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.SULTANATE OF OMAN 

INTRODUCTION 

As representatives of an,Australian Technical Support 

^Mission, we, Dr. R.G. Dodson, Bureau of Mineral Resource^ 

Department or National Ueyeloptnent and Energy and 

Mr. T.J. Irelana, Department of Mi\ies and Enei-gy, South 

Australia^were li'cconded to the Geological Section, Dept 

of Minerals, Sultanate of Oman for a period of seven weeks. 

The secondment was planned by Mr. R.M. Causlan, Consul-

General and Senior Trade Commissioner, Abu Dhabi; travel 

financed by the Australian Department of Trade and Resources 

and internal travel and accommodation costs met by the 

Sultanate ot Oman. ihe objectives of the Mission were: 

1. To assess 'Reports ot" Field Investigations' prepared 

by Prospection Ltd., from January 197-̂1 to 19'78, there

after prepared by Oman Mining ,;i.nd Company (OMCO). 

2 . To recommend the approach to investigation of areas 

considered prospective outside Mining Licences No.1 to 

10 and Lxploration Licences No 1 to 15, all nelo by 

the Oman Mining Company. 

J . To assist ano advise as lar as possible on the-̂ =futur(̂  

role Of the Geological Section, Department of Minerals, 

Sultanate of Oman, 

In this report objectives 1 & 2 are discussed. Objective 3 

is discusseo in another report. 

We,wish to acknowleoge with thanks assistance and information 

received from staYf of the Department of Minerals, Si:ltap.ate 

of Oman-; thanks are particularly due to Mr. M. Kassim anci 

Mr. Cmer El -Amin. We also wish to express our appreciation 

to Mr. A.P. Leggat for his assistance in providing technical 

and background informaiton, and acting as guide for our tv/o 

field trips. 



ASSESSMENT OF 'REPORTS OF FIELD INVESTIGATIONS' 

Our assessment of the reports by Prospection Ltd commenced 

with a study of a considerable volume of scientific litera

ture describing the geology of the Sem.aiT Ophiolite Com.plex. 

The two field trips undertaken were planned to familiarise 

ourselves with the geology of the Semail Ophiolite Complex 

and in particular to study the geological environment cf 

the known mineral deposits in the complex. We also studied 

the quarterly exploration reports dating from June 1973, 

prepared by Prospection Limtied, to the-most recent report, 

prepared by OMCO (Oman m.ining and Company), and various re

lated documents. 

As appraisal of future exploration activity on areas retained 

by OMCO ( as Mining Licences No 1 to 10 and Exploration 

Licences No. 1 to 15 - see Fig.2) is beyorid the scope of this 

investigation, our assessment was.designed: 

a) to judge the effectiveness of methods used, and 

b) to document the exploration progress and results in areas 

subsequently surrendered from the original concession,in 

order to formulate recommendations for future resource 

evaluation, by the Ministry cf its agents, in the remain

ing or available lands (see subsequent section, and Fig.2) 

To this end, each commodity which is prospective in the 

available lands is reviewed within the following franie\.JorU : 

type examples of documionted deposits 

mode of occurrence 

distribution of prospective host rock units 

exploration methods'and limitations.in their application 

existing exploration coverage 

Copper and"chromium are discussed in some detail, while the 

status of eight subordinate commodities is more briefly 

summarised. 
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Basalt.association 

Examples include Lasail, Bayda, Aarja and others in the 

'Alley' area 30 km west of Sohar and Tawi Rakah 10 km north" 

east of Yanqul. 

The deposit type is well known in ophiolitic environments 

(e.g. Troodos Complex, Cyprus). Mineralisation typically 

consists of massive pyrite lenses with subordinate chalco-

pyrite. Deposits are generally conformable, accumulating 

at raid-oceanic spreading centres from volcanogenic or mag-

matic-hydrothermal emanations. They are shrongly strati-

graphically controlled, occurring at the top of the lowest 

of the ophiolitic.volcanic cycles. They tend to occur in 

clusters, with a,degree of structural control, and in close 

proximity to younger plagiogranite plugs. Deposits whicii 

differ from the ideal model are commonly observed.Variations 

may be duCto either differences in"depositional environment 

or to post-depositional modification. 

Reserves at Lasail, the alrgest of thisiytpe knov;n in Oman, 

total 8 million tonnes, but comparable deposits in Cyprus 

may exceed 20 million tonnes.Ore tenor is typically moderate 

vjith grades of various deposits ranging between 1 and 6% 

Cu, and traces of zinc (up to 2%), gold (up to 2 gram/tonne), 

and silver. The most recent technical publication is thai- by 

Alabaster.* 

VJithin the available lands there are limited, scattered 

exposures of the most comm.en hostrock sequence in the following 

a). Northern range-front,, from south-west of Khabura to south

east of Khabura, and possibly further east. 

b) South-western range-front from, Yanqul to 30 km nortb.-east 

of Ibri. 

c) Southern range-front from. Samad to north of Ibra Dome. 

« Alabaster, T. et al; 1980; in Panayiotou, A.(ed), 'Ophiolite^ 

Proceedings International Ophiolite Symposium, Cyprus 1979' 

Pp. 751-757. . 



The following observed characteristics of these deposits 

((la) (2a)...etc) may be considered, subject to the noted 

limitations ( (lb) (2b)...etc), in planning on exploration 

program. 

(la) Geological control and associations: 

(lb) However, detailed geological documentation has not been 

available, and this approach has not been used outside 

the Lasail area as a basic exploratior. tool..These 

are currently being remedi.ed by the results shortcomings 

a regional mapping program, and changing of research, 

approaches to exploration. 

(2a) Conductivity contrast with enclosing roc-ks: 

eter by electromagne-(2B) However, measurement of this parame 

tic (E.M.) techniques is frequently observed by conduc-

ks, and-comp eting features 

hniques is frequen 

tive overburden and country roc 

zones) v-jhich provide strongei (e.g. fault and alteratior 

responses. 

(3a) Density contr-ast witl'i ericlo.".in/'; rod-:,'.;. 

ffect'of massive sulphide (3b) However, 

accumulation may 

the gravitational e 

be diminished by-the alteration of 

enclosing country rocks, which reduces their specific 

gravity. Rugged terrain and the impracticability of 

applying adequate terrain corrections further limit 

the effectiveness of gravity survey. Nevertheless it 

has come to be regarded as the most reliable indirect 

exploration technique in use: 

("Aa) distinctiA^e gossan development caused by reaction with 

host rocks of concentrated acid generated during oxida

tion of pyrite. 

(4b).However all massive sulphide-gossans are lik'ely to have 

been identified by ancient miners, whose sdvaiKod Coppei^ 

extraction technology and wide ranging mining activity 

is today indicated by slag dumps throughout the ophiolite 

ted that prospecting during the past 

lias located all sigriificant 

belt. It is expec 

with helico 

ancient mining sites, 

decade with helicopter support 

and thit some appraisal of potential 
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.,' has occurred at each such site. 

(5a) Supergene alteration of enclosin.g t:-ocks by acid ground 

water (Kaolin!sation, silicifloation), accompanying 

gossan development: 

(5b) However this is not observed in all cases: 

(6a) Primary hydrothermal alteration, and deposition in 

footwall,of quartz-pyrite-chalcopyrite stringer mine-

r a 1 ;i.sati.on , a ssocia 11:̂d w :i. th the a ccuiiiu 1 a tion o f 

mineralisation: 

(6b) However the primary silicate .alteration is commonly 

difficult to distinquish in hand specimen. Microscopic 

examination may be required. 

(7a) Stratigraphically and possibly genetically related 

'Umbers' (laminated ferruginous mudstones). 

(7b) However stratigraphic relationships between, umbers 

and mineralisation are notlyet well understood, ai"id 

are obscured by the detailed structural complexity of 

the ophiolite; 

(8a) Geochemical dispersion of Cu, Pb, Zn and possibly 

other metals in the supergene and surficial environment. 

(8b) However primary geochemical patterns have not been 

documented, geochemical dispersion is patchy in the 

arid weathcr'i.ng environment of the I'ogi.on. Whi.le sii'ong 

responses are recorded around major p;ossaiû  and ;.tncient 

metallurgical sites, weaker exposures apparently yield 

much less reliable results. Further systematic orientation 

work is required. 

Prospection's exploration for these deposits in areas 

subsequently relinquished has consisted of: 

a) throughout the complex. 

' 1. sparse reconnaissance wadi sediment geochemical sampling 

2. identification of visible gossans and ancient mining 

sites and evaluation of such prospects by the following 

procedure: 

- locate prospect using guides, .traversing by vehicle 

or on foot, helivoper reconnaissance and air-photo 

interpretation. 

- inspect the occurrence and fimmodint,^ ,-M-I\.'i .•,->n.-.' 



Produce sketch map and take grab samples of rock and 

sediment, 

- Either a) reject as insignificant and abandon without 

further test 

or b) establish grid (restricted to the mineralised 

area only)' systematic geochemical sampling, and 

E.M., gravity.and ground magnetic surveys. 

- based on interpretation of the results of the above 

(with emphasis on E.M.) 

either a) abandon if no strong E.M. response 

or b) site drill hqle(s) if conductor indicated. 

- drill. 

the north-eastern range-front, and much of the prospective 

stratigraphy along the south-western range-front was covered 

by an airborne INPUT (E.M.) survey. Many of the abundant 

anomalous responses identified in successive interpretations 

of the data have been investigated by ground E.M. survey 

(locate and refine anomal y definition)•and then the pro

cedure outlined above. 

This first pass exploration of the whole of 'the available 

area has effectively removed the possibility that major 

subcropping massive sulphide deposits r'emain unto:;',tc;d . 

However, as follow up procedures tended to reject weak 

showings and responses at an early stage, and all indirect 

exploration techniques used can now be shoijn-to he at least 

inconsistent and possibly unreliable i r. response to .--.igni-

ficant mineralisation, we believe that potential remain:-" for 

weakly outcropping mineralisation, or mineralisation 

veneered by overburden to have escaped detection. Beyond 

this, there ip a greater potential for blid deposits arid off

set extensions to known deposits, at relatively shallow 

depth, but these present a m.ore difficult exploration target. 

They may not yet justify the expense of detailed investigation 

outside of those areas which are most strongly favoured on 

geological grounds. 

Another series of differentiated basaltic lavas is termed 

the Haybi Volcanics (Ph.D, Open University, M.P. Searle, 1980) 

and occurs within a narrow thrust slice between the Hawasina 

Allochthanous Unit and the Semail Onhiniit-,̂  



There are small, widely scattered occurrerxes of these 

volcanic sequences, which include basic, intermediate 

and acid members, in association with lar/̂ ,cr block;.-, of 

Hawasina: 

a) In the Hawasina Window, south-west of Khabura 

b) South and north of Jebel Akhdar 

c) north-west of Sam.ad, and 

d) possibly .elsewhere. 

The potenbi.al of these to host volcanogeiric mineralisation 

deserves investigation^as they, have been subjected to only 

the most preliminary phases of reconnaissance described in 

the previous section. 

Examples include Niba (20 km E of Ibra) Tabakhat (6 km WSW of 

Nizwa) and mulla2. (15 l<rn SW of Samad ). Descriptions can be 

found in Coleman etal* and Prospection L,td prospect î eprots cf 

1976 -77. 

Chalcopyrite stringer and vein mineralisation, with minimal 
o, 

iron sulphides,is typically scattered in sehistosity planes of 

shear zones, at or close to the contact between peridotite and 

gabbro phases of the ophiolite. Evidence to date indicates 

that the deposits are likely to be small, and discontinous within 

the confining structure. However in some cases higl-i grades have 

1;) (. 1 o n ;i, n t e r s e c t o cl. 

By analogy with the Limassol Forest deposits of Cyprus (r;tn;i-

yiotou: 1980 'Ophiolites' P 102-116) nickel and cobalt sulpliide 

and orsenide mineralisation may also occur in this environment. 

Both the oxidised and primary zones of many of these deposits 

in gabbro have been mined in ancient time, and some retain 

extensive copper-rich slag residuals as evidence of significant 

size and particularly grade. Abrupt p inch and swell.of mine

ralised zones is implied by the absence of mineralisation in 

shear structures at the limits of old mine workings,,accompanied 

by significant wallrock alteration., although- in places, the 

deposits apparently lack any halo of disseminated .mineralisa

tion. 



The favored peridotite-gabbro contact zone is widely exposed 

throughout all ophiolite masses of the available area. 

Apart from surface evidence at locations where mineralisation 

outcropped and was mined by the ancients, these deposits 

constitute a difficult exploration target. Gossan develop

ment is weak due to the lack of pyrite,^ and geophysical contrasts 

are subdued due to the patchy distribution of mineralisation. 

Induced Polarisation (I.P.) may be more responsive than E.M. to 

• disseminated a stringer mineralisation, but the problem of 

discrimination between anomalies rela:ted to unmineralised shear 

zones and sulphide zones remains unsolved. 

Exploration of these deposits has followed only the prelimi

nary stages noted for the massive sulphide type,- based mainly, 

on identification of ancient mining sites.- The majority were 

rejected after initial inspection because they were thought 

to be totally mined out, too small, or because of the absence 

of additional gossans in the immediate vicinity. The shear 

zone containing mineralisation • was not usually further tested. 

The ancient Mulluq deposit (10 km SW of Samad) is one of a 

few examples vjhich lie wihtin the area of airborne E.M. survey. 

Drill testing of an E.M. anomaly resulted in an intersection of 

6 metres averaging h% Cu, without surface expression. 

Although such deposits are likely to be small, we consider that 

limited testing is • required or, ;-i!!y 

.structure which carried mineralisa tion,, 

2. Chromium 

C P y .>;....••/-.'.•.•̂- Examples include Nakhl (40 km W of Bid Bid) adn Far Far (AO Km 

' ' - " • ' ' p WSW of Sohar). Podiform Chromite deposits occur as massive dis-

- •: , . seminated layers, lenses, pipes and irregular masses dunite 

segregations in preridotite. The host dunite body may be 

• - extensive relative to the size of the chrom.ite or may or.ly thinly 

envelope the deposit. Cent''acts between chromite and dunite are 

mostly diffuse. "Due to specific gravity contrast, h.eavily 

' disseminated chromite may be amiOnable to gravitational concen-

',,....,. ••' tration proc:e3ses.". 

* Coleman, R.G. & Bailey, E.H„ 1974, 'Mineral Deposits and Geology 

Northern Oman•-Project Report (IR) OM-1 (interim) of the USGS. 
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Mineralisation is most abundant in and adjacent to the grada-

tional contact zonw between massive peridotite and the base of 

the cumulate gabbro sequence. Chromite analyses recorded 

range from 26% to 50% CrpO^with most deposits qualifying as 

refractory grade,.containing 38% to 45% Crp03 (subject to the 

elimination in many cases of gangue silica). 

Less common segregations towards the core of the peridotite mass 

tend to contain higher tenor chromite of chemical or metallur

gical grades. Reference, to those deposits can be found in, sources 

cited-by Coleman etal- and Panayiotou (ed: ' Ophiolites' Pp 714-721) 

and in the prospect reports of Prospection Ltd and OMCO. 

Current research by a teami of Ph. D. candidates from various 

European countries is directed towards obtaining a greater under

standing of controls of ore genesis, chrom.ite tenor and.deposit 

localisation, and towards the derivation of more sophisticated 

exploration techniques. Other supportive reconnaissance docu

mentation is being undertaken under a West German-sponsored 

assistance project. 

To date, approxim.ately 180 occurrences have been identified by 

surface and drainage prospecting. Although mostly of a fevi 

thousand tonnes or less, the largest. Far Far, contains reserves 

estimated (from surface measurements and conservative depth 

projections only) to be greater than 300,000 tonnes. Deposits 

rani'-yuff, from 1 to 10 million tonnes are known in similar envii'os;-

ments, as in Turkey. 

Extensive parts of the Ophiolite Complex are prospective for 

chromite but their remoteness, the severity of terrain and the 

lack of water may preclude the economic development of chromite 

deposits identified. 

Characteristics to be considered in planning exploraiton include 

the following: . . 

(la) the ubiquitous dunite host rock is visually distinctive in 

hand specimen, expands the geological tzrget and limits-the areas 

of search; 

(lb) however in weathered outcrop both dunite and chromite assume 

a dark-coloured surface induration which is similar to that 

of enclosing rocks. With practice, detection should be 

possible on detailed (1 : 20,000 scale) coloured photography. 
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(2a) In the local environment chromite is more resistant than 

enclosing rocks to weathering and is often exposed on positive 

topographic feat.ures and preserved as cobbles in drainage 

debris; 

(2b) hov/ever conventional stream sediment geochemical sampling is 

rendered ineffective because: 

- Chrom.tie is abundant in the host ultramafics, as an 

accessory so that abundance at a given sample site is 

more a measure of the effectiveness of heavy mineral con

centration at that point than of the presence of actual 

chromite deposits in the watershed, and 

- the exceptional resistance of the mineral to physical 

attrition prevents the disintegration of individual grains 

to the fine size^range necessary for statistically effective 

sampling. 

Manual prospecting for chromite cobbles amongst coarse wadi 

sediments is a viable exploration technique. (Tracing boulder 

trains upstream and upslope to point of origin). 

(3a) clustering of deposits and possibly localisation in response 

to deep seated structures visible on Landsat imagery: 

(3b) however inadequate background data and poor stratigraphic 

control of the distribution of mineralisation limit the 

precision with which structural guidelines can be applied; 

(4a) gravity contrast presented by larger deposits: 

(4b) however rugged terrain in most peridotite-gabbro complexes 

restricts the effectiveness of gravity surveys. 

Wadi prospecting has been undertaken in certain, areas of 

peridotites, with some success. Other prospective areas are 

unexplored. Exploration by Prospection Ltd v/as limited by 

the lower pr-iority afforded to chromium, compared v;ith copper 

and by the difficulty of access. A few previously documented 

d.eposits were inspected and accessible prospects identified by 

indigenous population were visited 

Over 90 new occurrences were identified in the Samad-Izki 

area by 4 west German prospecting teamis during a recent 10 week 

period of wadi sampling and geological reconnaissance. Mon-

systeraatic scouting in the vicinity of the Nakhl deposit has 

located further occurrences in that area. 
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Potential elsewhere remains high. Previous reconnaissance (Japan 

International Cooperation Agency 1979) of potential for chromite 

placer deposits in wadi, Batinah Coastal Plain or beach environ

ments proved disappointing. This is conceptually supported by 

the immaturity of the geomorphological and depositional environ

ment and the sporadic but violent nature of sediment transport 

and distribution resulting from the modern arid climate. 

5:L_^5:5!22^2it2 

The occurrence of a small proportion of magnesite is widespread 

in peridotite and serpentinised peridotite. Mineralisation 

occurs as interlocking vienlet stockworks and randomly oriented 

fracture fillings in deformed host, rocks, and as major veins up 

to 1 metre in width in less imbricate ultramafics. 

Research is required to determine economic aspects including 

marketability of the commodity, quality specificatins, price range 

and to test knov/n occurrences. 

Estimation of approximate quantities and grades requi.red for 

successful large or small-scale mining could then provide the 

basis for an exploraiton effort, if justified. 

