K, Kanut; I, lbra; H, Hilti 
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On the other hand, if instead of trying to explain away the half 
p:.r mil discrepancy, we conclude that both this effect and the 
sat16o buffering of the hydrosphere are valid, they together 

would demand that the hydrosphere-crust interactions on Earth 
must be somewhat out of balance in the opposite direction. 
Stated another way, because of the constraints of material 
balance, we cannot over the course of billions of years of geologic 
time continue to subduct sucb tsO-ricb oceanic lithosphere and 
permanently emplace it into the mantle without progressively and 
continuously depleting tso in some other reservoir (e.g., the 
hydrosphere or some other part of the Earth's crust). If we keep 
the bydrospbere isotopically uniform, then somewhere else on 
Earth the lithosphere must be sufticiently depleted in tsa (and 
the hydrosphere thereby sufficiently enriched in tsa) to remove 
the discrepancy. This would have to be a much larger overall shift 
tban 0.2-0.5 %o because the submarine hydrothermal activity and 
weathering certainly dominates the overall material balance 
[Muehlenbachs and Clayton, 1976; Gregory and Taylor, 1981; 
Gregory, 1991]. Low-temperature continental weathering is in 
the wrong direction to balance the discrepancy, so we are left with 
either (1) regional and contact metamorphism (and perhaps 
diagenesis) which are known to lower the ~tso of sedimentary 
rocks through water/rock interactions [e.g., Wu:kham and Taylor, 
1985, 1987]; or (2) continental meteoric-hydrothermal effects, 
which have been shown in the past two decades to be much more 
extensive than was heretofore thought [e.g., Criss and Taylor, 
1986]. It is important to continue gathering data on the overall 
importance of these two reservoirs of tso-depleted rocks to see 
just how effective they might be in accounting for the tSojl6o 
discrepancies. 

Another speculative way out of this dilemma might be as follows: 
We know that the upper part of the oceanic lithosphere that is 
being subducted on a global scale is very heterogeneous in ~tsa 
and in the abundances of hydrothermal minerals (e.g., see Figures 
9, 10, and 12). If the uppermost tsa.rich and H20-rich parts of 
this lithosphere are returned to the crust by processes of melting 
in and above subduction zones, followed by upward migration of 
these higher.tso magma bodies into the crust, while the lower, 
more anhydrous, tso-depleted parts ofthe subducted lithosphere 
are left behind in the upper mantle, this could be sufficient to 
account for the discrepancy. In fact, island arc magmas do tend 
to be slightly richer in tso than MORB, and some plutonic 
complexes formed in subduction zone environments are extreme
ly tso rich (e.g., Peninsular Ranges Batholith, +9 to + 12 ~see 
Taylor, 1986]). Also, there is plenty of evidence that some 1 a
depleted material has indeed been left behind in the upper mantle 
in the form of eclogites [Vogel and Garlick, 1970; Garlick et aL, 
1971]. 

We also must consider one other possible explanation of the 
slight tso enrichment of the integrated oceanic crustal section 
exhibited by the Samail ophiolite. In applying mass balance cal
culations to the Samail ophiolite, and extrapolating these as rep
resenting the average properties of all oceanic crust on Earth, we 
and Gregory and Taylor [1981] are both implicitly assuming that 
all of the submarine 18ot16o effects that we observe in the 
ophiolite will also be found in normal oceanic crust. However, 
most oceanic crust does not undergo detachment and subsequent 
obduction; therefore, if a significant tso enrichment event can be 
demonstrated to have occurred in the ophiolite solely as a result 
of the obduction process itself, then these tso effects obviously 
should be subtracted from the overall mass balance estimate 
(even if the process was entirely a submarine phenomenon). 