The pale colour of magnesite is clearly discernable in outcrop 

or from aerial photogrpahy(black & white or colour 1 : 20,000 

scale ) . 

No serious effort has been made to locate and evaluate magnesite 

deposits in this country, although potential has usually been 

noted in generalised economic appraisal exercises. 

4 . _Lead-Zinc_j__Bari te 

A single vein deposit of lead and zinc sulphides totalling at 

most a few thousand tonnes has been exploited by ancient miners. 

The Nujum deposit about 10 km SE of Bid Bid) is the only showing 

of any significance known in the ophiolite belt. 

Set in an environment of highly deformed and metamorphosed rocks 

adjacent to and below the basal ophiolite thrust plane, it • 

appears to be hosted in a melange of dislocated blocks of 

sediment of the Hawasina Allochthanous Unit. However, as emplace

ment probably occurred subsequent to thrusting, there may be 

greater significance in the structural control than in host roclv 

type or statigraphic position. 
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Research is required to determine economic aspects including 

marketability oi; the commodity, quality specifications, price 

ranges,, and to test known occurences. 

Estimation of approxim.ate quantities. and grades required for 

successful large or small-scale mining could then provide tl-ie 

basis for an exploration effort, if justified. 

I The pale colour of magnesite is clearly discernable in outcrop 

or from aerial photography (black & white or colour, 1:20,000 

scale). No serious effort has been made to locate and evaluate 

\ magnesite deposits in this country, although potential has 

; usually been noted in generalised economic appraisal exercises. 

4. Lead-Zinc, Barite 

A single vein deposit of lead and zinc sulphides totalling at 

most a few thousand tonnes has been exploited by ancient miners. 

The Nujum dc^posit (about 10 km south east ol' Bid Bid) is the 

only showing of any significance known in the ophiolite Belt. 

; Set in an environment of highly deformed and metamorphosed 

i rocks adjacent to and below the basal ophiolite thrust plane, | 

it appears to be hosted in a melange of dislocated blocks of j 

j sedimeni: of the Hawasina Allochthanous Unit, . However, as 
[ i 

i emplacement probably occurred subsequent to thrusting, there ! 

i may be greater significance in the structural control than in 

1 host rock type or statigraphic position. 

Very limited reconnaissance wadi sediment geochemical sampling 

and helicopter inspect'ion traverses across the areas by the IGS 

Team (Carney & Wetland, 1975) and Prospection Ltd, have failed 

to identify additional mineralisation. However, geochemical 

results indicate a general enhancement of background zinc levels 

in wadis draining sedimentary and metasedimentary units. Rock 

chip sampling in conjunction with the regional mapping program 

may confirm that this is an inherent feature unrelated to 

mineralisation. 
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In spite of the fact that only one small prospect is known,"we 

consider the Hajar Supergroup Allocli thanoua Unit sliould be 

investigated as potenti.al hosts of Mi.ssissippi Valley type base 

metal mineralisation, which is widespread in Upper Palaeozoic 

and Mesozoic sequences throughout Europe and the southern United 

States. 

In exploration, zinc is the element which is most likely, due to 

its extreme (.;hemicat mot) i.l i ty , to be (.'.tf ec t J vcrty d(>tectecl by 

stream sediment geochemistry. However, orientation is requi.red. 

Due to the possible absence of abundant pyrite in such minerali

sation, and the carbonate-rich and vari-coloured host environiiient 

it is anticipated that goosan development would be much more 

subdued than in pyritic masses in ophiolite. 

Rocks structurally and/or.lithologically favourable for the 

occurrence of mineralisation of these types crop out extensively 

in the central core and southern range-:front of the eastern half 

of the belt, and elsewhere. 

5. Phosphate 

No evaluation has been undertaken of potential for the deposition 

of rock phosphate in the shelf carbonate environment of the Hajar 

Super-group, or the shallower water carbonate evironment of the 

Tertiary cover sequence. This should be attempted in evaluation 

of regional mapping chip sampling, and conceptually as on adjunct 

to the investigations proposed in the previous section. 

6. Gold 

There are no records o:f" production or occurence of the precious 

metal in Oman (except in the copper ore); nor is there evidence 

of any serious investigation of'possible presence. Given the 

uncertaiirty of c;oiitrols (rt gold mineral i sat .i on , therf; is .justiti-

cation for systematic reconnaissance of areas with significant 

quartz veining, by rock sampling and wadi sampling (panned 

concentrates), particularly in the under-explored basement windows 

in the core of the range. 
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7. Nickel - Iron 

Wlrile potential for sulphide nickel is thouglit to be limited, there 

are in places through the ophiolites extensive latcrites developed 

on mafic-ultramafic sequences. Examples include Fanjah (6 km NE of 

Bid Bid) and Ibra (20 km NE of Ibra). 

Widespread lateritisation occurred between tlie time of ophiolite 

(nripl acem(ni I; and tlio Uppermost C.r(U:a.ceons tra.nsgi-i\ssi on whicli 

allowed the widespread blanketing of tlie whole t-)y Tei'tiary 

marine limestone. Subsequent uplift has allowed the stripping 

of the Tertiary, and surficial residuals from most of the 

ophiolite. However, outliers, are preserved at the above locations 

and elsewhere. 

Testing to date has indicated tliat at Ibra thiM-(.̂  are pot(Mitial 

reserves of 150 million tonnes averaging less tlian 1% Ni.CUull 

P. 1977; "Report on Ibra Laterite I^roject", Unpub. Prospection 

Ltd Report). The majority of this material is isolated below a 

sequence of Lndurated Tertiary limestones some t(;;ns of metres 

thick. Nevertlieless , given the domestic av;ii l.;i.bi N ty of cheap 

energy (gas) and sulphirric acid (Lasail copper prochiction) 

these and similar deposits deserve periodic evaluation. 

H . Hi ry;-;() I: i I <; Aspoy. U)S 

A deposit located in Wcu;li Ihiybl (30 km SW of Sol-iar) is currenlly 

undergoing evaluation. A "Technical Evaluation" lias been produced 

by Kilborn Ltd for the Ministr-y. 

Cross-fibre asbestos veining is developed as a serpentinisation 

product in peridotite and dunite when serpentinisation is 

accompanied by shearing. Evidence to date indicates that these 

conditions were rarely met on any significant scale in the Semail 

Ophiolite. Chrysotile is only occasionally observed as a minor 

component of serpentinites. 

More detailed information on its distribution should be generated 

in the course of the regional mapping project. 
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9. Platenoids 

Although elements of the Pt series are characteris tical-ly 

associated with selected massive sulphide ores and especially with 

cumulate mafic-ultramafic intrusions, concentration of these 

elements has not been recorded elsewhere in the Alpine ophiolitic 

environment. 

An;ilysis of the basalt-associated, massive pyritic coppe:i' ores 

has demonstrated their absence from tl-iat association. 

Accordingly potential for these elements is thought to be 

negligible in the region. 

10. Manganese 

East of the ophiolite Belt (near Sur) the deep water cherts of 

the Hawasina Allochthanous Unit contain beds rich in manganese 

which are currently being assessed as potentially commercial. 

While significant manganese occurrences are unknown in the 

Ophiolite Complex, equiva'lent :r(jcks ot the; ll:i.wasina Un:i t arc; 

widespread. . " 

In 1973 Prospection Ltd of Canada obtained mineral exploration 

rights to essentially the whole of the Semail Ophiolite Complex. 

Substantial .reductions in the area held wero,' reqirired in 1975 

and 197.S and exploration w;is arranged to comploto' prf;sp(.'c L i nfj; of 

tands tield, to allow thp.se rellnqui.slun<jn ts . 

Thus an economic appraisal of the whole of the area has been 

achieved, with the intensity of coverage naturally related 

closely to the perceived prospectivify of the area and the time 

spent on exploration by available staff. The results of these, 

and the continuing operations of retained lands, permit an assess

ment of the overall efficiency of copper exploration throughout 

the Ophiolite belt, and the effectiveness of the methods applied. 

http://thp.se
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In undertaking the first modern exploi'ation of an essentially virgin 

tract of land, with an extensive history of ancient copper mini.ng, 

Prospec, tion (ixperi enccjd rap"id ;i.nd continuing sU(;coss in d.i sco vf.-ri ng 

prospects, locating mineralisation and in proving economically 

significant deposits. In an environment of excitement and technical 

success, their operations were evidently well -organised, logically 

staged, competently and diligently conducted, and well documented. 

Limited r(;sourc(̂ s w(.-!.re di s tr i l)u teid luiiongst. luiinorous competing higii 

p.r-i.orl ty targets . 

These operations were almost exclusively based upon suritace 

prospeciting and grovind and eventually ;.ii.rljorne E.M. surveys, to 

identify and screen oirt prospects, and then to si.to dril Iholc-s . 

With the benefit of hindsight^the following difficulties can be 

seen to limit the effectiveness of E.M'. Surveys. 

in low lying areas, widespread conductive c>verburdon 

masks response and limits effective depth penetration, 

competing features including abundant faults, conductive 

country rock types and conductive alteration zones, are 

as responsive as target mineralisation and discrimination 

of anomaly source is often impossible. Thus surveys 

generate a large proportion of anomalies unrelated to 

mineralisation .At some prospects drilling revealed no 

ol-)vious anomaly source. 

The continued introduction of upgraded E.M. technology to solve 

problems with that in use, and repeated resort to high-level 

consultancy implies that the difficulties relate to a basic in

applicability of the technique in this particular environment, 

and allows the suspicion that Oman was in part used as an arid 

testing ground for unproved technology. The operators'" persistence 

may be attributed firstly to a basic faith in E.M. which has been 

so effectively proved in the Canadian environment,and secondly to 

the limited range of alternatives available within the exploration 

style adopted. 

In favour of the E.M. approach it must be noted that the evidence 

suggests a great effectiveness as a primary screen. That is,-if 

massive mineralisation is present even in snuill qu:intitios, :ind 
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siiallow, an anomaly will be ret.'.orded. (If there is no anomaly, 

the particular surface fe;Lture is likely to be unrelated dirtH.-tly 

to mineralisation, and this would fulfil the operators' .screening 

criteria during the ea.rly stages.) Other parameters, however, 

may indicate the need of deeper testing. There are also a few 

recorded exceptions where sulphides were not identified by the 

E.M. For example, the E.M. anomaly at Bayda is probably the 

response to an adjacent fault,with very weak response to the 

mineralisation. However, relatively new Australian and 

other technology is claimed to operate more effectivoily in tl-\e 

arid-saline surficial environment and further orientation studies 

are proposed. 

Similarly the effectiveness of geochemical wadi sediment samipling 

may be seriously questioned on both technical grounds and the 

inconsistency of field results. While strongly developed gossatis 

and ancient mining and smelting sites'are sharply anomalous,with 

dispersion trains of the order of kilometers in length, response 

to smaller deposits is much less miarked. 

In an ai'id environment of predominantly mt;clK.inica.l. weathering , where 

clay and residual soil development are negligible, chemical 

dispersion is slight. Furthermore, transport of rock fragments 

is effected by sporadic but violent, slu-ot tlow, gr;rins coni;iining-

mi neral i sation , likely to be.widoly d.i.spcrrsod and tMu.)rmously d.iluied 

by barren sediment, preventing tlie development of regular anomalou.s 

patterns. 

C;omments on otiier tecluii ques w(-;r(; nol,(!d in I,he; dc-l.u, i 1 od df.-sc ri p t i rjn 

of copper occurrence and exploration. 

It is,considered that the combination of the foregoing factors is 

likely to have led to the rejection of concealed or weakly out

cropping mineralisation on the basis of inadequate immediate response 

Carlson,(H.D. 1977; "Geology of the Semdah - Lasail Area". Unpub. 

Rept. Prospection (Oman) .Ltdj^ in an internal review of exploration 

strategy, stated in support of a more geol oj.-; i cal 1 y s(;nsitivo and 

wider ranging approach to exploration, that "Past oxj-jl orati on 

practice has been to establisJ-i narrowly rcs1;ricted grids 
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over precisely defin(;d t:rrgets .... and to ignore^ oven the iinmedintely 

surrounding envi.ronment. This is short-sighted, wasteful and sell-

defeating practice". 

We consider that this exploration practice, which attemptcu;! to 

define superimposed anomalies by a variety ol exp I o.rat i on techniciues 

and thei'oby a specific drilling target, was correct in the early 

phase of exploration. However, with the growth of knowledge of the 

environment of mineralisation and the dcKflining success rate ;u"hie\'ed 

by these means, it is now appropriate that exploration be directed 

towards geologically defined targets, supported by selected geo

physical and geochemical surveys^ in the search for concealed or very 

weakly exposed deposits. 

This change in emphasis would be assisted, and greater drilling 

efficiency would be achieved, by the use of a percussion drill. 

.Percussion drilling costs per metre are less than half diamond 

drilling costs, and a much greater rate of advance is possible. 

A percussion rig could be used for general tests of subsurface 
l-r, 

geology and,precollar diamond drill holes testing specific targets. 

Status_of _Copper_E.xploration_Coverage 

The situation has been reached where an effective first pass has 

been c;ompl.eted through a 1.1 areas ot iri.gliei- pi-c.ispec ti v i ty . It is 

unlikely that major ore bodies outcrop in the are;is surveyed. 

Abundant mineralisation ha.s been identi:ried particularly in the 

north-eastern range-front. The most attractive areas have been 

retained. However, parts of this belt relinquished in 1978 have 

not been re-evalOated In the light of current appreciation of the 

mineralised environment. In other areas the detail of prospecting 

is incomplete, as weak surface indications, low order anomalies, 

remote features and spot geochemical peaks have not been followed 

up satisfactorily. Consequently considerable potential remains. 

Ilowovor, it i.s in thi; nor th-oa,s to rn .scotrn- th;.U, I.IK.- }.':ro;j. I, t.-s t 

potential is seen fo:r successful detailed oxj) torat ion , for t he-

following reasons : 
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density of mineral deposits known (almost 100 

copper occurrences known oirts 1 de of areas held 

by OMCO) 

Incompleteness of detailed surface p:r(js|)(.'c t i ng 

-' .growi.nfj,- und(..;r.s tanding ot dotal led (-!;<-<'1 e!-';.i <;a. "I 

controls and environments of mineralisation 

documented structural complexity which allows 

a strong possibility t o r the ciccnrrence (vt 

t) 1 i nd deposits ov .s t laic. I u ra. 1 1 y otl'sî t oxtonsions 

to known deposlt.s. 

^!!:5:^H§_°^_I^^P-'-'-'l!^l:i°!2_2i_9!t!22I_^2[D!r2^iti2-!i 

1. E.xplorati on for (.;hromite ha.s been demon.s trated to be mcj.s t 

effectively carried out by simple drainage and outcrop 

prospecting. Current trial operations apparently confirm 

the ease of establishing small scale mining developments 

yielding clean direct-shipping ore. 

The spectacular success of recent undertakings in identi

fying new occurrences results from : 

the abundance of occurrences and 

- ' the limited extent of previous exploration. 

Accordingly the immediate, establishment of 

a compact, continuing chromite prospecting 

operation is proposed. 

2. Low grade lateritic Ni-Fe concentrations are known and 

because of their extent, others are unlikely to be found. 

Local economic factcrs encourage the continued economic 

evaluation of these known resources. 

3. ' Magnesite, chrysotile asbestos and man nese oxides are 

known to be locally concentrated in the ophiolites and 

associated sediments. While the favourablillty of the 

environment is demionstrated, these occurrences are of 

subeconomic tenor and from present Information we are 

not optimistic that economic deposits await discovery 

(possible exception magnesite). 
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4. Potential is seen for phosphate, lead-zinc, barite and 

gold mineralisation, but not supported by documented 

showings or significant exploration. Res(;a.r(;h is required 

in potential host rock sequences to confirm the favour-

ability of the environment, before systematic exploration 

is undertaken. 

Evaluation of data generated in the regional mapping project will 

considerably advance our knowledge of each of these commodity areas 

RECOMMENDATIONS FOR FUTURE MINERAL EXPLORATION 

1^ OY55^l:;]:;_§I?^T??9Y 

It is clearly apparent that in the short term (5 to 10 years) the 

most significant mineral exploration priority facing the Sultanate 

of Oman is the upgrading of the Lasail Copper Project by increasing 

reserves of available copper, where possible by exploration and 

discovery. 

The most prospective area for achievement of this goal, on purely 

technicat grounds, is th(o belt of ophiolitic e.xtru.sive r(K;ks 

extending along the northeastern range front. As second priority, 

smaller areas of (3quiva,lent rock units along the soutlu\rn and 

south-western range froiits are also mineralised, Ini t Iĉ ss abund;uitly 

and carry a substantial logistic and infrastructure burden compared 

to areas adjacent to the Batinah Plain. However, for reasons noted 

in the previous section, the greatest economic potential to advance 

the Lasail project is considered to exist in the north-eastern 

range margin. . 

Accordingly it is recommended that the highest priority be given 

to acceleration of exploration effort in this zone. This may be 

achieved by the following courses of action : 

Letting of a contract for the detailed 

exploration of copper areas 1 and 2 of 

Leggat,(Leggat A.P. 1980; "Copper Ex

ploration - A proposal for future work" . 

Unpub. Ministry Report in supporl: of 5 
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2300 sq.i<;m, licco.rding to spocilica t ions 

defined in section 5 below 

Promotion of accelerated exploration 

expenditure on this target, by OMCO with

in their Mining Licences 1, 2, 3, 5, 6, 

7 and 9. 

In the longer term ( 5 - 1 5 years) planning of Ministry exploratory 

activities should be with the objective of comprehensive assessment 

mineral resources of the Nation, and promotion of mining developments 

where feasible. Recognising that no program or planned strategy 

can ever finally complete this task, we propose the following 

general approach as the most cost effective and ti/me-efficient to 

reach an advanced stage of understanding. 

During the current 5-year plan period it is recommended that 

operations be directed in a general area which can be described 

as upgrading the National economic geological date" base. Specific 

programs are suggested below. 

The regional mapping program will contribute enormously to this fund 

of geological and geochemical knowledge and should be supported by 

specific pro,jects to provide over the next 3 to 4 years a sound 

l.)asis f(jr a wide range of commodity oriented explora t ioi-i ;u'ti\-ities 

during the followng 5 year period. There will also of course be 

particular targets and prospects generated by the mapping and from 

other sources,to be evaluated over the whole period under discussion. 

It is both technically and economically essfjntial that systematic 

regional exploration prpjects be delayed until the c;ompletion ot 

the mapping, for the following- reasons : 

much of the value of geological and geochemical data 

acquisition of the mapping program will only emerge 

towards its conclusion, in the compilation, e\'aluation 

and interpretation of all data from the whole area, 

information required for effective exploration operations 

will be provided by the m.;:ippi nj;- program, and coordination 

of the timing a,nd location ot the; two operati.ons to avoid 

duplicat.ing this work would be imposs i 1)1 (.•;. 



- V2 

- .Given this region's attributes of abundant rock exposure 

and perceived uncertainties with most geophysical and 

geochemical techniques whicli have been used, it it en-

• vi,saged that geological criteria of area and target 

selection will play on increasingly important role. 

Thus it is logical to await the substantial upgrading 

of this information from a project which is already 

committed. 

Support of this data gathering phase is recommended in the 

following- areas : 

Investigation of potential mineral environments. 

Upgrading of data organisation - maps, photos 

and bibliography. 

Acquisition of e.xtended colour aerial photography. 

F.xtensi.on of the mapping (.;ontract(;.r' s La.ndsat 

iina.t;-(.'ry i n t(;r()retat i on , wi.tli ompha.s i.,s on mlner:i. I 

occurrences. 

Documentation & recording of known mineral 

occurrences. 

Mi;;a.ns ol support could include: 

field investigations 

support of Ph D and other research studies 

departmental organisation of existing data sources 

p h o t o g e o 1 o g :i. c a 1 s t u d i e s 

orientation studies of new explcration technology ,-

(particularly geophysical) 

organisation of technical assistance schemes. 

Specific projects are suggested for various commodities in the 

Assessment of Exploration section, and many other such technical 

studies could be devised. 

We emphasise our belief that, as one cannot plan for ore discovery 

only :for mi.nera. 1. search , eqtia. 11 y 1:11o g(̂ nov,1.1 pro[.';r;un o F rê sou i• c(• 

(}\/;i I U .'I I i n n in I re- I l-< . m M -i n r I , . v i I > 1 , , l , - l ., • .. I, l . , ; . . .1 1 . 
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response to clianging economic conditions or to changing technic;rl 

appreciation arising from the ever improving level of geological 

knowledge. Accordingly this longer term plan is coined in only 

general terms. 

More specific recommendations for the immediate future are : 

-ĵ  GEOLOGICAL SURVEYS, EXPLORATION RESEARCH 

By 1985 the S(̂ mail Opiriol ite Complex will have been complott^ly imippod. 

New prospects and deposits of copper, chromite and possibly other • 

commodities (asbestos, magnesite) will; have been discovered. However, 

by the nature and scale of the survey it is impossible to guarantee 

the discovery of all deposits (for example, new discoveries continue 

to be made in the United Kingdom, which has been geologically surveyed 

in progressively larger scales for nearly a century). 

The contract mapping of the complex should therefore be regarded as 

the starting point from which more specialised and detailed mapping 

of the most prospective parts of the region can be undertaken . 

Prospec;tive poto:;ntial of an area will Ire determinc^d in thi; light of 

studies of the s t:ruc tura.L, lithological and i-(;gioiKil distribution o 1" 

known mineral deposits together with new data acquired during the 

planned regional surveys. 

In th(; rne;i,n t i mc; we l:)e.li eve there is a st.roiifv c;\so t o r coniiiuu\l 

research on geophysical techniques and geochenrical surveys as applied 

to the local environment. Geophysical E.M. methods have proved to be 

highly sensitive to some coclucting agents associated with orebodies, 

as at Lasail; and we \ )ol±cvo that by firrthor i n vc-s t i (..'.at i on It may 

become possible to distinguish those anomalies due to mineralisation 

from those caused by features unrelated to ore. 

2. STAFF TRAINING 

To ensure the most efficient participation in the next phase of 

geological investigation by the Government of the Sultanate of Oman, 

plans must be made as soon as possiljlo to pro-pare stall of th(,-

Goologlc;al Section for this task. This can bo dono by utilising 

the agreement with the organisation responsible for the 1981-85 

geological surveys to train Department of Minerals staff in field 
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and laboratory techniques. Where considered necessary, staff can 

also be seconded to organisations -willing to provide training, for 

example the Bureau of Mineral Resources.Australia. It cannot be 

emphasised too force:fully that successful participation in more 

detailed investigation of the Semail Ophiolite Complex will require 

a high degree of geoscientific knowledge and expertise. 

3. SPECIALIST AIRPHOTOGRAPH SURVEY 

The Semail Ophiolite Complex is magnilic(.̂ nl. ly exposi^d, and thus 

well suited to detailed photogeological interpretation. We strongly 

recommend acquisition of quality coloured air photographs at about 

1:20,000 scale of the entire part of the Sultanate occupied by rocks 

considered prospective for non-hydrocarbon deposits. 

A systematic appraisal of these photographs would require about six 

months and should be conducted independently, and irrespective of 

similar work undertaken during the regi'qnal mapping/exploration 

program. The objective would be to identify the following types 

of mineralisation : exposures of massive Fe-Cti sulphide gossans, 

chromite and dunite host rock bodies, magnesite veins, manganiferous 

beds other base metal gossans and associated structural features. 

4. CHROMITE RECONNAISSANCE 

Wo strongly recommend that systematic prospcH.v1: i ago t :rtl a\ailabh^ 

peridotite areas be undertaken. We propose that l:his could bo 

effectively carried out using prospectors,with geological supervision 

Ideally, experienced prospectors may be available from amongst the 

Turkish miners currently engaged in the Nakhl mining operations. The 

The supervising geologist would be responsible for do(:;um<;n ta t i (-jn and 

evafnation of discoveries, and direction ol the pr(;j(.!Ct, based on 

photogeological area selection where colour photography was available 

A prolonged, small scale operation is envisaged. 

We support Leggat's comments (Leggat, A.P. 1980 "Chromite in Oman -

A Review of Work Done and Proposals for Future Work". Unpub. Ministry 

Report) concerning deposit evaluation and beneficiation testing, 

although the division of responsibility between the Ministry and 

OMCO is a matter for resolution elsewhere. 
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5i^ CONTRACT EXPLORATION PROGRAM 

Exploration on contract by consultants was reviewed by A.P. Leggat 

as a study of the 1981-5 five year plan cost schedules. The review 

is comprehensive and informative; we agree with it, and.offer the 

following specifications for the program ; 

It is strongly recommended that preference be given to organisations 

which include mining amongst their activities. 

(1) Terms ol' Iteference : 

Following the successful exploration of parts of the Sultanate of 

Oman, which led to the discovery of exploitable deposits of copper 

and chromite and prospects of asbestos, magnesite, manganese, and 

iron ore, it is the Government's intention to invite tenders to 

carry out an exploration of the parts of the Semail Ophiolite Complex 

shown in the accompanying map. 

(̂ 22_Timing_j_ 

The company awarded the contract will be expected to commence the 

reconnaissance phase of the project immediately the contract is 

signed, completing fielrl operation.s and submitting a pre I i m i na.7-y 

rf-'port by l;h(; ond ot 1985. 

ii^l_9!ZJ22i:lY25_2i_i:!22_I^I2J22l:_l 

(3) 1. To study the environment of the known copper deposits with 

particular refe:rence to their structural relationships, 

spatial distribution and lithological affinities. 

(3) 2. To apply knowledge acquired from this study to delineate 

tlu.) most prospective parts o:t tin; ar(.;as. 

(3) 3. To continue, limited orientation geophysic;al, and geo

chemical surveys to determine the mose" efficient, ex

ploration methods for the Semail Ophiolite Complex. 

Consideration of the applicability of Induce Pola

risation (IP) and Self Potential (SP) and Sirotem 

type E.M. techniques over known orebodies is recom

mended. The research to be conducted in conjunction 

with a review of past work and in consultation with 

gOoscience staff of the Oman Mining, Company.-' 
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(3)4. To cai'ry out a. s(.';i,rc'.h Icjr viable.^ coppcM- orebodies. 

(4) Training of Department_of_Minerals_St.aff^ 

Provision to be made for the training of Oiiiani gooscientis ts of 

the Department of Minerals in exploration methods with emphasis 

on field exploration techniques. 

(5) Mineral Rf.)Sourc.o Assossmcuit : , 

In the event of discovery of mineral deposits or the discovery ol 

extensions of known deposits, investigations to bo carried to a. 

stage where a preliminary or provisional estimate of the indicated 

reserve tonnage and grade can be made. The. contractor will not 

be required to make a final evaluation. 

(6) Exploration Priority_j_ 

Copper is being mined at Lasail mine and a treatment .plant and 

smelter are being constructed nearby. Top priority should be 

given to the search for copper deposits close to liasail . 

iZi__L:^^2I^t2£y_1^5:2iii!:y_J. 

The contractor will be required to make use of available Ministry 

facilities for sample preparation and analysis ot g(H)ciieiivic.;rl 

samples, drill samples and petrographic samples (which will be 

charged at appropriate commercial rates) unless mutually satis

factory alternative arrangements are made. It is anticipated 

that a full range of services will be available. 

Quarterly and'annual progress reports will be produced during the 

program. The quarterly reports will describe the areas investigated, 

the exploration techniques employed, and the results (if any) of the 

investigations; the annual report will pres(;nt a compr-ehf.-nsivc- account 

of the year's work and an outline of the tollowlng year's proposed 

program. 
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(9) Program_Managemei2t_^ 

'Throughout the project, explonrtion will bo carried out to the 

satisfaction of a program coordinator ;i.ppoint(jd by the; Ministry 

of Minerals and Energy. The contractor will be required to 

maintain close liaison wi.tli tht; progr;i.m co(vrdina to.i" and a 
' I 

representative of the Oman Mining Company. 

il51_'ii^2!2i!21.;_l^£222!:!^!^2_l ' 

It is intended that detailed technical ^information be made available 

to prospective contractors. Communication with 

is advised during preparation of the tender. 

CONCLUSION 

The foregoing recommendations apply irrespective of whether 

exploration i.s conducted by mining companies in joint venture 

with the Government of the Sultanate of Oman, or by contractors 

on behalf of the Government. In either case interest in mineral 

potential is likely to be generated by the additional knowledge 

acquired .during the regional geologic;xl survey, the exploration 

project and the photogeological survey. 

This has been experienced in most mineral producing countries 

since the early 1950's when the era of modern mineral exploration 

commenced : areas investigated by Government geoscience surveys 

invariably attract mineral exploration interest. 

T.J. IRELAND. DR . R. G. DODSON 
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PROPOSED U. S. GEOLOGICAL SIT.VEY PLAN FOR 
PARTICIPATION IN THE DEPT. OF MINERALS FOR 
THE MINISTRY OF PETROLEUM AND MINERALS, 

SULT.ILNATE OF OMAN 

Thi^ i s a work plan which could be undertaken by the Li. S. Geological 

Survey to c a r r y out the M i n i s t r y ' s o b j e c t i v e s in mapping and eva l ua t i on of 

the S u l t a n a t e of Oman's mineral r e s o u r c e * . Most of the o b j e c t i v e s of the 

tiUpping Program could be completed under the fo l lowing g u i d e l i n e s : 

FIELD MAPPING 

I s t S t a g e . Area B (South Muscat Area) would be the f i r s t a rea to be mapped 

During the f i r s t y e a r , a t l e a s t two f i e l d CMtpa would be e s t a b l i s h e d and at 

l e a s t 3 to 4 s e n i o r g e o l o g i s t s would a t te tapt t o map 6 1:100,000 s h e e t s . 

Corapiiat iun o i p rev ious napping and photogeology would be c a r r i e d out on a 

le .rsi 5 1:100,000 s h e e t s . Following the end of the f i e l d season , at l e a s t 

10 s h t t t : . ' o u l d be plott t^d on chronof lex g r e e n l i o e sheet.« and be ready to r 

rt ; ..; by tlio end v̂ f the y e a r . 

:Jnd S t a g e . A r e a ^ (Sooth ."-tu.scat) . The same groups triat s t a r t e d Area B ( i 

CO 4 s e n i o r g e o l o g i s t s ) would coiq>l«;Le the remaining 8 IrlOO.OCK) she<us 

d u r i n g Che second y e a r . A s<'Cond group (3 to 4 s en io r g e o l o g i s t s ) would 

se t up two camps in Area A (Buraimi-Rustaq Area ) . During t h i s second f i e l d 

s e a s o n , a t l e a s t 3 1:100,000 s h e e t s w i l l be mapped in the f i e l d . Followint> 

t h i s f i e l d season , at l e a s t 13 s h e e t s would be p l o t t e d on chronoflex green

l i o e s h e e t s and be ready for f^view by the end of the second yea r . 

j rd S t a ^ e . All quadrangles in Area B would be given a f i na l f i e l d check by 

the geoiiigi si.s working in the a r e a . This could take up to hal f the t i e l i ! 

.sea.sor,. Fol lowing the f i na l f i e l d c h e i k , one camp wi l l be set up m .-wvn C 

Hi.; ;:i.<ppiiig would coiiC uiue u n t i l ;.;-..- ^^ur shecf.s in i'•< .'tt.-.t wore tir;;.s!M.i. 
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i r d Stage (cont.) 

The Area A group would con5)lete the remaining 5 sheets of the Buraimi-Ruat.aq 

area. One camp would be set up in Che H^u»hi Huqf area and at least 2 or 3 

l:lpO,000 sheets completed. At l«fa«t II »)tie«t8 wpuld be plotted ouchrorvqflex 

green 1 ine. and be re.ady fo.r editpridil reyifw* 

^th Sta^e, All quadraiij^Us in Areas A IJC Vpu^^^^V^ ^vea a filial field check 

during the first k n i t o t th^ season. Two fi«ld camps In Area D (Haushi Huqf 

Area) would C90plet.t tha field nappiag. A vingU canp would be set up in the 

Dliofar Area(e) and coopleCe at leaBt 3 ahacca. At least 8 chronoflex greenline 

sheets would be ready for review. 

5th Stage. Two or three field caaapa would b« >at up in Area E and the remain

ing 9 quadrangles would ba mapped. Final field check on Area D would be made 

in the first half of the seaaion. Kuria Muria Island would be mapped, personnel 

permittiog. At least 10 sheets would be plotted on chronoflex greenline and 

be ready for editorial review by the end of the year. 

6th Stage. Final field checking of all areas and completion of mapping leii 

unfinished because of logistic problems. Cos|>letion of Diiofar Map 1:500.000. 

Area G would be checked by helicopter for ground truth. Nearly ell of the 

sheets would be plotted on greenline chronoflex and be ready for review. 

The plan for mapping is somewhat flexible and depends on availibility 

cf peuMJi LO carry out the mapping as well as the logistic support. FieKi 

support will require approximately 60-80 days of helicopter support. After 

thi" 1st stage, at hfast 3 to 4 field camps will be operating during the 

fiV1d season. 

ivase .'lat.erials for Mapping: 

t'ncoatrolled mosaics 1:60,000 will be made from RAF photos now available. 
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Base Materials (cont.) 

if rom this, negatives will be made and the mosaics reduced to 1:100,000. .Hap 

compilation will be miade simulcaneously on the-photo mosaics and greenline 

chronoflex. Photo mosaics will be produced prior to field mapping yhere 

possibi^e,. 

Landsat iiw|iery of tha 16 ipff^ c<>y«rJU»g 0 a m will he ctutpiled at 

1:1(K),()00 and 1:250,000. Forvat for fifial conpilatipn to he according to 

the Ministry's wishes. 

All photoQiBOlogical atudias will ba acco^paniad by ground truth in 

areas where it la lacking. 

W(b expect to receive cooperation froa the Directorate of Military 

Surveys, Great Britain, for base w a f t at 1:100*000 which will he converted 

to greenline chronoflex copies vitbouc air<>bruah topography. 

CtOCHEMICAl. EIPLORATION 

Systematic sampling of units will be made to establish back^^round con

centrations of important economic elaaenta. Those igneous units nf the 

Samail ophiolite will be carefully collected to establish Cu. Pb, Zn (Au, 

Ag) anomalies and their relationahip to kiuMm massive sulfide deposits. Pt, 

Pd, Rh assays will be made.on sulfide aai^lee from the lower parts cf the 

layered gabbros. Dunite areas with chromite concentrations will be a s s a y e d 

for Cr-Fe-Al ratios and geophysical methods employed to establish the size 

ot the body. Sedimentary rocks will be carefully inspected for radioactivity 

by using vehicle-mounted detectors or hand-held scintillometers. Pannijd 

concentrates will be analyzed from stream samples to establish anomalous 

value.s by emission spectrography. 

Where there are areas of anomalous values and surface expression oi 

mineral t/at ion, detailed g.eochemical studies will be made to estjbii.sl L:.. 

presence of possible ore bodies. 
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General petrographic studies will be made of each unit to establish .its 

physical nature and econmoic potential. Special studies of sulfide deposits 

by ore microscopy and alcroprobe will be undertaken. Uorti on presently 

minied sulfide ore bodies can help establish the nature Qfiiia^^ 

Age of sedlnantary rock unica vill be establishad by careful sticrp and, 

macro paleontplogical studies. Absolute agea on igneous rocha will be made 

by R/Ar techniquea and where needed, supplaoentary detertaioatioos using Pb-U 

or RbrSv methods. 

Analytical work for the geochemical aaploratioa will ba 4onm in the 

laboratories of the U.S.G.S. in Denver and Henlo Park. Z t d ^ ^ o n apectrography, 

x-ray spectroscopy. Rapid rock aoalyaas (wet methods), Cii^ aasay, and flame 

Atomic Absorption spectroscopy will be uaad\ In aosae special caaas, we will 

also use neutron activation analyaes. 

We hope to have a geochemical exploration expert guide the saapling during 

the field season and he will help train Oaanls to carry out this work in the 

future. During Che 3rd Stage, a apacial team will carry out Geochemical Explora

tion of the Husandam Peninsula sediments and a separate report prepared. 

Prior to commencing our geochemical work, we will compile all presently 

known information and establish the best procedures and collections for each 

quadrangle. Known deposits will be studied for background and target areas for 

intensive study and sampling. Before starting GX programa, we will i,oi..uU 

with geologists in the Department of Minerals. 

Geologists carrying out mapping will note interesting areas cf minerali

zation or structural features that could control mineral deposition. 

All potential mineralized areas wi. I be tabulated and classified 

according to their potential. An experltmced economic geologist will produce 

a synthesis of the geochemical exploration for Oman as a separate report with 

recommendations for future work. 
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LABORATORY SUPPORT 

Nearly a l l of the chendcal work y i l l be c a r r i e d o u t in the U . ^ . ^ . g . ;, 

l a b o r a t p r i e s a t Denver o r Msnlo Panriji, V*S.A. We wpuld hope t o h e l p tha 

Dejpartment of f l lne ra l s a e t vp a i a a p l a p^taparat ion Ij^^oratpry and perh/t^s 

t r a i n an Omanl t a c h n l c l a o t o «ia|(p thlia i«c t iP!n« . Spsie j|^,|Crogra|phlc stiif|^la«> 

woul^ be made i n Oman, bu t tha l o r e e x a c t i n g work would be accomplished 

in the U.S.A. 

F i n a l d r a f t i n g of 1:100,000 maps would be. c a r r i e d out by the I ' .S .G.S. 

in Washington, D.C. under the s u p e r v i s i o n of exper ienced draftsiatin. Dra f t ing 

f a c i l i t i e s w i l l be needed in the U.S.G.S. o f f i c e in Muscat t o support work 

of the f i e l d mapping. ,̂  

TRADtlHC PBPCRAM 

The Department of Minera ls w i l l s e l e c t Omanis wi th a t l e a s t a B.S. aegree 

for advanced t r a i n i n g in tha U.S .G.S . The t r a i n i n g w i l l be c a r r i e d out a t the 

Menlo Park . Denver, or Washington, D.C. Centura under Che siqyervision cf CIC. 