We know that the Samail ophiolite bas been subjected to a late 

sta.!_e, very low- temperature alteration that bas enriched the rocks 
in 1liQ (by an unknown amount). If this alteration was entirely a 
submarine phenomenon, associated with the obduction process 
and not with the subduction process, or if this low-temperature 
tsa enrichment occurred at a later stage during alteration by 
fresh, meteoric waters, then this might account for the slight 
tsat16o discrepancy, because such isotopic effects would then 
not be part of tbe "normal" basaltic crust-ocean interaction. In 
fact, much (perhaps all) of the serpentinization of the mantle 
section of the Samail ophiolite bas been shown to be a subaerial 
phenomenon [Coleman, 1981; Bomes et al., 1978]. Zeolites and 
other minerals in the pillow lavas (e.g., the fine-grained calcite 
from Shafan sample 81-140) are known to exchange with aqueous 
fluids with notorious ease, even at very low temperatures [Feng 
and Savin, 1991], and it is plausible that there has indeed been a 
slight overall tsa enrichment of the ophiolite subsequent to its 
obduction. It is certain that if this process occurred, it would be 
unidirectional, producing an tsa enrichment, because it would be 
such a low-temperature process. Other evidence for such a 
phenomenon is presented below. 

ExTREME 18
0 ENRICHMENT IN THE VICINITY 

OF THE MOHO 

Gregory and Taylor [1981] noted in the lbra section that: (1) all 
six samples of gabbro dikes cutting the mantle peridotites exhibit 
veryhigb~1soplagioclasevaluesof +7.1 to +9.2,and the primary 
minerals in all these samples are variably replaced and veined by 
bydrogamet and prehnite; and (2~ within the lower cumulate 
gabbros, the only two samples with~ sa plagioclase > +6.0 ( +6.4 
and +6.6) are also the only analyzed gabbros at lbra that are cut 
by veins containing hydrogarnet and/or prebnite. These low
temperature minerals are rare in the lbra area, so the correlation 
between high ~tsa and this type of mineralogical alteration im
plies a common origin. 

In our own work discussed above, we have pointed out the much 
greater abundance of prehnite and other low-temperature 
hydrous minerals in the northern part of the ophiolite as com
pared to the lbra section, as well as the association of these 
minerals with relatively high) So plagioclase. In addition, the data 
in Tables 1, 2, and 3 indicate the following: (1) the deepest gabbro 
sample (81-96) at Wadi Rajmi also contains by far the highest.tso 
plagioclase in that entire section of gabbros~~ tso = + 11. 7), even 
though this plagioclase coexists with low-1 0 pyroxene and am
phibole; (2) by far the highest.lSo plagioclase in the entire Wadi 
Hilti layered gabbro also occurs in the deepest sample (81-201, 
~tsa = +7.6); and (3) the deepest rrbbro from Wadi-Shafan 
(81-122) also bas an extremely high ~1 0 plagioclase value, +8.4, 
although even higher ~tsa values ( +9.1 and + 11.5) occur locally 
higher in the section. 

The features listed above indicate that in the vicinity of the 
layered gabbro-harzburgite contact, there is evidence for some 
kind of preferential late-stage penetration by high.tso aqueous 
fluids all along the strike of the Samail ophiolite. This influx may 
have begun at high temperatures soon after the gabbros were able 
to sustain open fractures, but it must have continued to occur well 
away from the spreading axis, even after the temperatures had 
dropped to 400"C, because of the relationship between the high 
~tso values and tbe alteration mineralogy. It is tempting to 
speculate that some type of structural dislocation at or near tbe 
oceanic Moho bas provided the access for these aqueous fluids. 
In this connection, Boudier et al. (1985] have presented evidence 
for appropriate types of fracture conduits, in their description of 
region-wide shear zones in the peridotites just below the Moho. 



These shear zones are continuous with the basal thrusts in the 
ophiolite, and Boudier et al. [1985] argue that detachment initially 
occurred at an early stage near the ridge, where it was very likely 
associated with off-axis magmatism, and that thrusting at tbis 
structural level continued well away from the spreading axis. 1be 
continued episodes of fracturing tbat would be focused along 
these shear zones, together with the great lateral continuity sug
gested for these zones by Boudier et al. [1985], are a plausible 
explanation of the anomalously high fluid-rock ratios that are 
required at this horizon throughout the ophiolite. The long cir
culation path required for these fluids to penetrate both 
downward through the crust and laterally for quite a distance 
would enable the fluids to exchange with sufficient rock to attain 
the required high 6180 values. 