Laboratory s k i l l s in minera logy , p e t r o l o g y , g e o c h c a i s t r y , and paleoocolof.y a r e 

a v a i l a b l e . Pe r iods up to s e v e r a l apotha w i l l be spent in the f i e l d working 

with U.S.G.S. g e o l o g i s t s on s t r u c t u r a l geology, economic geology, igneous 

or metaoKirphic p e t r o l o g y . These same Omani g e o l o g i s t s w i l l work in the f i e l d 

wi th the U.S.G.S. team dur ing the f i e l d season and c o n t r i b u t e to the napping. 

We w i l l a t t empt to t r a i n t e c h n i c i a n s for f i e l d a s s i s t a n t s , p r o s p e c t o r s , or 

l a b o r a t o r y t e c h n i c i a n s The U.S.G.S. w i l l p rovide he lp in s e l e c t i n g a p p r o p r i a t e l y 

q u a l i f i e d c a n d i d a t e s . We can a l s o p rov ide he lp in p l a c i n g q u a l i f i e d si^jdents 

«u ;,L S. A, u n i v e r s i t i e s to c a r r y on advanced s t u d i e s in geology.. 
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REPORTS a FINAL PRODUCTS 

The project Chief will provide a written monthly report to the Depart

ment of Minerals as well as infrequent discussions on progress and problems. 

if̂  more detailed annual report will be produced to highlight progress in 

loapping and geochemical exploracion. 

For each quadrangle an inked chronoflex edited copy will be produced along 

with ai least one colored ozalid copy to be used for final drafting. Each 

1:100,000 sheet will have at least 2) typewritten pages of explanatory notes. 

We estimate at leaat 10 coef>leted sheets with explanation will be produced 

each field season. 

After the approval of the Department of Hinerala, the sheets will be 

sent to Washingtoiii, D.C, for drafting and printiag. Colored proofs will be 

reviewed by the Project Chief and designated e]q>ert in the Department. 

Format of each sheet will follow that suggested In the Ministry's 

program specifications. All reports and maps will be reviewed tp conforn to 

the standards of the U. S. Geological Survey. Maps will be similar in quality 

to the attached copy. Detailed aspects pf the format will be negotiated by 

the Project Chief and designated expert In the Department. 

Special reports on remote sensing, mineral potential, geochemical exphua-

tion, and geologic framework will be developed in the final stages of the 

project. From time to time, other specialized reports will be produced. 

Final printing and distribution of maps and reports will be controlled 

by mapping schedule and drafting schedules. 

PAST U.S.G.S WORK A.SID THE POTENTIAL FOR FUTURE STUDIES 

Continued cooperation between the U. S. Geological Survey and the Ministry 

of Petroleum Minerals, Sultanat*: of Oman, will produce new and important 

gt '1 ';',ii data relevant to the eronomic development of Oman and will provide .i 

hn.::,y. for tiainiui', '̂ f Omani geolof.ists as well as helpinfi in the e.st abl i shmeiU 
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of a t e c h n i c a l l y s t r o n g Min i s t ry of Pe^troleum and M i n e r a l s . For the L'. S, 

(k tolpglcal Survey, t h i s would prov ide a cont inued o p p o r t u n i t y to work on the 

y o r I d ' s b e s t ejqposed o p h i o l i t e OkSSS ( a n c i e n t oceanic c r u s t ) as p a r t of pur \ . 

i n t e r d i y i s i o n prpgrap, on ps ta l lof ie f i ic p r o c a s s a s a t sprei iding c a n t e r s . The 

Oman f i e l d wprk dould proyidi(> an a;Ri^fll<Mit t r a i j a ing ground for the fu ture 

s t u d i e s of s p r e a d i n g c e n t e r s chrou|jbout t h e o c e a n s . P a r t i c i p a t i o n by U.S.G.S. 

g e o l o g i s t s in mapping w i t h i n t h e S a a a i l o p h i o l i t e i n Oasn would a l s o provide 

ano the r Important t i c to t h e p r e s e n t U.S.G.S. r e s o u r c e s p roces se s program oo 

the s tudy of massive s u l f i d e d e p o s i t s . The exchange suule by t h i s program would 

s t r e n g t h e n the f r i e n d s h i p and coope ra t ion between the U.S.A. w d the S u l t a n a t e 

of Oman and would a l low mutua l ly b a o e f i c i a l c u l t u r a l and a c i e n t i f i c exchanges 

\. 

t o take p l a c e . 

The f i r s t agreement wi th Clean was c a r r i e d out d u r i n g the win te r f i e l d 

season of 1973-1974 by a two-man U.S.G.S. team (R. C. Coleman and £ . H. Bai ley) 

as pa r t of a s h o r t - t e r m i n v e s t i g a t i o n of the minera l r e s o u r c e s of nor the rn 

Oman and t o t a l l y funded by the M i n i s t r y pf Development, S u l t a n a t e of Oman. 

Upon complet ion of t h i a work agreeswnt * a r e p o r t was substicted to the Min i s t ry 

(Coleman aiui B a i l e y , 1974) . Within t h i s r e p o r t , recoiOBendatlons were given 

fur fu tu re development of the snineral p o t e n t i a l r e l a t e d to the econoioy of the 

S u l t a n a t e of Oman as wel l as the o r g a n i z a t i o n of a geo log ic group in the 

M i n i s t r y . 

As a r e s u l t of our f i r s t geo log ic work in Oman, the U.S.G.S. mu N.S .F . 

became very much i n t e r e s t e d in the s c i e n t i f i c and economic problems r e l a t e d 

to the Samail o p h i o l i t e in Oman. A second per iod of f l u i d worl. cluriaj; 1977-

1978 was i n i t i a t e d under the f i n a n c i a l sponsorsh ip of the U. S. Nation.^l 

Science Foundation and the F i e l d (Jeochemintry and Petrolo;-y Branc f trie 

U. S. Geological Survey. This p r o j e c t had s c i e n t i f i c goals of ; t r o L i ^ i r , 

geochemical , and j^eophysical s t u d i e s of the Sam.iil o p h i o l i t e . A geo'.ot-.ic 
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transect through the Samail ophiolite from Muscat south to Ibra was the site^ 

for this work carried put by the Departingnt of Geology, University of , 

California at Santa Barbara (Prof. Clifford Hopson) and Che U. S. Geological 

Survey (̂,. Q. Cpleman and E. H. Bailey). The work on this project is cpa^leted 

aw^ includes a M ^ x 1 ^ Mi (1:100,000 spale) betifeen Ibra and 

Muscat (see enclosure). Thia Bpultidiseipliae project successfully integrated 

the work of 13 earth scientists froa tba U.S.A., Canada, and France which is 

published in a special issue of tha Journal of Geophyaical Saaearch, Vol. 66, 

1981. A sympoaiua on these studies wma bald at the Anerican Geophysical 

Union meeting in San Pranciaco in Paceaitar, 1979. Sosie of theae studies bear 

directly on the economic davaloppaat of ore deposits with the Saaall ophiolite. 

The present twtk plan will provlda aora iategraclom of tha past U.S.G.S. work 

into the mapping and geochewlcal aaploration program aov being considereo 

by the Ministry of Petroleiat and Mlnerala. 
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U. S. (JEQLOCICAL SURVEY PERSONNEL 

The project wil l consist of one Project Chief, seven geolpglstsvptie 

adinlnistrat ive of f icer , and one secretary fS permanent straff in ,Pmsn during 

:.cHe„]^ppi.ng prpgrfm-. ' Teorpprary :'d.(»ty'g/spl.i^ift|i: during.:-thf,^.l||̂ »pi|)g..,sneaa.p^^^ 

ovay be.'as'many, as. e igh t . • ' d d ^ y ^ ; : d : 

All technic ians , f ie ld a s s i s t s ^ t s , cpojui, and other helpers wi l l be 

hired in Oman. 

The U.S.G.S. wi l l develop office space and l i v ing quartera for the staff 

in Oman. No permanent f a c i l i t i e a wi l l be eatabl ished unleaa apeci f ica l ly 

requested by the Ministry. 
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BUDGET ( PiaiLIMINARY) 

Perspnnel 

Upusing . 

Office ^pace 

Travel 

Tranaport pf Gpods 

$ 3,600,000 

5,184.oqp 

5 76,OCX) 

1,800.000 

900,000 

S u b - t o t a l 12,060,000 

FIELD EXPENSES 

Camp Pquipnent 

Camp Opera t i iw 

F i e l d Caa|> Personnel 

H e l i c o p t e r Support 

Sub-total 

168.000 

576,000 

286,000 

1,920,000 

2,9^2,000 

Geochem 6 Other Lab S t u d i e s 1,031,000 

Hap Base-Mosaics Landsat 900.000 

D r a f t i n g a P r i n t i n g 1,100,000 

Admin- Support (overhead) 3.569^000 

Sub-^total 6 ,600 ,000 

T r a i n i n g of Omani Geo log i s t s 
6 people - 1 y r . in U.S.G.S. 200,000 

'iRAND TOTAL $21,812.000 
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FINANCIAL ARRANGEMENTS 

The U.S.G.S. work plan as outl ined shal l be carr ied out with lunda in 

the amount of f2l,812,000 United Sta tes do l la r s advanoed by the Miniftrj; i 

of Petroleum and Mloerals in accordance with the budget af|timates, in yearly 

increments. These ftsids SIMTI b* *4vl^|!e#4 b y ^ ^ ^ Hiin^^ formCs) 

of a check payiAle to the **V. 8. |G(iolpgi<»l Survey** in ag«fflc4*nce with the 

schedule c i ted below: 

a. The Ministry wi l l malia an i a i c i a l advance of I covering 

the f i r s t yea r ' s aatimatad bu4K»t upon axecutioa of the Project Plan. 

b . U.S.G.S. wil l provide the Miaia t iy , on a ( |uarterly b a a i s , a report 

of obl iga t lcns and aaipaadituraa far the funda advanced by the 

. Ministry. 

c. The Ministry will advance funda for the ensuing years' activity at 

least (90) ninety days before the end of the than current year. 

Such advancaa will ba in t^w amount M citeo in the pertinent year's 

budget estimate. 

d. Any unobligated balance pf a prior year's advance wi il be utilite"' 

in the ensuing year. Such balance will ba deducted from the ensuir.̂  

year's budget estisiata. 

The U. S. dollar amounts specified, and amendments thereto, arc baried 

Upon estimates of salaries, differential, allowances, expenses, equiprnewt, 

supplies, material, and contractual services to be provided tmdei this Project 

Plan and upon current prevailing costs; therefore, actual obligations and 

expenditures may differ from the budgeted amount. Should the actual cc-.r: 

increase over that stated in the budget estimates due to increase in stair 

cr c o s t s o t equipment, materials, supplies, and expenses, budget aiJocations 

and scope of work will be renegotiated. 
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SULTANATE OF MUSCAT AND OMAN 

rib. /^9. ^ 

General Background information 

Tha Snlianaia of Maacai and Oman ia aiiuated on ihe South 

Saaiam aoaat ef tha Arabian Peainaula batvaan 53^ and 60** E., and 

batvaan 16 and 25 N* It la bordered on the North by the Persian 

Oulf and tba Onlf of Oauua, en the laat by tha Arabian Sea, on the 

fioath-Wast by tba Aden Fedaration and on iba Vaat by the Trucial 

Statae and fiub-al-Khali (or Bapty Quarter). Ita area, estimated 

about 1,3C|(>00 aq. milea, iaelndes the town of Muscat, and the 

diatricta known aa the Bnua«^l-Jabal, Batinah, Dbahirah, Central 

Oman, Sharqiyab, Ja*alan and tha Dependency of Obufar. Except 

for amall atretcbee between Dibba and KbatsMt Milabah in the 

fibumalliyah in the North East, the eoaat line eztenda nearly one 

ihonaaad miles trom Raa-al-Keer maar Sbaaa en the Waat aide of'tha 

Maaandum Peainaula In tba North to fiaa Darbat All to the West of 

Obofar in the South. 

Topo«rfP''y 

Pbyaiaally, the Sultanate ef Mnaoat and Oman, except for the 

dapandanay of Dhofar, eenalata of three Diviaions; a aoastal plain, 

a moontala range and a plateau. Tba eoaatal plain Taries in width 

from tan milea in the naigbboarbood of Suvaiq to practically 

•othing near Iftiaeat tova where iba billa deacand abruptly to the 

aaa. The Oman mountain range runs generally from North West to 
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South test and reaebea ita graateat height in the Jebal Akhdar 

(er green swuataia) wbeae anamit ia about 9,900 feet. The mountains 

ara sraatly barren igneona reek but there are numeroua cultivated 

araaa • r aaaea where water ia plentiful. The plateau baa aa 

average baigbt ef about a ibouaand feet and ia aoatly atony and 

watarleas and extenda to iba aaads ef the daaart area known as the 

Kub-«1-Kbali (the Eapty QMsrter). The coaatline aeuthvard to 

Bhofar ia barren and forbidding. Tba principal town of Dbofar ia 

Salalab an the eoaat from which a aeai-oireular fertile plain 

extends io the foot of a ateep line of billa, aoae ivo ie three 

ibouaand feet high, whieh are graaay and wooded, and which form 

iba edge of a atony plateau alao aztending to the aande of the 

Bub-al-Kbali. 

Climate 

Annual rainfall ia about four inches in Muscat, though it has 

varied from leaa than two inches in bad yeara to over tvelve inches 

in good yeara. Tbe fall ia moatly in January though there are 

recorda of rain in any month. Ohofar ia aubject to the South 

Weat Monaoon and falla np to twenty fire inchea have been recorded 

in the rainy aeaaon whieh atarta in late June and laats till October. 

Whilst iba mountain araaa enjoy more plentiful rain, aome parte of 

the aeaat, fartiettlarly maar Maairab laland, aeaietimea reeeive no 

rain at all. Tbe elimate, generally, ia rery hot, with maximum 

temperaturea averaging 119 Fahrenheit in the hot aeaaon which ia 
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from May to October. Temperaturea aeldom drop below ^k in the 

cold aeaaon. 

Ponulatien 

Tba papulation of the Sultanate ia eatimated at five to six 

hundred ibouaand. A general aatimate would be a total of one 

baadred ibouaand far the principal iovna (Matrah 14000, Sur 60U0, 

Niawa 8000 and Muacat 5000)| three hundred and fifty ibouaand for 

the amaller towna and villagea and ana bnadred thouaand nomadic 

or aami-nomadic tribea. The population ia predominantly Arab 

except on the Batinah Coaat where there ara many Baluch and Negro 

elementa. In Muacat and Matrah, Khojaa, Hyderabadls, Hindus, and 

Balneb pradoaiaata. 

CoBuaunicatione 

Motorabla roada and tracks run fram Muacat along the Batinah 

Coaat to Sohar and thence to tbe Trucial Coaat. There are unpavod 

Boterable' roada to Niawa and Sur, whilet a number of feeder roads 

have been eanstrueted and are etill being developed. Dhofar can 

alao be reached by a notorable land route. There ia a landing 

ground for amaller aircraft near Muacat and a number of anergenoy 

airips alaavhera ia iba aeontry. Larger aircraft can land at 

Adhaiba, Maairab and Salalab but tba normal method of entry into 

the Sultanate ia by aaa or air via Muacat and penaieaion ia required 

for tbe uae of other air fAalda or porta or to travel on roada 

beyond a oartain diataaea of Muacat. Masara. Cable St Wirelesa 

operate both a public telegraph and telephone eervice at Muscat, 
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and there ia alao a Poet Office with normal air and aurface letter 

and parcel aervicea to any part ef the world. 

At preaent Oulf Aviation, a BUAC aubsidiary run a bi-weekly 

paaaeager air-aervioe connecting Muacat with the International 

Air-pert ef Bahrain and with all tbe Shaikdoma in tbe Peraian Oulf. 

Britiah India Steam Navigation nail and paasenger Steamers alao 

call regularly entering and laaTing the Oulf, wbilat Strick Line 

and other eargo ahipa from Europe, Auatralia and the Far-East call 

at approximately monthly intervale. 

government 

Oman ie an independent nonarchy and tbe Sultan, Said bin 

Taimur, born on 13th Auguat I9IO, exeerciaea abaoluto power. The 

auccaasion haa been hereditary aince the beginning of the present 

al-bu-aaid dynaaty. The Sultan ia aaaiatad in the capital by a 

Miniater ef the Interior, a Peraonal Adviaer and a number of 

Secretariea of Departments including External Affairs, Defence and 

Development. Walls (or Governors) are appointed by the Sultan for 

all the chief towna and diatricta throughout tbe Sultanate and the 

tribea aupply guarda or aakara though not neceeaarily from the 

aasM diatrict. A Joint Municipality of Matrah and Muacat towns 

auwafad by an Sxaoutive Officer adviaed by a Camaitee of leading 

bnaineaa-Ban, nndar the general aontrol ef an official appointed 

by tbe Sultan takea care of local government. 
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The Economy 

The economy ia almost entirely dependent upon tbe cultivation 

and export of dates, but uried fieh, limea, pomegranatea and fire

wood repreaent other exports. Imports are mainly of wheat, riee 

and textiles, but with increaaing wealth of tbe population, more 

ao-calied luxury guoda are finding their way into tbe markets. 

Tbe Fultan ia planning development of the country and hopes 

ara chiefly Teated in the exploitation of the countries oil reserves• 

Re ia alao known to be favourably diapoaed to geological exploration 

providing the right approach can be made. 

Taxation 

There ia no income tax, nor any Sultanate taxation other than 

the Cuatoma import duty and aakat (religiuua tax on produce) which, 

in tha Sultanate, ia eollected at 5% where irrigation ia carried 

on through valla, and at IC^ where it ia by "falaj". A amall 

Municipal Tax ia alao levied on tbe Talue of imports, and exporta 

through the ports of Muacat and Matrah, which provides the chief 

aource of income for the Joint Municipality of thoee two towna. 

Bavenue 

The rcTenue of the Sultanate ia alaoat entirely derived from 

cuateaa laTiee, which vary t rom 7%% on asaentiala auch as wheat, 

,rica, augar, aoffea and aetton piece gooda, to 75^ an dru^a auch 

aa opiun. There ia alao a levy upon exports of locally produced 

comaioditiea limited to 5^. There are no restrictions on export. 
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CEULUGY OF OMAN 

frevloue Work 

Little detailed work baa been carried oat within Oman and that 

whieb baa bean nndariakan baa been aimed largely at finding oil 

depoaiia. Leea (1928) was the firat to formulate any aubstantial 

account of the geology of Oman. He recogniaed tbe Havaaina aeriea 

overlain by the Semail Igneoua aeriea, the two rock formations that 

form the bulk of ihe Oman mountain range. Lees believed that the 

Bawaaina and Semail roeka formed major eoaponenta of a vast thruat 

nappe aamplax. 

Further work of a atratigrapbic and atruetural nature waa 

carried out by membere of the Iraq Petroleum company during the 

period 1940 to 1960. puhliahed accounta of investigations in the 

Oman mountain range have been provided by Huuaon McQugan and Morton 

(1954), Budaon Browne and Chatton (19^4), Hudaon and Chatton (1959) 

and Budaon (I96U). 

An excellent ayntheaia of tha geology of Onan ia recorded by 

Morton (1959) vho givea evidence for believing that Lees' ideas of 

thrusting ef the Bawasina and Samail onto the Arabian foreland from 

the aaat ara no longer tenable and that these formations are 

aniaehtanaua. Marten auggeeted that ihe abaotie atructurea typical 

af the aarpaniina and radielarliea af the Semail and Hawaaiaa aeriee 

derive through "effuaien tectonica" aaaociated with Upper Cutaceoua 

aarpentine axtruaiena. 
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Leea regarded the Oman mountain rangea aa a aouthem extension 

of the Eagroa nountains nappe aone in Iran. Morton believes thia 
- j . • - - • • . . • • 

^ theory to. be incorrect and auggeata that wnen^ faulting en a large 

aeala may have eauaad "detachment of the Oman erogenic aone from 

former eanneetiona to tba north and aouth**. 

Still more recent accounts of the atructure and biatorical 

development are given by Kuendig (1959) end Tachopp (1967). Kuendig 

in particular criticiaea Leea* theoriea in favour of a proceae of 

angceaynclinal gravity gliding af ihe obtataatrome and aheet type 

developing fron tbe break up of a donal atructure in the Persian 

Qulf area* 

Information pertinent to the geology of Onan ia alao given in 

pnblicationa ariaing out of Oreenwood and Laneye (1966) atudias in 

iba Trucial Statea and Berjdauna (1964) wark in iba B. Aden 

Pretectorate. 

Greenvood and Laneya' aiudiea are of particular interest in 

that tt»tyoffera the firat camprabenaiva puhliahed account of the 

aconoaic mineral petential of a part of the Oman mountain range. 

Small chromite depoaiia (leaa than 5000 metric tone) V T 9 diaoovered 

in Samail aarpentinite. Oxidiaed copper deposits of economic tenor 

(3J( W) bat onknown iennaga ara recorded from Bawaaina aaiaaediaanta 

intruded by quarts raina. 

Tbeir aiudiea land aupport to the thesia that the economic 

mineral potential of Oman ia likely to be beat developed in the 
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in tbe Semail and Bawaaina rock aeriea. 

Bbeil Oila activitlea in OSMU leading to tbe development of 

productive eilfielda ware alee Inatramental in producing the most 

eomprebenaiva geological map of Oman. Although much of tbeir work 

vaa eenfined to tbe deaert foreland their geologiata traversed the 

Onan mountain range and carried out a photogeological interpretation 

af tha mountain maaa. Thia reaulted in the accurate delineation 

of iba Samail and Bawaaina rock aeriee. Aa the Semail forms the 

bulk of the mountainoua area and ie eo^ioaed of aarpentinite and 

ultrabaaic rock typea tbe Shell geologiata were not too intereeted 

in tbe econanic implicationa ef auch roeka. However Sheila un-

pnbliabed nap of Onan renaina the beat effort to date and a copy of 

it would prove a moat valuable baaia to any mineral exploration 

pragranma. 

Begional Geology 

Oman ia diviaible into a north east mountain range and a aouth 

weat foreland adjoining the Arabian Shield. 

The Foreland 

Oligacane to Miocene aedimenta eaver moat of the foreland, 

together with recent dane aanda and aalty mad flata* 

In iba aauib waat pari of iba faraland a core of Lower paloaosoic 

roeka fama the Bagf-Bauahi awall. Bere Cambrian dolomites shales 

and aandatonea are intruded by rare baaalt dykes and abeets and 

pierced by aalt dome atructures. OrdoWician aandstones and shales 
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The Oman Mountain Hanae 

In the Oman mountain range the oldeat axpoaed formatlona are 

Peimian pbyllitea, baaic intruaivea and qoarisitea avarlain by Upper 

Parmain limaatonaa, 

^eaiianabla Triaaaic aediaenta continue the ealcareoua rock 

aaqnence and grade upwards into Jnrasaie aarla and dolomites. 

Tba Lower and Middle Cretaceoua aections are represented largely 

by daloaitie, radiolarian and crinoidal liaea4onea. The Upper 

Cretaceoua ia wall developed and forma the bulk of the Oman Mountain 

range. According to Morton (1959) the Upper Cretaceous coosiats of 

the aalcaraoua-metamorpbic aaqnence ef the Bawaaina Series overlain 

by ever 1,000 metres of the Semail igneoua aeriea. Accurding to 

Dr. Bewellyn of Univeraity College, London, and formerly on Sheila 

, aiaff in Osian, tha Semail underlie the Bawaaina a view generally 

agreed with by Oreenwood and Laney (I968). The Semail ia conpoaed 

of a auite af plutonic, ultrasMfic roeka together with their 

bypabysaal and extruaive rapreaentativaa. Feridotites, dunites, 

pyroxenitea, gabbroa and dioritea all occur. Oenerally they are 

anbordinate to the vaat aaaa af aarpentinite, auch of which has 

M:5dl derived from the ultrasutfic roeka. 

Greenwood and Loney (1968) believe that the gabbroa, ultra-

mafic racka and aerpentinitea are all eonpanenta af a pseudoatratiform 

alpine paridaiila-gabbro aamplex. They believe the aarpentinite 

derives from plutonic ultraaafic roeka rather than by extrusion 

directly from a peridotitlc er aarpentinic malt. 

A aharactariatie feature of tbe Semail acrpentinite ia the 

i i i 
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randOB aceurrance af chroaite blocka and lens at different vertical 

levels. The Bawaaina Seriea ia eloaely associated with the Semail 

and the. Lower Bawaaina aanpaaed af aberta and radiolaritea ia inter-

bedded with Semail Intruaive aheeta. Tbe Upper Havaaina generally 

everliea the Senail and forma a.diatinet lithological group of low 

grade aetamorphic roeka. Chlerite, epidote and garnet occur widely 

in either predominantly arenaoeaua er ealcareoua aetaaorphie rock 

auitea. 

Manganiferoua cberta ara aharacteriatic of the Bawaaina as ia 

the videapread eecurrenoe ef oxidiaed copper ainerala. 

Mineral Beaourcea 

Little ia known of the econoaic aineral reaources of Oman, 

the eapbaaia af its Halted exploration being placed an petroleum 

proapecting. Apart froa acattered travellera daacriptlons of coal 

depoaiia and hiaterical archaeological accounta of ancient copper 

workings, little can be gleaned fram puhliahed material. 

Fortunately recent atudiae ef the neighbouring Trucial Oman 

Bange do allow a eertain knowledge of the Oman aountain range by 

inferenee. Aa far aa baae aetal aineraliaation goea the Semail 

and Bawaaina aeriea are iba abvieaa beat roeka. Aa theae aake up 

iba bulk ef ibe Oman Mountain range ihan ii in thia moaniainoua 

araa thai affara iba graaiaat praapaaia far diaeevary af base metal 

depoaiia. 

Greenwood and Laneya (1968) raeannaiaaanee of tbe mineral 

reconreea af Trucial Oman indicate ihe presence ef aubstantial if 
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ioalaied, ionnagea ef chromite, wideapread traeea of copper ainerali

aation aoae af aeonoaie tenor, sianganlfarena aherta, and aeveral 

feocheaioally anosuilona sonea far nickel and molybdenum. They 

n • 

do however atata thai none af iba mineral depeaita ao far found in 

Trucial Oman are economic propoaitions ander present eonditiona. 

i Aa their work was confined to approximately ana fifth ef the total 
f 

araa of Seaail and Hawasina roeka the chances of discovering 
r . • 

aimilar bodies in Oaan ia probabalistically auch greater. 

Chrpaite and nickel are likely to be preaent in the Seaail 

ultraaafias wbilat aopper and aanganeae aay be expected in the 

P̂^ Bawaaina Seriea* The poaaibility of aelybdanua occurring in 

econoaic proportions is not great but ainor acid intrualona are 

known and iba preaance of dierita atocka doea not preclude the 

development of porphyry copper type aineraliaation. 

The Oaan aountain ophiolite auite probably oorrolates with the 

nltrabaaie belie af Cyprua and Turkey where aiailar rock typea have 

given riae to econoaic ehroae and aabeatoa depeaita. 

At Cyprua Chrome companya workings on Troodoa, the extremely 

Irregular ahapa and lack ef ceaatancy af the are pockets, presented 

treaandous exploration and mine davelapment problems and ore reaervea 

never leaked good. Bven aa ever ibe periad fraa I93I to 1957 over 

170,000 tone af ehroae ore waa ainad. 

Theae figurea ara given to indicate that Greenwood and Loneys 

eetiaatea ef individual depeaita containing up to 5,700 metric tons 
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af ahrMie are in Trucial Oman aight be much aore encouraging than 

ibey auppoaed particularly aa their eatimates were not based on any 

drilling raaulta and in view ef tbe typically erratic diatribution 

af ebreme arae 

All thai ean be aaid, at tbe preaent atate ef knowledge In 

Oman, with regard to aconoaic aineral petential ia that eonaiderable 

areaa af rook typea occur that are known to be favourable to 

abroaite platinua, nickel, copper and aabeatoa fonuttion but that 

the delineation of econoaic deposite could only eoae after a veil 

davelaped and probably expenaive exploration caapaign. 

Mineral ^pportunitiee in Oaan 

Due to ita relatively unexplored atate and ibe preaance of a 

vaat suiaa af differentiated ultrabaaica, Oaan remains one of the 

aaat likely placea io find aconoaic depeaita of chrome ore. Ita 

known aaaociation in tbe pact with copper smelting and the recorded 

presence of aub-aarglnal aopper in Trucial Oman provide favourable 

pointera towarda the aearoh for copper in thia region. 

Bowever in ita preaent ondevelepad etate Muacat and Oman 

ebvionaly providea extreme ohallengee to auccesaful mining ventures. 

The lack of road and tranapert facilitiee, tbe laok of trained aemi 

akillad labour force, tbe eaaplate abaance af any form of mining 

aada and the leak af any formal geveraaental proeaadures night appear 

to militate againat aueceaaful Tentnres in this territory. One 

aeuld however argue that ihe aonplete lack of a mining code could 
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allow favourable negotiations of an equable arrangement with the 

Sultan. The recent diacovery and exploitation of commercial oil 

depoaiia haa provided a aource af revenue that could be the apring-

board for tbe development af Oaan. 

Aocording io ihe Saltan*a 19^8 pronoanceacnta and ay diacuaalone 

with hie conaul in London and aeveral af his consultants the present 

ia an extremely opportune time to diacuss mineral exploration 

activitlea aa ihe Saltan ia particularly intereated in raw swterial 

development, barring at last the financial gaina of the twenty years 

of oil exploration. 

At preaent aineral aonceaaiona ara bald by Wendell pbillipa 

for ihe ̂ hofar Province and the remainder af the Sultanate ia 

covered by a eonceasion granted to Shell Oil. Whether Shell Oil 

ara intereated in base aetal preapection renaina open but in view 

ef diversification trends it ia highly unlikely that they would 

willingly give up their aineral eonceeaiona. 

They aay, of course, be willing to cooperate in a Joint 

exploration venture and ahould U.S. Steel continue its interest in 

Oman, then tbe poaaibilitiea ef auch a aove ahould be carefully 

aonaidered. Shell Oila expertiae in Oauin, the eonpanies facilities 

for iranspari, atoraga and acaaamodailon and ita close ties with the 

fittlian would ba aziramely favaurable featurea af any eooperative 

vantare. 
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Cenclasiona and BacomiBendatlonB 

1. Oman ia a relatively unknown.phyalcally difficult area af aoae 

gaolegiaal favourabiliiy far ibe diacovery af ahroaite, nickel 

eappar and paaaibly aanganeae depoaiia. 

2« Tha next ten yeara are alaoat eertain to witneaa the aoat rapid 

davelapaent af road, tranapert, SMdieal and aocial facilities 

in ihe history of Oaan. 

3* Gppartunltiea for aineral venturea do axiat but the exploration 

pragraaaa required to delineate ore preapeeta ia likely to be 

axpaaalva. 

%• Ae Shell Oil held the mining eeneeaaion over tbe most favourable 

areaa, diaouaaion aa to tbe poaaibility ef a Joint baae metal 

exploration programme ahould be eonaidered. 

5* A preliminary photogeological interpretation could delineate 

ihe moat favourable areaa of the Seaail and Bawasina outcropa 

in tbe Oman aountain Bange. Dr. B. Bewellyn of Univeraity 

Collage, London, a geologiat who formerly mapped part of thia 

range far Shell Oil, ia the moat authoritative peraon capable 

af carrying out each an interpretation. Aa be atill retains 

auch af the original Shell supping a good pbotointerpratatlon 

aould be prepared within a aenth'a iiaa. 

6. Bbonld U.S. Steel ba intereated in pnrauing formal application 

for mineral axploratlan aoneeaaiona then the couree adviaed by 

iba Sultanate conaul in London ia to write to bin a/o 7, Albert 

Court, London W. 7. Upon receipt ef a letter ahowing U.S. Steel* 
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iaiereai in Oaan tha consul will inform the Sultan accordingly. 

Aa the Sultan apparently is in daily Telex communicatioD with 

hie London advisers and apanda from 3 to 6 months ef the year In 

London, a prompt reply ahould be forthcoming. 

^pppndix A» 

Geology and Mineral Beaourcea af tbe Trucial Oman Bange 

by I. Greenwood and P* Loney* 

~ibs::~ 
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y y y dP(f^yptyj:jc^jLytMy(^*dy~ 

., .. . .:. . ^^^ y^i^d^ -"-

v: ''pn^oee/J <-- ^ a y d * ~ j 
pe^lJ-r>v^ li^^BTj 

y 



- Z L ^ 

- ^ y ^ . 
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Cu-PYRITE MINERALIZATION AND SEA WATER 
CONVECTION IN OCEANIC CRUST - THE OPHIOLIITC 

ORE DEPOSITS OF CYPRUS 

E.T.C. Spoooer 
Departioeiit of Ceok)|y, Uoivenui) of Toromu, Tonmio C'ni.wii' '<<<?,S iA! 

ABSTiUCT 

One of the miyor discoveriei ofrtccat year, about the phystctJand :iw.'',t':M btRaviourof 
the ioM Earth aod the oceans is the K a k of the phcnofnenon of coavcciive t^i-Aiur ci: ̂ '.: luiioii 
within the upper 3 to 5 km of the oceatiic cnint al $preadiDg ridges. Analysis of ;L-J tiiscrepaDcy 
between ob-served C4)ndui'tive heal flow and that predicted on the basi.> of a purci> cuniiucti-'e 
cooling model .sugj^sit. thai the total ocean ntass may circulate tiirouj^h basailic oceajuc iro.si m 
ridges once e^eiy 3 lu 10 .Ma. 

AD iniponani point concerning hydrotiiermal circulation to arise from studies y ophiolitic 
rocks is that liie forniaiion of economically significanl (on land) cupriferous pyrite ore deposits 
appears to be' a natural side eireci of seawater convection. This suggestion has .'ecenfiy receivt-d 
consid%;rable support from the discovery of massive sulphide mounds (Francheieau .? < uJ.. I V9i 
and turbulent, buoyant plumes ofhot water at 38(f C t. yttC precipitating sj|,-h>oe.% ai 2 PN on tiie 
East F'acific Rise iSptess ei ul . . 1980). 

The geometry of circulatory llov*- in the ophiolitic sequence of Cyprus appears to have 
consisted of axially symmetric cells containing central plumes ofhot a,scending HUK,' which were 
posiiionally fixed through time with respect lo enclosing rock. Parmentier and Spoont^i 097S) 
have modeled such hydrothermal circulation by finite differctKe approximations. •'lu'i: ii;c!u',ion 
studies aiid theoretical models suggest that the principal factors which c:ius<,. :Oi.a!i.'eJ ore 
deposition were surface and neat-surface cooling due to mixing..and i-ynducii' 

The pos.sible effects of subduction of compositionally modified oceanic cru-. 
tion of magmas and associated mir..:ral deposits at convergent plate bound.irie 
example, large quantities oT udu ted seawater sulphate, in association with hydroAyJ and 
chloride, could be added to ..'ccan.c cniii o> -.eawater/rock interaction at ridges. Release .if waier 
from the de.scending slab at subduction zone,^ might then cause ACI meituig of mantle ihaieriui unJ 
could produce volatile rich siliceous iiiiiiiinas enriched in chloride and .sulphur. Such a .sih-ipit-
model could explain the amounts oi maymiiiically released water, chlorine ,ind sulphur required 
for the formation of porphyr-, C,, .• M o i Au deposits spatially associated with calc-a)kalir.«-
intrusive rocks. 
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686 SPOONER 

RESUMK 

Unc des principales decouvertes au cours des demiercs annees sur Ic compurienicni physi
que et chimiquc de la terre solide et des oceans a ete I'echelle du phenomene de circulation par 
convection de I'eau de mer dans les 3 a 5 km superieurs de la croiite oceanique le long des cretcs 
en expansion. L'analyse de i'ecart entre le flux thermique convectif observe et c<,'iui qu'on 
predit sur la base d'un modele de refroidissement par convection uniquement suggere que la 
mas«e totale de I'ocean peut ctrculer dans la croiite ba.saltiqiie de I'ocean le long des crete^ une 
fois (ous les 3 il 10 Ma. " ' . 

Un poim important concemanl la circulation hydrothermale qui a rcssoni des eludes sur 
les roches ophiulitiqucs est que la furnuitioo de dt:p6ts de nunerats de pyrite cupriterc 
d'importance economiquc (sur tern:I semble etrc un effct secuodatre aaturcl de la convection de 
Teau de mer. Ceite ,sugge8tion a recemineni re<(u un support coa&id< r̂able par h decouvirte de 
nionticutes (te tulfureti massifs dans ie glacis continental de Vest du Pacifique >Frunchci/:i',u <; 
at., 1979). 

La geometrie de recbutementcitculaioire dan* Ja sequciKe ophiolicique de Ch;-pt<.' •mritn.̂  
avoir consiste en cellules axialemcnl sytneiriques'conlcnan: en ieur centre d«:> paoach.;- -.k 
fluide chaud ascenda.'it dont \s position s'est Itxee au cours du lemps par rappon & i'i nKis--
encai.)sanle- Pat.-netitiei ei Sip'-û ncr \1978) onl inodete one telle circulatii>n hydrothcnA:iir A 
I'aide. d'appruximaiions par dilTerences fiaics l^s etudes sur les inclusions fiuidcs et !c^ MIO 
dcJes theoriques ^ugt^icni qu« le.» pr:acipaux facteun qui sont rcsponsabtes du depot loc-aiise 
de Diincrai ont etc le refruidissemeni en surface et pr'es de ta surface par melange et la penc Ut-
chaleur par conduction. 

On voii clairement les cflfels possibles dc la subduction de la cruuie' oceaniquc dont la 
composition a etc modifiee tur la generation des (nagmas el des depots (nineraux assoctes ai:x 
limites de plaques convergentes. Par cxemple. de grandes quasuies de sulfaics d'cau de mer 
itiduits, en association avee les chlorure* et les gioupes hydruxytes. pourniienl s'ajouler a ia 
crotite oceanique par I'interactJon eau de mer/rothe le long des crctes. l.a liberation de i cau 
provenant June plaque d^escendame dans les zonei de niibduction pourrait alors causer la 
fusion humide du materiel du nuntcau el ainsi produire des .maĵ mas sibceux riches en volatiies 
et enricbies cn chlorures et en soufre. Un tei mudilc simple pourrait expliquer les quar.iiies 
d'eau, de cblore et de soufre liberees du itiagma quisoiu requise^pour la formation des depM.s 
porphyriques de Cur Mor Au aMOCtc.s dans I'espaccavec lesrocbes iolnisives caico-alcaluies. 