18oP6o RATIOS OF COEXISTING MINERAlS 

The 6180 analyses of coexisting plagioclase, clinopyroxene, and 
amphibole from this study are plotted on Figure 15, where they 
are compared with analogous data obtained by Gregory and 
Taylor [ 1981 ]. In contrast to their study, our new data emphasize 
amphibole-feldspar pairs, rather tban pyroxene-feldspar pairs, 
particularly for the Iow-180 samples. This is because amphibole 
alteration of pyroxene is much more pervasive in our samples, and 
it was therefore correspondingly much more difficult to obtain 
pure clinopyroxene separates. This is ~icularly true of the 
samples that have undergone intensive 1 0-depletion, as already 
indicated. Virtually every such pyroxene is partly to completely 
altered to amphibole (commonly more tban one compositional 
type). 

For the above reasons, and also because we did not sample any 
ofthe high.18o gabbro dikes that cut the mantle barzburgite well 
beneath the Moho, the bulk of our plagioclase-pyroxene pairs 
show a much more restricted range of 180 than those studied by 
Gregory and Taylor [1981]. As shown in Figure 15, most of our 
pairs plot in the same general field outlined by Gregory and Taylor 
[1981 ], but they do not extend to the extremities of this data point 
envelope. These kinds of plagoclase-pyroxene systematics (with a 
quasi-linear pattern that exhibits a steep slope) are a general 
characteristic of hydrothermally altered gabbros, and thi~ 
phenomenon has been thoroughly discussed in several recent 
papers [e.g., Gregory and Taylor, 1981; Gregory et al., 1989]. 
These published discussions clearly apply to the gabbros from the 
northern Samail ophiolite as well, and they will not be repeated 
here. 

Note the broad field of 6180values displayed by the plagioclase
amphibole pairs (Figure 15). Many samples (particularly some 
deep-level samples from Wadi Rajmi) exhibit extreme 180 deple
tion in both plagioclase and amphibole. The hydrothermal ex
change kinetics of amphibole are somewhat similar to those of 
pyroxene; both minerals are much more resistant to 18ot16o 
exchange during water-rock exchange than is coexisting 
plagioclase [Gregory et al., 1989]. Thus, the most plausible inter
pretation of the low-180 amphiboles given in Figure 15 and 
Tables 1-4(6180 = +0.3to3.9)istbattheywereeitherdeposited 
or recrystallized in the presence of a high-temperature, relatively 
tow.18o marine-hydrothermal fluid. 

Some of the plagioclase-amphibole 18ot16o fractionations (A 
values) represent plausible equilibrium fractionations at 
hydrothermal temperatures (i.e., A plagioclase-am
phibole = 3%c ). However, many of the others, particularly those 
from Wadi Sbafan, exhibit A values as high as 6 to 9 %c! These 
cannot possibly represent 18ot16o equilibrium at any plausible 
temperature, and thus they constitute our best available evidence 
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that parts of the northern Samail ophiolite (particularly in Wadi 
Shafan) underwent a high-temperature hydrothermal event prior 
to the later stage episode tbat produced the strong 180 enrich
ments in the coexisting plagioclase. The deep sample 81-122 from 
Wadi Shafanjust above tbe Moho (discussed above) is particular
ly compelling in tbis regard, with an amphibole 6180 of +0.9 
coexisting with another amphibole with 6180= +3.9, and both 
coexisting with a strongly 180-enriched plagioclase (6180 = +8.4, 
giving A-values of 7.5 and 4.5). Analogous effects are also ob
served in the Rajmi sample 81-96 collected just above the Moho, 
which exhibits a A value of 7.6 (as well as a plagioclase-pyroxene 
fractionation of 7.1!J. Such 180!160 systematics require that a 
high-temperature, 1 0 depletion event bad to occur before the 
late stage, low-temperature hydrothermal event tbat produced 
180 enrichment of the feldspar; the latter was probably associated 
with the prehnitization event, as already discussed. 

SUMMARY AND CONCLUSIONS 

We may summarize one of the major conclusions of this work 
in a single paragraph: Our new data require that we modify and 
amplify the important conclusion of Gregor[. and Taylor [1981] 
tbat "in spite of great heterogeneity in 180/1 0, a vertical section 
through hydrothermally altered oceanic crust bas an integrated 
6180 essentially identical to tbat of the original basaltic magmas 
from which it was formed". Within experimental and sampling 
error, this general conclusion is still valid, but only if we extend the 
vertical 18ot16o heterogeneity to include considerable lateral 
18ot16o heterogeneity in the oceanic crust, and only if we in
tegrate the subsolidus hydrothermal effects across the entire 
three-dimensional volume of the ophiolite, not just through a 
vertical section; we must also include all submarine intrusive and 
hydrothermal events tbat occurred both off-axis and at the 
spreading ridge to create the composite crust. 