INTRODUCTION 

One of the major discoveries of recent years about the physical and chemical 
behaviour of tiie solid earth and the oceans is the scale of the phenomenon of 
convecijve seawater circulation within the upper 3 to 5 km of the oceanic crust at 
spreading ridges (Lister, 1972; Spooner and Fyfe, 1973, Williams «-fu/.. 1974, Wolery 
and Sleep, 1976, Anderson t/rt/. , 1979). Analysisofihediscrcpahcybciweenobservcd 
conductive heal flow and that predicted on the basis of a purely conductive co<iling 
model (the "heat flow anomaly") suggests convective removal of about 50 .• 10" 
cal/yr (Sleep and Wolery, 1978), This is eqitivalenl lo about 16% of the Earth s lotal 
heat loss of 32 x 10'* cal/yr, as estimated by Williams and Von Herzen (1974) The 
estimate implies that the total ocean mass! 1.41 x lO'-'g) may circulate thiough basaltic 
oceanic crust at sj-ireading ridges once every 3 to 10 Ma, for an average hot water 
discharge temperaiure between lOO'C and 300°C (mass fluxes from Sleep and Wolery, 
1978). Fluid inclusion data obtained from identified dischaiTge zones in the Uppei-
Cretaceous ophiolitic complex of Troodos, Cyprus suggest that 300^C is a reasonable 
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figure (Spoonerand Bray, 1977) and that, therefore, an estimate for the mean recircula
tion time of 10 Ma is likewise reasonable. 

In a geological conceptual framework 10 Ma is, of course, a relatively short length 
of time. Ft implies that the total present ocean mass may have circulated through 
oceanic crust at least 400 times in the lasi 4000 Ma. Assuming that there is some 
relationship between the amount of convective heat transfer and total heat production, 
the mean recirculation time may have been about 3 Ma in early Archean time (3500 Ma 
ago). As noted by Fryer et a/. (1979), it appears that a significant amount of intrusion of 
plutonic granitoids occurred in the submarine environment in the Archean, rather than 
in sub-aerial continental crust as at present.This effect may have lowered the reciicu-
lation time further. 

Marked complementary chemical changes occur during basali/seawaier interac
tion at elevated temperatures (e.g., MpttI and Holland, 1978), Hence. compositionaJly 
modified oceanic crust returns toThe mantle in subduction zones. The nature of these 
various phenomena and their implications with respect to the chemicaj composition 
and evolution of the ocean.s, the oceanic crust, the mantle and the continental cru.st are 
gradually beginning to be detected and appreciated (e.g., Wolery and Sleep, !976;. For 
example, Spooner (1976) developed and tested a possible quantitative modes to ex .̂ lain 
tbe isotopic composition pf strontium dissolved in oceaii water: It involved a b,iiai,ce 
between strontium delivered by continental runoff and strontium derived from me 
oceanic crust by exchange during hydrothermal convection. 

A side effect of fluid mass transfer associated with convective heat tran.st'er a! 
oceanic ridges appears to be the formi.iion of sulphide mineral deposits. The sugjges 
lion that the oceanic crust might contain sulphide deposits was first made simply on the 
basis of an empirical coniparisoh between ophiolitic complexes and the oceanic crusi 
(Sillitoe, 1972; Sptxtner and Fyfe, 1973). The speculative hypothesis that such ore 
deposits may have been formed during seawater convection (Spooner and Fyfe, 1973) 
has been tested geocheinically in some detail, apdhas essentially t>ecn validated (e.g., 
Spooner, 1977; Heaton and Sheppard, 1977; Spooner and Bray, 1977; Chapman and 
Spooner, 1977; Spooner et al., 1977; Parineritier and Spooner, 1978). Similarly, the 
prediction that massive sulphide mineral deposits should be found actively forming on. 
and within, oceanic spreading ridges has recently been vindicated, firstly, by the 
discovery of fine grained sulphide mounds up to 10 m high on the East Pacific Rise 
about 240 km south of the entrance to the Gulf of California, with no associated active 
hot water discharge (Francheteau et al., 1979), and, secondly, by the discovery 
recently announced (May 4, 1979) by the U.S. National Geographic Society ofdi:? 
charge of very hot water (300^ - 400°C) associated with mineral deposition in the same 
general area. 

Spiess et al., (1980) have now described the latter discovery in greater detail. 
Turbulent, conical plumes of very hot water at 380°C ± 30°C have been observed 
discharging at velocities of several metres/sec. from "chimneys" 1 - 5 m high and as 
much as 30 cm in diameter. The buoyant jets, referred to as "smokers", appear black 
because of entrained particles consisting mainly of aggregates of hexagonal pyrrhotite 
platelets, typically 20/x across, together with lesser amounts of pyrite, sphalerite and 
Cu Fe sulphides. The chimneys occur on sulphide mounds having typical lateral 
dimensions of 15 x 30 m. Both consist mainly of pyrite-chalcopyrile-sphalerite, with 
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minor amouiits of such Fe-Cu-Zn sulphides as pyrrhotite, marcasite, wuitzile, bomite, 
cubanite and chalcocite. Ca, Ba sulphates (anhydrite, gypsum and barite), tjilc. 
amorphous silica and secondary iron hydroxyoxides (go«thite,'limonite) have also 
been identified. 

SEAWATER INTERACTION DURING l>OWN-HyOW 

Much information supporting the general hypothesis of seawater circulation 
within oceanic crust has now been obtained from the examination of ophiolitic ton»-
plexes. For example, clear evidence for water/rock interaction is found in the non-
isochemical, hydrothermal metamorphism of ocean-floor origin which has been re
ported from ophiolitic assemblages in Cyprus (Gass and Smewing. 1973; Spoonerf/ 

, at.. 1977), Newfoundland (Williams wd Malpas. 1972; Cuish; 1977), E; Liguria. Italy 
(Spooner and Fyfe, i973),S. Chile (Stem et W-. 1976) and Taiwan (Liou and Ernst, 
1979). Metamorphic mineral assemblages of the zeolii^ lo amptet>olite facics, which 
pseudomorph original igneous textures and which also occur as open-space filJings. 
have been observed in raetabastc pillow lavas, metadolerite sheeted dykes and the 
upper parts of layered plu;onic sc()uerice:$. The lise of isotopes (H/D; '•'C/'^C, '•0/**0; 

"•'Sr/'^Sr) as geochemii;;ai tracers has confinned thai the ioto^actiiig fluid was of 
seawater origin (Spooner vi al., 19174; Heaton:an<) Sheppard, 1977; Spooner et at., 

jsni). ' d::.•••'''" y ' ' l . ' P d - ' d ' ' A d ' ' • ; P p ' ' \ 

Example I. Zeolite to amphibolite facies metaba&ic rocks fjrpm tbe Troodos 
Massif, Cyprus are variably enriched in "^Sr relative tt» fresh aiialcgues (Spooner etui., 
1977). Initial "'Sr/«*Sr latios as high as 0,70760 i 0.00O03, for aa inierstiUal zeolite 
satnple, and 0.7069, for a meiabasic rock, have been recorded. These compare with 
low values obtained for fresh gabbroic rocks; of 0.70338 i O.OQOlO to 0.70365 -z 
0.000O5. Upper Cretaceous seawater, with a ratio of about 0.7076, was the only 
reasonable contaminant (Spooner t'/W.,J977), ; . r: 

Example 2. Relative to a 5'*0 Value of about ê /tw for fniesh basaltic rocks, the 
hydrothermally metamorphosed rocks of Cyprus show strong oxygen isotopic modifi
cations which change from relative '*0 enrichments in the upper part of the sequence 
(e.g., + 12.40®/«o)tp relative'*0 depictions in the lower part of the sequence (e.g.. + 
3.31"/oo). These changes iridicate interaction with large volumes of hot water and are 
consistent with interaction with heated seawater (Spooner et ul., 1974). 

Example 3 Heaton and Sheppard (1977) have shown that the isotopic composi
tion of hydrogen in water in equilibrium with chlorite and amphibole samples from 
metadolerite dykes and metagabbros from Cyprus was intlistingiu^hable from that of 
seawater. 

Calculations based on the degree of oxidation of the basaltic rocks suggest that the 
bulk integrated water/rock ratio may have been as much as 10 :̂1 (Spooner ei al., 
1977). In Cyprus, the degree of hydration decreases in the upper part of the plutonic 
sequence. This observation suggests that the depth of seawater penetration and 
circulation was about 2 to 3 km. Comparison of compressional wave velocities, shear 
wave velocities and Poisson' s ratios measured at 1 kb for a variety of altered and fresh 
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ophiohtic lithplogles jwith model profiles for in situ oceanic crust (Chrisiensen, 1978) 
suggest that the ec^iyalent penetration depth in "average" oceanic crust may be about 
3 to 5 km. ' 

THE VOLCANOGENIC CUPRIFEROUS PYRITE ORE DEPOSITS 

Whereas hydrothermal metamorphism occurred during to-tlow and through-flow 
: of seawater, it appears that, in Cyprus, sulphide ore depoMls formed at the positions of 
discharge, in general tenns these deposits consist of a lens of massive ore underiaio by 
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Figure 1. Schematic diagram of an ophiolitic (Cyprus-type) votcanpgenic sulphide ore deptJsii 
(modified after Hutchinson and Searle, 1971), 

The section shows the surficially oxidized massive pyritic lens, which is intercalated wiihin 
the meiabasic pillow .lavas, the underlying pipe-shaped stockwork of hydrothermally 
metamorphosed and mineralized material which extends down into the dyke complex, and ihe 
fact that the sulphide ore bodies are usually overlain by unmineralized basaltic pillow iavas. 
which are in turn overlain by pelagic marine sediments. 
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an appilijptin îiejly pipe-shatJcd: stockwork (Figl I). The massive ore consiiis of a 
porous, {(jrud^lytolloform-iexturdd mass of fine-grained pyrite and chaicopyriie, with 
accesso^, quantities of marcasite, sphalerite and galena. The voids in the massive ore 
are frequently pailially filled with fine-giaiiicd, sooty pyrite. The lenses occur inlerca 
lated within the pillpw lava sequence attd their attiiudes aire conformable with (he local 
stratigraphy. (Descriiption summarized from Hutchinson and Searie, 1971: Constan-
linou and Oovett, 1973.) A large lens, for example that at Skouriotissa, had a maximum 
thickness of about 50m, and was approximately elliptical in plan (long ax̂ is about 500 
m; short axis about 350 in) (Consiantinou and Govctt, 1973). It contained pre-
production ore reserves of about 6 million tonnes at 2.3% Cu (Bear, 1963) An 
tmportaiiit point is that the evidence suggests that this massive ore actually fot ined on 
the ocean.floor sihce it does not replace pre-existing rock, can show alteration near the 
top to agoethitic material (ochre), which has been interpreted as a submarine weather
ing product of ore (Conslantinpu and Govctt, 1972), and is itself overiain either by 
unmineralized deep-water marine sediments, or by unmineralized pillow lavas which 
are, ity turn, overlain by p e J i ^ sediments (Robertson, 1975). 

Stockworks, which occur beneath massive ore and which were cleariy feeder 
zones, consist of highly altei;ed and mineralized material of basaltic origin. Mineniliz.a-
tion occurs as veins, veintets and disseminated impregnations of sulphides. The 
alteration silicate mineralogy of the reconstituted pillow lava consists of quartz-
chlorite-illitc-sphene. Uneconoimic alteration pipfes characterized by pyriiizaiion 
penetrate I to 2 km down into the ophiolitic sequence. Stockworks are norn^li. 
elliptical in plan. A good idea of dimensions is provided by the Limni dep'.i-.it hi 
western Cyprus, which has a loni^axis of about 800 m and a short axis of about 400 in 
(Trennery and Pocock, 1972; Adafliides, i975). This deposit containedpre-prodiictioti 
reserves of around 4 million tonnes at 1.37% Cu (Bear, 1%3) and has proved ir. b:: 
economically exploitable for about 200 in below the origin^ ocean i1i>or 

Approximately 20 significant sulphide ore deposits have been mined in Cypru.s. 
Along the 80 km long continuous northern pillow lava outcrop, 15 deposits occur in an 
imperfectly regular distribution (Fig, 2) which is characterized by a half-spacirig of 2.6 

Figure 2. The imperfectly regular distribution of 15 cupril'erous pyrite ore deposits along the 
northern pillow lava outcrop of the Troodos ophiolitic complex, Cyprus. The average of the 21 
inter-ore deposit half-spacings is 2.6:i 1.4 km (1 standard deviation). 

1, Mavrovouni; 2, Lcfka; 3, Apliki,4, .Skouriotissa; 5, Alcstu«:6, Memi; 7, Kokkinoyia; 8, 
Kokkinopezoula; 9, Agrokipia; 10. Klirqu district; 11, Kapedhes; 12, Kambia; 13, Mathiaii; 14. 
Lythrodondha; 15, Sha. 
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CU-I'YRITI-: MiNtRAMZATION AND SEAWATER 

TABLE I 
PRE-PRODUCTION RESERVES AND GRADES OF OPHIOLITIC AND OTHER 

VOLCANOGENIC MASSIVE SULPHIDE ORE DEPOSITS 

,Minc 

Mavrovouni; 
Cyprus 

Skouriotissa; 
Cyprus 

Kalayasos; .. 
'.Cyprus . 

Limni; Cyprus 

Pre-
production 

re.serves 
(million Cu S Zn Pb Ag Au 

'»"»> (%) (%) (%) . (%) (ppm) (ppm)Souice 

15 47 0.5 

2,3 

2.3 

• t i ; 

1.4 2.7* O.Sl* Bear (1963) 
"Trennery and. 
Pocock (1972) 

2:i - r r - Mining Joui-nai, 
, ; . 22 July )»77. 

p. 63 

0.2« 

6.9 

— 4.67 : — 

- 4;6 i(90% 45 0.84 BoUy (J977> 
t ' ^ , ' , 'SaogsterdWT) 

Lasail, Aaija, 
Bayda; Oman 

; York Harbour; 
. . Newfoundland 

(ophiolitic) 

Arithmetic . 
average 
Precambrian 
volcanogenic 
massive sulphide 
deposit in the 
Canadian Shield (n 
= 110) 

Japanese Kuroko 
deposits (ave. 
1976 production) • 

— indicates no data available to author. ••' 
t Range of pre-production reserves for Kuroko deposits (Lambert and Sato, 19741 

2-35t 2.0 

Duke and 
Hutcbifl»OB(t974) 

4.2 1.3 63 0.7 Hashimoto (1977) 
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In Cyprus^ Ophjolific sulphide deposits have been worked principally for coppeir 
and for high-quality non-arsenical pyrite suitable for the manufiicture of sulphuric acid 
(e.g., Spooner, 1975). Minor amounts of gold and silver have been produced from 
veins of "Devil's Mud" which occur in the flamboyant gossans (Bear, 1963). Exam
ples of pre-production commercial reserves and grades of some attractive ophiolitic 
sulphide deposits in Cyprus and Oman are given in Table 1, together with comparative 
data for the small York Harbour ophiolitic deposit in Newfoundland, for Precambrian 
volcanogenic massive sulphide deposits in the Canadian Shield and for the Kuroko 
deposits of Japan. :; i 

Total pre-production reserve tonnages can be as high as 15 million tonnes (e.g., 
Mavrovouni). The average for eleven deposits in Cyprus hsted by Bear (1%3) :ijid 
Consiantinou and Gpvctl( 1973) is 3.6* 4.0(1 standard deviation) million lunncs. This 
is similar to normaljKuroko type deposits (e.g., 2 to ,35 million tonnes for those in 
Japan) and Precambrian volcanogenic massive sulphide depo.sits (e.g.. an average of 
6.9 million tonnes for 110 depo:nts in the Canadian Shield; Boldy, 1977). The copper 
contents of the ophiolitic deposits of Cyprus vary widely, ranging from low values 
(e.g., 0.2^% Cu for Mathiati; Ccnstaniinou and Govelt, 1973) to as much as 4% Cu 
(Mavrovouni). Zinc and lead contents in economic not geochemical, terms arc 
characteristically low for ophiolitic deposits (e.g., Table 1, Zn = 0.06̂ 7?- to 0.7%;Pb -
0.01%), in comparison wtih Kuroko and Precambrian deposits. An exception is the 
York Harbour, Newfoundland, deposit which comains4:67% Zn. However, an impor
tant, but generally unremarked, characteristic of t^hiolitic deposits is that they can 
contain quite significaiit concentrations of silver and gold, Forexample, Mavrovouni 
ore contained 39 g/tonne silver, which is comparable to the aveiagc 1976 Kuroko 
production grade (63 g/tpnne) and the average Canadian Precambrian volcanogenic 
massive sulphide deposit (45 g/lorme). Kalavasos (Cyprus) ore contained 1.6 g/ionne 
gokl, which exceeds both the average 1976 Kuroko production grade (0.7 g/ionne) and 
the average Canadian Precambrian volcanogenic massive sulphide deposit grade 
(0,84 g/tonne). 

In on-land economic teims, the massive sulphide deposits recently discovered on 
the East Pacific Rise, 240 km south of the mouth of the Gulf of California i Francheieau 
el ai., 1979), are simply minor showings. They consist of partially hollow, sponge-like 
mounds up to 10 m high which are aligned along faults subparallel to the spreading axi<. 
Active hot spring discharge has ceased, and the sulphide material is oxidizing to red, 
yellow, and brown amorphous iron hydroxyoxides (cf. ochre) and yellow native 
sulphur. The primary sulphide mineral assemblage consists maitily ot'sphalerite and 
pyrite with minor chalcopyrite and marcasite. Analysis of four small sulphide samples 
(26.5 g to 90.7 g) reveals both pyrite rich (14.9% to 29.6% Fe) and sphalerite rich (23 to 
28.7% Zn) types with higher copper concentration's (0.2% to 6% Cu). Hence, this 
material shows chemical and mineralogical similarities to that from ophiolitic deposits. 

SEAWATER DISCHARGE DURING .MINERALIZATION 

The hypothesis of metal leaching and transport in convecting hot seawater (see 
Fig. 3), which was speculatively proposed to account for the formation of ophiolitic 
massive sulphide ore deposits (Spooner and Fyfe, 1973), has been tested by geochemi-
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cal methods. Examination of fluid inclusion properties and the hydrogen, oxygen and 
strontium isotoriijc; composition of m^erajjzed material has revealed no evidence fora 
qomponent of thi'hydrdlhermal fluid whieh was/tor of seawater origin (Spooner and 
Bray, 1977; Heaton and Sheppard, 1977; Chapman and Spooner, 1977; Spooner. 
1977). ;• d , , ' . • 

Example I. Microthermometric examination of fluid inclusions in ore material 
from Cyprus has shown that samples of the ore forming fluid trapjjed in small cavities 
in quartz intergrown with sulphides have a freezing point indistinguishable from that of 
seawater. A mean fluid inclusion freezing point of -1.9"C i 0.3"C (1 standard 
deviation) was obtained from 273 meastjrements from four mineralized localities 
(Spooner, in prep.; updated from Spoonpr and Bray. 1977). This freezing point is 
slalisfically identical to that of ordinary seawater. Since the freezing point of a solution 
is a reflection of its, salinity, this infonQation indicates a close similarity in bulk 
composition between the hydrothermal |hiid, which was at linnperatures between 
300°C and 350°C (Spooner and Bray. 1977), and normal seawater. 