It is clear that Gregory and Taylor [1981] made all of their 
original traverses in a relatively average part of the Samail 
ophiolite, because our extension of their work shows tbat there is 
considerable along-strike 180t16o variation in this body, in addi
tion to the kind of vertical 18ot16o variation described by them 
in the lbra area. Some sections are overall depleted in 180 relative 
to MORB (e.g., Wadi Rajmi) and some are enriched in 180 (e.g., 
Wadi Hilti); thus, based on the bulk averages listed above in 
Table 11, it is clear tbat there is an overall lateral "canceling" of 
180t16o effects as well as a vertical "canceling". There, are 
however, also a lot of temporal complexities and heterogeneities 
in 18ot16o distribution, because as the crust moves away from the 
spreading axis, convective hydrothermal circulation persists 
around tbe younger intrusions tbat are very common in our 
transects, superimposing a secondary isotopic overprint; these 
effects are much more difficult to sort out, because in general we 
only see tbe final result. 

Because of limitations in our sampling procedure, together with 
tbe enormous outcrop area to be samEied, we were able to 
calculate only a crude material balance 6 80 value for the entire 
ophiolite, about +5.9 to +6.3. Within sampling error, tbis is 
considered to be virtually identical to the accepted MORB 6180 
value of +5.8±0.2 However, we also discuss several possible 
reasons why our calculated mass-balance value might be real, as 
well as the global and/or local geological consequences of such a 
0.2-0.5 %c discrepancy. One interesting possibility that needs to 
be tested further is tbat there bas been a low-temperature, high-
180 overprint associated with submarine and/or subaerial detach
ment of the ophiolite and shearing in the vicinity of the Moho. 
Inasmuch as such 18ot16o effects are likely to be present in 
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abducted ophiolite fragments but not in normal oceanic crust, 
they should be subtracted from overaU global mass balance es
timates. This is in the right direction to explain the above 18ot16o 
discrepancy. 

Some of the other major conclusions of this study of three major 
sampling transects across the northern Samail ophiolite are as 
follows: 

1. The least structurally complex transect (Wadi Hilti) also 
shows the simplest c518o systematics. This transect is similar to 
the lbra profile of Gregory and Taylor (1981) except that it lacks 
the striking 180 depletions of the middle and upper layered 
gabbros. The 180 depletions in the lbra area were produced by 
high-temperature hydrothermal activity at the spreading center 
during the cooling of these gabbros. Similar features were 
probably also present at Wadi Hilti but may have been over
printed by the deep, late stage, tower-temperature hydrothermal 
alteration event that characterizes all of the transects in the 
northern part of the ophiolite. 

2. Much more complex 180/160 effects were observed in the 
Shafan-Kanut transect, which was sampled specifically to examine 
the effects of some major high-level shear zones associated with 
late-stage, off-axis, gabbro-diorite-plagiogranite intrusions 
emplaced into the sheeted dike complex. The convective 
hydrothermal systems associated with these intrusions produced 
a proximal zone of intense 180 depletion in the immediately 
surrounding country rocks, whereas the more distant samples in 
the distal part of the system were subjected to a low-temperature, 
high.18o overprint. The remnants of an earlier, high-temperature 
hydrothermal alteration of the Sbafan gabbros near the spreading 
axis are clearly preserved in the 180-depleted amphiboles, even 
though the coexisting plagioclases have all been strongly enriched 
in 180 during the low-temperature overprint. 

3. A third transect, in the Wadi Rajmi area, was selected for 
study because it was known that the lower part of this gabbro 
section bad been subjected to a very complex episode of shearing 
and fracturing associated with emplacement of abundant late 
stage, composite, ultramafic-gabbro intrusions, gabbro peg
matites, and finer-grained off-axis dikes (this area was originally 
suggested to us by J. Smewing as a possible fossil transform fault, 
although more recent studies by Reuber [1988) are perhaps more 
indicative of a complex overlapping spreading center, or OSC). 
The c518o pattern of this transect is unique in displaying a truly 
enormous zone of 180 depletion in the lower part of the section 
of layered gabbros. This zone of 1So def!tion is much deeper 
and also lower in 180 than the zone of 1 0 depleted gabbros in 
the lbra area to the south. The 18ot16o systematics thus make it 
clear that this part of the ophiolite was particularly permeable, and 
that very large volumes of high-temperature seawater circulated 
down to the Moho through the lower part oftbissection of oceanic 
crust. If this is truly a fossil OSC or transform fault zone, the 
18ot16o data provide a compelling indication of the depth and 
intensity of seawater-rock interactions that would likely be as
sociated with that kind of deformation and shearing near a spread
ing ridge axis. The intense hydrothermal alteration in the Rajmi 
area is clearly linked to the unique magmatic history of this area, 
e.g. the abundant orthopyroxene and the many east trending 
(extensional?) structures that cut obliquely across the primary 
ophiolite stratigraphy. 

4. Our data, combined with the earlier work of Gregory and 
Taylor [1981 ], indicate that every transect through this fragment 
of oceanic crust probably bas experienced a unique history of 
cooling and seawater-rock interaction. However, these processes 

and their effects are by no means random. Most of the 18ot16o 
differences among the transects can be readily related to one or 
the other of the following features: (1) fossil permeability, as 
presently evidenced in the outcrops by the size and abundance of 
veins and fractures; (2) superposition of a low-temperature, high-
180 alteration associated with prehnite, chlorite, and epidote 
u~ an earlier, higher-temperature alteration associated with 
1 0-depleted plagioclase and low.18o amphibole; (3) presence or 
absence of late stage off-axis intrusions of various types, their 
abundance and size, and the level in the oceanic crust to which 
they penetrate; and ( 4) metamorphic grade, with the upper ~illow 
lavas (zeolite facies) being strongly enriched in 180 (to c51 0 = 
+ 12 or higher) compared to the lower lavas (greenschist facies), 
and with much lower c518o values of +3.3 to +7.4 where these 
lavas are cut by the highly chloritized stockwork vein system which 
provided conduits for the fluids that deposited the massive sulfide 
ore bodies (e.g., I.asail); these ore bodies commonly form at or 
near the interface between the earlier set of axis pillow lavas and 
a later set of off-axis extrusives. 

S. Compared to the lbra area in the southern part of the 
ophiolite, the geology, petrology, and mineralogy of the northern 
part of the Samail ophiolite are all indicative of a much more 
complex histo~ of magmatism and associated hydrothermal al
teration. Our 1 0/160 data in general confirm these complexities, 
and the detailed features of the isotopic data can be readily related 
to specific features of the geology. Although the hydrothermal 
effects at the spreading axis are also clearly recognizable in the 
north, there bas been a much heavier overprinting by later off -axis 
events in the north than in the south. This is evidenced by the fact 
that hydrous minerals are much more abundant in the lower parts 
of the gabbro section in the north, as a result of (1) the 
heterogeneous overprint of high-temperature, low.18o alteration 
associated with the much more abundant off-axis intrusions, 
which are intruded at a variety of levels; and (2) a high-1so 
overprint associated with either the overlapping distal portions of 
1, or the result of a regional low-temperature event that bas 
penetrated much deeper in the north because of the greater 
fracture permeability there. This high.18o event(s) is associated 
with abundant prehnite, epidote, chlorite, and actinolitic am
phibole, all of which are much more pervasive and abundant in 
the north than they are in the Ibra area. 

6. It is important to note that all of these along-strike differences 
in 18ot16o systematics in the ophiolite were probably produced 
over a very narrow interval of time, at or very soon after initial 
formation of the oceanic crust at a spreading axis ( -94-97 Ma, 
based on zircon ages from plagiogranites coUected along the 
entire length of the ophiolite [Tilton et al., 1981]). This in tum 
suggests that when we are finally able to directly sample the 
three-dimensional 18ot16o systematics, structure, and stratig
raphy in true oceanic crust formed at a mid-ocean ridge, we will 
probably observe analogous differences both along strike and with 
depth. 
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