Example 2 Mineralized material from four deposits in Cyprus is significantly 
enriched in "^Sr (Chapman and Spooner, 1977). Initial •^Sr/**Sr ratios as high as, but 
not higher than, upper Cretaceous seawater have been recorded (e.g., 0.7075 t. 
0.0002). 

Example 3 The hydrogen isotope composition of the hydrothermal fluid has been 
.shown lo have been essentially the same as that of sea water (Heaton and She(^>ard, 
1977). 

THE NATU RE OF THE CONVECTIVE PROCESS IN T>iE OPHIOUTIC ROCKS OV 
THE TROODOS MASSIF, CVP«US-

The evidence summarized above successfully traces the complete cycle of seawa
ter circulation (Fig. 3). Several deductions can now be inade about the nature of the 
convective process which occurred in the ophiolitic rocks of Cyprus. Although il is 
uncertain how representative of oceanic crust the Troodos complex is and, for that 
matter, how variable the oceanic crust itself is, some of these points may be relevant to 
an understanding of convective heat and mass transfer within spreading ridges. 

1) As shown diagrammatically in Figure 3. the first-order geometry of circulatory 
flow appears to have consisted of axially symmetric cells containing centra) plumes of 
hot ascending fluid which were fHisitionally fixed through linie with respect to enclos
ing rock but not, therefore, with respect to the spreading axis (Spooner. 1977; Parmen
tier and Spooner, 1978). The explanation for this pattern is uncertain. It could either be 
a reflection of some periodicity in the distribution of discrete magma intrusions within 
the spreading ridge, or it might be a natural pattern of convection in a quasi-uniformly 
heated, unconfined, permeable layer. The latter explanation would appear less likely. 
however, since the geometry of tlow would probably reflect the decrease in basal heat 
flow away from a ridge axis. Il would then consist of linear two-dimensional rolls 
siib-parallel to the axis. 

2) The distribution of m<uor plumes, as deduced from the arrangement of the major 
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ore desposits in Cyprus, was impeifectly regular in a direction normal to the original 
spreading axis, and was characterized by a half-spacmg (2.6 2; 1.4 km) comparable to 
the thickness of the permeable layer (2 to 3 km) (Spooner, 1977; Fig. 2). 

3) In Cyprus, ore deptisits are ftequently cross-cut by unmineralized dykes and/or 
overlain by unmineralized pillow lavas (Fig. I). This suggests that formation of the ore 
deposits occurred within the volcanically active zone at a spreading ridge. For a 
half-width of about 6 km and a spreading rate of about 5 cm/yr, the ore despo:iits may, 
therefore, have formed in a time on the order of 10* years (Sf>ooner, 1977). The mean 
internal upward flow rate may have been about 10"" glcm'h (Spooner,'1977). Laier 
finite difference calculations have shown this rate to be reaisonable (Parmentier and 
Spooner. 197*). 

Figure 3. Schematic three-dimensional diagram of the geologically inferred mode of hydrothermal 
convection, metamorphism and mineralization within the upper Cretaceous ophiolitic sequence 
of the Troodos Massif, Cyprus. 

General metamorphism is thought to have occurred in the zones of recharge flow, whereas 
the cupriferous pyrite ore deposits are thought to have formed at the positions of discharge of 
approximately axially symmetric plumes of rising hot fluid of sea water origin. 
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CuCYRH E MINERALIZATION AND SEAWATER 

4) The depth of the original ocean above the permeable oceanic crust has been 
derived from the filling temperatures of fluid inclusions which homogenize into the 
liquid phase, and which co-exist with aqueous inclusions homogenizing into the 
gaseous phase. This evidence indicates that boil ing occurred during mineral deposition 
(Spooner, in prep.). The inclusions were found in quartz from quanz-sulphide veins 
within the high-level Mathiati stockwork, and were located only about 5 m below the 
original ocean floor, as indicated by the presence of rnastrive orc^ The equilibrium 
pressure for boiling at a meastircd temperaiure for a measured comp4>sition has been 
determined as 250 t: 30 bars. This is equivalent to an original ocean depth of 2.5 i 0.3 

. km. This deduction is very reasonable, since the elevatiiMisofspreadtng ridge axes are 
typically between - 2 km and - 4 km. 

5) Using the iKcan depth di.scussed above and estimates of stratigraphic depth, 
fluid inclusion filling temperatures may be pressure corrected to yield mineralization 
temperatures (Spooner, in p rep) . Data from lour mineralized localities in Cyprus are 
presented in Table 11. 

Except for information from the Maitiiati mine., which applies to the neai-surface 
cooling and mixing environment, the data sugge.st ilut the temperature of tbe rising 
plume, as defined by tlie range of mean * standard deviation values for the three other 
stockworks, was about i(AfC to 370 C. This range is in good agreement with a value of 
300'C estimated for the temperature of last equilibrium with quartz of end-member 
hydrothermal fluid from the Galapagos Ridge axis (Edmund, 1978). is const stem * ith a 
maximum value of 285X estimated by Crane and Normark (1977) for hydrothermal 
activity on the Easi Pacific Rise at 21'T>« and corresponds ckwely with tbe discharge 
Umpcratures of 380^C - 30°C measured at 2rN' on the E#st Pacific Rise (Spiess et al . . 
1980). 

TABLE il 
Trapping temperatures (pressure corrected filling temperatures) ibr fluid inclusions 

from ophiohtic sulphide one deposits m Cyprus (Spoooer, in prep.) 

-Aritliinelic: Mean CO, 
standard devtatioa ' 
and nui i^r of 

Locality 

Mathiaii Mine 
(very- high 
level stockwork) 

Limni. Mine 
(high level 
stockwork) 

Limni Mine; 
Mineralized Basal 
Group (deep 
stockwork) 
Alestos Mine 
(deep stockwork) 

Range CC) measurements Mode(s) CO 

212-321; 109 

28.̂  - 372; 89 

271 - 368; 97 

(274) 323 - 394; 71 

286 i 22(93) 

320 s 18(95) 

336 ± 19(80) 

352 + 21(61) 

298 

325 

341 

335 and 370 
(poorly defined) 
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6) The temperature immediately below massive ore was high during mineralizii-
tion, Fluid inclusion studies of material from the Mathiati .Mine, Cyprus and the Lasail 
deposit, Oman give a temperature range of 264°C (o 348°C and indicate mixing wiUi 
o.veriyingcold seawater (Spooner, in prep.). These data confimi discharge of very hot 
seawater, and also confirm thai discbarge of hot seawater may be an effective heat 
removal mechanism (see Ribando et al., 1976 for discussion), 

NUMERICAL FLUID DYNAMIC MODELLING WCONVKCTION RELEVANT TO 
THE ORIGIN OF THE OPHIOLITIC SULPHIDE ORE DEPOSITS OF CYPRUS 

Parmentier and Spooner (1978) have carried out numerical modelling by finite 
difference approximations on a2i X 21 grid of convection in a permeable layer relevant 
to the origin of the ophiolitic massive sulphide deposits of Cyprus (see Fig. 4). Tlie 
model parameters chosen to be appropriate iiKlude a cylindrical geometry'. an aspect 
ratio (height:radius) of 1:1, a cell top open to inward and outward flow, constant 
bottom heal flux and a constant upper boundary temperature. For mathematical 
reasons the model did nat allow discharge of A î water. This assumption is known to 
be incorrect, but it should not affect the gross aspects of flow. It should only be 
relevant to boundary layer phenomena in tbe discbarge zone. (For further mathemati
cal and computational aspects see Parmentier and Spooner, 1978.) 

A solution for a Raylcigb number of 50 was dimcnsionalized by choosing a cell 
height (radius) of 2 km, a maximum basal temperature of 450^, derived from basal 
metamorphic mineral assemblages, and an upper boundary temperature of (fC (see 
Fig. 4). The principal geok)gical findings may be summarized as follows: 

1) The flow geometry inferred to have existed naturally, which was characterized 
by axially symmetric rising plumes, was experimentally found lo be stable at Rayleigh 
numbers of 50 and 100 for a cell aspect ratio of 1:1. 

2) The overall zone of rising fluid contains a hot core which is dimensionaily 
comparable lo mineralized stockworks observed in Cyprus. 

3) The water in the hoLcore of the rising plume remains essentially isothermal at a 
temperature of SSO'C to 400^C for much of its upward transit. The temperature of the 
rising plume is in reasonable agreement with that found independently from fluid 
inclusion studies of deep-level stockworks (317°C to 373'C; see Table II), 

4) The rising plume cools conductively only within the topmost 200 m of the 
permeable layer. This depth corresponds to the economically exploitable depth of 
mineralization within the Limni stockwork (about 2(K) m). 

5) The upward fluid flux of the hot plume is on the order of 10 " cm/sec This 
corresponds closely to the flux estimated crudely on the basis of geochemical argu
ments (Spooner, 1977). 

6) The model has reproduced several factors necessary for the successful forma
tion of an economically exploitable mineral concentration. In this case, three principal 
factors may be identified: a dimensionaily restricted hot core zone, a hot core zone 
which also contains the maximum fluid flux and a dimensionaily restricted surface 
boundary layer within which cooling occurs. Thus, a theoretical volume of maximum 
mineralization may be defined as that volume through which fluids flowed which had 
been at temperatures greater than 350°C, and which cooled below a temperature of 
300°C (volume 'a' in Fig. 4). The leaching and depositional threshold temperatures 
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were chosen in the light of experimental solubility work by Crerarand Barnes (1976). It 
can be seen that this volume ('a') is cornparable in dimensions to the Limni mine 
.stockwork (volume "c' in Fig. 4). 

7) A theoretical volume of maximum leaching may also be defined as that for 
which the temperature was greater than 350'C (volume 'b" in Fig. 4), This is cotnpara-
ble in size to a volume of basaltic material which would contain all the copper 
contained in the Limni deposit (volume 'd' in Fig. 4). 

8) Absolute values of average permeability (0.1 millidarcies) and twsal heat flux 

TCC) 
100 200 300 

450"C 405*0 360°C 

2 K m -
Figure 4, The central pan of the diagram shows streamlines and isotherms for steady state 
convection of aqueous fluid with temperature dependent viscosity and coefficient of thermal 
expansion in a permeable medium at a Rayleigh number of 50 in a cylindrical cell with an open top 
and a constant bottom heat flux (from Parmentier and Spooner. 1978). The solution has been 
dimensionalized by choosing realistic values of cell height/radius (2 km), maximum basal temper
ature (4.Sff'C) and upper boundary temperature (0^0, 

Areaa = a theoietical volume of most intense mineralization, Areab>» a theoretical volume 
of maximum leaching. Areac = upproximaie dimensions of the Limni mine stockwork, Aread = 
approximate volume of basalt which would contain the copper contained in the Limni ore deposit 
(For further discussion see text.) 

Temperature profiles along the vertical boundaries of the cell are shown on the left- and 
right-hand sides of the central diagram, and the vertical flow rate through ihe open upper 
boundary is shown above the central diagram. 
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THE MECHA.MSM OP SULPHIDE ORE PRECIPITATION 

By combining infonnation from the fluid dynamic modeling discussed above with 
results from microthermometric examination of fluid inclAJsioiis in materia! im
mediately below massive ore in Cyprus (Mathiati dep<»sit) aixl Qtnan (Ijisail depi'sit) 
(Spooner, in prep), it is possible to begin to discuss the actual mechanism of mineral 
precipitation both below and on the original ocean floor, 

Conductive Cooting 

The fluid dynamic model (Fig. 4) indicates ihai strong conductive cooling may 
start within 200 m to 300 m of the,seawater/rock inlerfatc. This is the approximate 
maximum depth of the economically exploiuhle I ,i,iini .stockwork, Microthermomet
ric examination of fluid inclusions in this stockwork shows that inferre*! trapping 
temperatures have a well-defined symmetrical siatistica) distribution with a low coef
ficient of variation ofonly 6% and an arithmetic mean of 320^C( see Table II). Thiisiype 
of distribution, which exhibits no negative skewness, is consistent with conductive 
cooling without significant mixing with vuriabic quantities of cooler, overlying seawa
ter. Tbe information suggests, therefore, that the principal factor in mineral prccipita 
tion in the deeper pans of stockworks was simple conductive cooling. 

-'' Cooling by Mi^iog 

If the effect of dilution on precipitation is outweighed by the effect of couling ir̂y 
mixing on solubility, then il is possible for temp^^rature,decrease induced by inixi.ig 
with a cooler fluid to be an effective mechanism for exceeding mineral solubility 
products. This can be demonstrated by using data on copper solubility in equilibrium 
with the sulphide assemblage chalcopyrite-pyrite-bomiie at 35(f C and 250'C, in near 
neutral solutions of 1.0 molal chloride ion content (Crerar and Barnes, 1976). Between 
35(f C and 250'C, the copper concentration of the .solution drops by two orders ol 
magnitude, iVom about IO(KJ ppm (o about 10 ppm. It is possible to lower the tempera
ture of a fluid from 35{V'C to 250^1' by mixing with (fC seawater in the ratio of 1:0,4. 
While dihition alone would lower the copper concentration to 714 ppm, the temperature 
drop would lower it to 10 ppm. Hence, it can be seen that the effect ot icniperature 
decrease on solubility far outweighs the counteracting effect of dilution; iherefoie, 
cooling by mixing can be a very elTeciive precipitation mechanism It is worth noting 
that the temperatuies discussed above are exactly those which fluid inclusion studies 
have shown to have occurred during formation of the ophiohtic sulphide ore deposits 
of Cyprus. 

That this mechanism does occur is shown by the fact that volcaniciastic sediments 
in a bay of the island of Vulcano in the Tyrrhenian Sea are being actively cemented by 
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pyrite and marcasite in shallow water submarine fumaioles (Honnorez et al., 1973). 
The recent observations on the chemistry and temperature of hot springs on tbe 
Galapagos spreading ridge (Edmond, 1978) provide similar evidence of mi,iing. Al
though measured discharge temperatures only rise as high as 17'̂ C (15 C above am
bient), it can be calculated front the point of intersection of the dissolved silica 
temperature dilution line with the quartz solubility ctii ve that the end-member hy
drothermal fluid was at a temperature of at least 30f)'C. Iwo other impt)iiani points in 
this study are, firstly, that mixing with overiying seawater can occur beUnv the ocean 
floor in hot spring regions and, secondly, that de.<.piie the extreme dilution wiih 
oxygenated ocean water, the warm water siill contains dis-iolvcd reduced suiphur 
species. The latter are metabolized by sulphide oxidivjng bacteria which form the base 
of a complex ocean-bottom f<x)d chain with essentially no cotioections to the photic 
zone (Coriiss and Ballard, 1977). 

Microthermonnetiic deteimination of fluid inclusion filling temperatures and 
freezing points in material immediately below mahsive sulphide ore indicates that 
shaDow sub-surface mixing A\M> occurred during formation of ophiolitic sulphide 
deposits. In the Malhtaii deposit (Cyprus), the distribution of fluid mclusion filling 
temperatures shows a pronounced negative skewoets (Pearson measure of skewness 
derived from data in Table Ii is - 0.55). with values as low as 212°C relative to a modal 
value of 298°C. A similar relationship, combined with a drop in salinity from high 

' values produced by boiling, has also been detected immediately below massive sul
phide ore in the La.sail deposit. Oman iSpt»oner, in prep.). 

Hence, cooling caused by mixing ofhot hydirotbcrmal fluid with cold seawaler 
combined with pH increase caused precipitation immediately beneath the origmal 
seawater/basali interface, in the upper parts of stockworks and, especially, during 
discharge into overlying seawater. 

SPECliLATIONS ON THE IMPIJC.VHONS OF SUBDUCTION Of 
COMPOSIIION A LLY MODIFIED OCEANIC CRUST WITH RESPECT TO THF, 

ORIGIN OF CALC-ALK.AUNE IGNEOUS ROCKS AND SPAri.\I.LY 
ASSOCIATED PORPHYRY CU .r Mo ± Au DEPOSITS 

The geochemical effects of subduction of compositionally modified, in particular 
hydrated and "Sr-enriched, oceanic crust (Spooner, 1976; 1978) are just beginning to 
be detected and appreciated. It is possible that the phenomena of hydrothermal 
rnetamorphism and mineralization of oceanic crust could be quantitatively important 
aspects of Ihe geochemical evolution of the crust and the mantle. The various possible 
connections and processes are shown diagrammatically in Figure 5, 

The precise mechanism of generation of calc-alkaline igneous rocks and as
sociated mineral deposits which occur spatially related to subduction zones has long 
been a matter of dispute. Recent geochemical work, in particular that involving 
combined analysis of the neodymium and strontium isotopic compositions of calc-
alkaline lavas (Hawkeswonh et al., \9n, 1979) may be pointing towards a resolution 
of the problem. For andesitic lavas associated with subduction zones in the Scotia ,A;rc, 
Ecuador, Chile, the Marianas and the Lesser Antilles, "'Sr/^'Sr ratios have been 
determined which are anomalously high relative to the well-defined '•'-'Nd/'-'''Nd -
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"'Sr/^'Sr antip«ithetic correlation which has been observed for mid-ocean ridge basal
tic riKkii;; On tbe basis of a ivarieiy of arguinents. Hawkeswonh et ul. (1979) suggest 
that this«tiffect, combined with the major and trace elementchemistry of the lavas, may 
be bpst; explained not by partial melting of the subducted oceanic crust, but by 
devolatilizalion which produced an alkali (K, Rb, Sr)-rich, high "Sr/^'Sr aqueous 
fluid phasewhich activated partial melting of the overlying mantle wedge (see Fig. 5). 
Devolatiiizatipn wotildpccurbecause the upper 3 to 5 km of oceanic crust aie hydrated 
by seawater/basalt intertictioi] during hydrolhennat circulation within spreadmg 
ridges! For example? the l i iQi contents of nine ophiolitic metabasaJi -v and meiadoler-
ites reported by ;SiM«nei:<?rtf/;,( 1977) lan̂ ^̂ f̂r 0,6% tp4.5 wt.% smd.average 2.5 
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Figure 5. Highly schematic cartoon showing possible geochemical comicclions which in^y otxuT 
-related to (he processe,s of sea-floor spreading and subduction. The principal oDjective of the 
diagram is to portray a technically feasible series of linkages between seawater sulphate. inas,sii'c 
sulphide deposits in hydrated oceanic crust produced by seawaler convection within spreading 
ridges, devolatiliziition of hydrated oceanic crust in subduction zones, partial fusion of the 
overlying mantle wedge and formation of porphyry copper deposils spatially related to high level, 
sub-volcanic, calc-alkaline plutons of intermediate composition. 

It is interesting to note how convective phenomena manifest ihemselves in a wide variety of 
media, forms and locations. The media include solid mantle material, silicate magma, seawater in 
oceanic crust, groundwater in continental crust, the oceans and the atmosphere. 
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wt.%. These data compare with a mean water conteni for fresh deep-sea basaltic 
material of about 0.30 wt.% (Moore, 1970), and suggest an increase in water content of 
about 2 wt.%. 

If this figure is representative, then at the present rate of subduction of hydrated 
oceanic crust (about 4 x 10'* g/yr; Spooner, 1976). the total ocean mass could be 
recycled through the mantle in about 1.8 x 10' yr. 

A closely related implication concerns the possible presence of sulphide deposits 
in oceanic crust, which could be comparable in size and density of occurrence to those 
in Cyprus. The isotopic composiiion of contained sulphur suggests that the ore 
sulphide is mainly of reduceil seawater sulphate origin (Bachinski, 1977; Spooner, 
1977; Heaton and Sheppard, 1977), Hence, large quantities of sulphide, in association 
with hydroxyl and chloride, could be added to the oceanic crust during seawater/rock 
interaction at ridges (Fig. 5). Release of water from the descending slab at subduction 
zones may cause wet melting of mantle material, as suggested by the arguments oi 
Hawkeswonh et al. (1979), and could produce vplalile rich siliceous magmas enriched 
in chlorine and sulphur (Fig. 5), Such a simple model could begin to explain the 
amounts of magmaiically relea.sed water, chlorine and sulphur required for the forma
tion of porphyry Cu r Mo t Au deposits. Water is needed as the transport medium, 

.chloride for metal compiexing and sulphur for,fixing the!metals as solid phases 
(Spooner, 1978), . 

An oceamc crust depleted in volatiles and associated elements'to an unknown 
extent is then returned to the active mantle where it may become involved in subse
quent ocean ridge and other melting events in tbe stow, continuous cycle of mantle 
convection and partial fusion. 

CONCLUSIONS 

Further impUcatior.s of the subduction of chemically and isotopically modified 
oceanic crust remain to be evaluated. Many difficult geochemical problems are en-
coiintered, particulariy if semi-quantitative models are attempted. Some examples are 
given below; 
I) What is the bulk average change in the chemical composition of the upper pan of 

the oceanic crust affected by seawater circulation?, 
How much of the modified material returned to the mantle during subduction is 
returned irreversibly to the continental crust by the processes which occur in and 
above subduction zones? 
How much of the modified material is, therefore, completely returned to the 
mantle? 
How much of the mantle is, and has been, involved? 
How is the mantle changing in composition now as a result of these processes.' 
What son of elemental and isotopic heterogeneities may be produced in the 
mantle? 
If the combination of processes is important now, then how much mote important 

• may it have been in the early stages of the chemical evolution of the Earth, when 
. radiogenic heat production was approximately three times what it is today? 

These geochemical questions arise from the realization by sevei al people, includ
ing J. Tuzo Wilson, that the Earth is a rather complex dynamic systeiu. 
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I . Geologic Sett ing of Northern Oman 

The Semail ophiol i te complex forms a 400-km long, arcuate belt with an exposed 
cross sectional width of up to 80 km coincident with the Oman ^tounta1ns. Areal 
exposure of oph io l i t i c rocks encompasses 20,000 km^, thus representing one of 
the la rges t sections of In tact on-land oceanic crust (Coleman, 1977). This slab 
of oceanic crust reached i t s present posit ion by thrust ing in a southwestern 
direct ion over the northeast part of the Arabian continental margin (Carry and 
Welland, 1974; Stonely, 1975). The Semail ophio l i te was produced during a Late 
Cretaceous period of sea-floor spreading beneath the Hawasina ocean, which was 
part of the great Tethys seaway. The Semail ophiol i tes î vQ believed to have 
formed a t a fast-spreading ridge system where 130 to 150 km of new ocean crust 
was produced within two mill ion years (Ti l ton, 1981,). The direct ion of the 
former spreading axis i s defined by the sheeted dike ^omplrx and runs N20OW 
i:25P along the en t i r e length of the Oman Mountains. 

,The six major elements of the Semail ophio l i te complex recognized and mapped 
from the lowermost member up a r e : (1) the mantle sequence of harzburgite and 
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dunite; (2) the cumulative intrusives of gabbro and peridotite; (3) the high-level 
intrusives of diorite and plagio-granite; (4) the sheeted intrusive complex of 
diabase dikes; (5) the basaltic pillow lavas, sills and massive basaltic flows; 
and (6) the ophiolitic sediments of mostly mudstones. These six members have a 
total stratigraphic thickness of at least 15 km. As commercial Cu-Zn massive 
sulfide deposits are localized within pillow lavas of member 5 of the above sequence 
or at the contact between those basalts and the sheeted dikes of member 4, an under
standing of the rather complex volcanic stratigraphy of member 5 is particularly 
essential for the exploration for these deposits. The most attractive stratigraphic 
ischeme in our opinion was developed by the geologists of London's Open University 
ophiolite group (Alabaster, 1981;. They mapped in detail the Lasail mining district 
In northern Oman, which contains three commercial massive sulfide deposits and 
conducted a reconnaissance survey to see the extent to which the stratigraphy of 
that district applied to the 400 km along strike exposure of the basaltic unit. 
There can be no doubt that their stratigraphy will be amended and modified by further 
work but we also believe that the stratigraphy is based on sound plate tectonic 
evidence and will hold in principle. 

Three distinct mappable units termed, in order of eruption, the Geotlmes, Lasail 
and Alley are recognized. The Geotimes Unit, with a thickness of about 1500 m, 
is predominantly basaltic pillow and massive lavas formed at a spreading axis. It 
consists of several individual flow units. In many places basalts are quite altered 
with montmorilionite, chlorite and zeolite as main alteration minerals. Small 
massive cupriferous sulfides, gossans and ochres are found within the Geotimes 
Unit (for example, in the Wadi Salahi tectonic block). They were formed by sulfide 
precipitation within saucer-shaped depressions on the sea floor. 

The Lasail Unit (thickness 1000 m) consists of a differentiated series of basalt-
andesite-rhyolite and does not occur throughout the sequence. It is restricted to 
some kind of volcanic centers spaced at 25-30 km intervals along the strike of the 
ophiolite belt. These centers are considered to be "seamounts", having formed by 
eruption onto oceanic crust in the "oft-spreading axis" environment. Geochemically 
these volcanics are similar to island-arc basalts and andesites. Pillow lavas of 
the Lasail Unit may directly overlie the "spreading axis" pillow lavas of the Geo
times Unit with no Intercalated sediment. Andesites are mapped as dikes and lava 
flows. Rhyolites form felsite sheets or massive flows and often occur on the peri
phery of the plagiogranite plugs, which are also mapped in the "seamount" volcanic 
centers. Basalts are often propylitically altered; amphibolIzation of andesites 
and epidotization of rhyolites have been recorded. Almost all significant massive 
sulfide deposits occur in seamount areas and are localized within the pillow lavas 
of the Lasail Unit erupted directly onto the Geotimes pillow lavas. 

The Alley Unit, about 500 m thick, Is a second basalt-rhyolite differentiation 
sequence. It may overlie the Lasail Unit in seamount areas or directly overlie 
the "spreading axis" Geotimes basalt between the seamount areas. The Alley Unit 
rocks are strongly altered in the zeolite fades. Rhyolites of the Alley Unit 
form small domes and volcanic centers 0.5-1.0 kmP in diameter. These centers are 
more numerous than those belonging to the Lasail Unit. Pillow and massive basalt 
lavas of the Alley Unit can be found throughout the length of the ophiolite. The 
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Al ley Unit volcanics are p a r t i c u l a r l y well-developed inbetween "seamount" areas 
which are Interpreted as fau l ted depressions or grabens. This u n i t , there fore . 
Is considered to have erupted in a post-seamount r i f t i n g environment. One massive 
su l f ide deposit i s associated wi th the A l ley Uni t . 

I I . Volcanic-Hosted Cu-Zn Massive Sul f ide Deposits of Northern Onan 

1 . Character is t ics o f the Deposits 

Three substant ia l massive su l f i de deposi ts- - the Lasa i l , Bayda and Aarja— 
occur in the volcanic part o f the northern Oman oph io l i t e t e r r a i n , A 
number o f major gossans and about 150 su l f i de occurrences are also known 
in the area or are undergoing exp lora t ion ; 

The Lasail deposit has reserves of 12 m i l l i o n tons of 2.4% Cu. The ore-
body is elongated and disk-shaped, and is 450 m long and 280 m wide. I t 
dips at a shallow angle and is cross-cut and displaced by small f a u l t s . 
The deposit has the basalts o f the Geotimes Unit as a footwal l and basal t ic 
p i l low lavas of the Lasail Unit as a hanging w a l l . There is an underlying 
stockwork of s i l i c i f i e d , c h l o r i t i z e d and brecciated rocks which i s r e s t r i c 
ted to the Geotimes Uni t . In the stockwork py r i t e and chalcopyr i te occur 
as s t r i nge rs , bands and blebs. The orebody l i e s w i th in 30 meters o f the 
surface. 

The Bayda deposit wi th 1 m i l l i o n ton reserves has a s imi la r s t ra t ig raph ic 
pos i t i on . Pyr i te -cha lcopyr i te -spha ler l te minera l izat ion Is found in two 
pipes, the f i r s t 1 km^ in area and the second 500 m^. 

The Aarja deposi t , 3 m i l l i o n tons of reserves, also has the Geotimes 
basalts as a footwal l but the hanging wall is formed by z o l I t i c a l l y 
a l tered basalts of the A l ley Un i t . Minera l izat ion Is found as a pipe-
l i k e mass 70 m by 40 m In area. Some gold (0.018 o z / t , 700 ppb) and 
s i l v e r (0.10 o z / t , 3.4 ppm) are found at Aar ja. 

A l l the above deposits exh ib i t the main features of Cyprus-type massive 
su l f i de m ine ra l i za t i on : (1) py r i te and chalcopyr i te as predominant su l f i de 
minerals wi th minor sphaler i te and neg l ig ib le galena In both massive ore 
and v e r t i c a l l y extensive s t r inger zones; (2) an underlying quar tz-ch lor ide-
su l f i de stockwork; (3) abundant Fe and Ti oxide inclusions in p y r i t e ; and 
(4) orebodies which are p ipe l ine or mushroom-shaped are general ly massive. 

Simi lar to Cyprus, most o f the Omani deposits and prospects l i e w i th in the 
p i l low lava sequence of the oph io l i t e a f f i n i t y . Many of the orebodies s i t 
immediately adjacent to steep normal f a u l t s . 

Massive su l f i de deposits of northern Oman are poorly zoned because they 
are copper- r ich , have only minor z inc , and are de f i c ien t in lead. From 
very l im i ted data i t appears that spha le r i t e - r i ch pods are d is t r ibu ted 
e r r a t i c a l l y w i th in the massive ore and the Cu/Zn r a t i o therefore does not 
decrease upward as In other deposi ts . 

^ 
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At Aarja and Lasail gold and silver constitute minor byproducts. There 
is no indication that the deposits carry significantly higher proportions 
of gold relative to silver. 

Massive sulfide deposits of the Cyprus type similar to Lasail, Bayda and 
Aarja are known in other parts of the world, for example Troodes massif, 
Cyprus; Notre Dame Bay, Newfoundland; Ergani district, southeastern Turkey; 
Balabac and Hixbar deposits, Philippines; Oxec district in Guatemala; the 
Island Mountain deposit, California; Lokken district, Norway; and Sevan-
Akeron mining district, Armenia, USSR. The geology of these deposits has 
been described by Hutchinson, 1973, and Frainklin et al., 1981, 

2. Hydrothermal Alteration 

t ' ' " ' . ' . '• . 
The northern Oman Cu-Zn deposits t y p i c a l l y contain three a l t e ra t i on assem-
blages--a gossan or an ochre horizon capping the massive ore , a basal zone 
o f s I H c i f i c a t l o n , and an a l t e r a t i o n pipe below the massive ore. 

The ochre horizon may serve as an explorat ion guide. The Zuka prospect In 
the Wadi Sal hi block was discovered due to a b r i l l i a n t l y colored massive 
ochre. Ochres were recognized at Rakah, Lasa i l , Bayda and Aarja deposi ts . 
The ochre horizons are composed predominantly o f brown and orange-yellow, 
massive or layered sediment containing goethi te and s i l i c a (quartz) w i th 
some m i t e and j a r o s i t e and also some corroded fragments of py r i t e (Bear, 
1963). They are in terpreted as the accumulated product of submarine ox id 
a t i ve leaching of the su l f i de ore that was exposed on the sea f l o o r . Ochres 
are r i c h in i ron and poor In manganese. 

Ochres as ore- re la ted a l t e r a t i o n must be dist inguished from manganese-rich 
umbers which ind icate hydro thermal 'ac t iv i ty on the ocean f l oo r not neces
s a r i l y re lated to su l f i de m inera l i za t ion . Umbers are sedimentary deposits 
of Fe-Mn oxides admixed wi th var iab le amounts o f biogenic mate r ia l . In 
the Geotimes Unit umbers are minor, laminated, brown deposi ts. Most show 
no spat ia l re la t ionsh ip wi th the su l f i de minera l izat ion^ At the Lasail 
deposi t , however, umbers were mapped very close to minera l i za t ion . In the 
Lasail and A l ley un i ts lenses of umber up to 5 m long and 1 m th ick are 
widespread. Fleet and Robertson (1981) describe them as f i n e l y laminated 
and s i l i c i f i e d sediments, which are underlain by a l tered lavas and some
times are brecciated and cut by ferruginous veins. This Indicates that 
umbers form d i r e c t l y above the discharge zone o f submarine hydrothermal 
vents and therefore mark the syn-eruptive f a u l t zones. 

Gossans are mentioned in a l l publ icat ions and explorat ion reports on 
northern Oman, but very l i t t l e information is given on t he i r s i ze , type, 
mineralogy or geochemistry. Gossans, as i s well known, are i r o n - r i c h , 
weather cap rocks over massive su l f i de bodies (Blain and Andrew, 1977). 
I dea l l y , the orebody grades upwards in to a more oxidized secondary su l f i de 
zone. This zone is over la in by an oxide zone, leached of ore metals, 
which i s capped by gossan at the surface. The enriched pyr i te -cha lcopyr i te 
gossans vary in appearance from massive steely gray to powdery black 
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accumulations. Reports contain sketchy mentions of both types at the 
Lasail and Bayda deposits. Iron contained in gossans is most commonly 

p in the form of goethite.and hematite. Most sulfide gossans are variably 
. s\ silicified. Iron sulfide gossans (and to some extent, ochres) derived 

,^A from "barren" pyrite are difficult to distinguish in the fielti from base 

V 

^ 

metal gossans. I t is f e l t that t rue gossans. Ironstones, ochres and umbers 
have not been properly dist inguished and mapped by explorat ion geologists 
in northern Oman. I t must be done in the course of a successful mineral 
explorat ion program. 

A l t e ra t i on pipes below Cu-Zn orebodies cons t i tu te another important 
a l t e ra t i on type. In a typ ica l Cyprus Cu-Zn deposit t h i s a l t e ra t i on is 
well defined and, in some cases, is very extensive v e r t i c a l l y (1000 m and 

î  more). There is no data on the ve r t i ca l extent of a l t e ra t i on 1n Oman 
deposi ts. A l te ra t ion mainly consists of an Mg-rich ch lo r i t e core surrounded 
by a s e r i c i t e - q u a r t z - r i c h halo (Lasai l depos i t ) . The central Mg-rich core 

1^ is expected to be depleted in s i l i c a , whereas the outer se r i c i t e zone may 
be enriched in Si02. Another chemical feature o f a l t e ra t i on in basalts 
below the Cu-Zn minera l izat ion is pervasive Na20 and CaO deple t ion. 

3. Genetic Model 

These deposits are considered to be formed a t or near the discharge vents 
of submarine hydrothermal systems. The hydrothermal system is thought to 
be a convective ce l l which consists mainly of seawater (see review by 
Frank l in , Lydon and Sangsten, 1981). The d r i v ing energy of the convective 
ce l l i s believed to be e i ther the oceanic crusta l heat f low, especial ly 
above the spreading r idges, or local i n t rus ive bodies such as plagiograni te 
plugs associated wi th the seamounts and the Lasail Uni t . During i t s 
descent in the convection c e l l , seawater becomes heated and modified in 
chemical composition. The major chemical change is the reduction achieved 
by react ion wi th Fe components of the basalt ( a c t i v i t y of H2O is greater 
than a c t i v i t y of SO4). The net resu l t o f th i s heating and in teract ion is 
reduced, s l i g h t l y a l ka l i ne sal ine so lut ion that contains copper and zinc 
leached from the basalt sequences along the f low path of the so lu t ions. 
Lead is immobile in a lka l ine so lu t ions . The hydrothermal solut ion r ises 
along a f a u l t or f rac ture zone carry ing Cu and Zn as b i su l f i de complexes. 
I n i t i a l p rec ip i t a t i on takes place near the ocean f l oo r surface forming 
the a l t e ra t i on pipe and s t r inger zone ores and is characterized by mag
nesium ( c h l o r i t e ) metasomatism and s i l i c i f i c a t i o n . At the seawater-rock 
In te r face , the p rec ip i ta t i on is much more rapid and resu l ts in the accum
u la t ion of a su l f i de mound around the vent. Mo6t of -the deposits are— 

warxL-from the coiit i 'al pai t uF the moundr This can be explained as remob-
i l i z a t i o n o f previously deposited su l f ides by the act ion of continued 
hydrothermal f low through the mound. An a l te rna t i ve explanation is that 
ores w i th the highest Cu/Zn ra t i os were deposited at higher temperatures 
and" lower P02 than those wi th lower Cu/Zn r a t i o s . Car i t e . I f present,— 

-tends to coocentratc where the Cu/Zn r a t i o I3 lov^eat.—Sil ica and i ron ep— 
-manganasQ oxides may bo prec ip i ta tod in d is ta l> or-^ . t rat igraphiGal ly hjghor, 
•^aasitionc rolatnve to the- oul f Ida body-;— 
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4. Exploration Consequences 

The first exploration consequence of this theory is that sites of formation 
of volcanic massive sulfide deposits are controlled by the geometry of 
the convective cell and are spaced regularly. Solomon (1976) noted thalt 
the Cyprus deposits appeared to occur in groups, with a spacing between 
individual deposits of 2 to 4.5 km and between groups of 7.5 to 12.5 km. 
Because of the difficulty in leaching sufficient copper and zinc from a 
convection cell 1-1.5 km deep, as calculated from the spacing of the de
posits, he suggested that the main hydrothermal convection cell should 
have a diameter of about 10 km and a depth of about 3.5 km, i.e., the 
between-group spacing. That seems to be the case with the Lasail sea
mounts. 

\The second consequence is that volcanic-hosted massive sulfide deposits 
-{have very limited lateral extent and were deposited very close to the 
'exact site of discharge by a fault or a fracture zone. Therefore, boun
daries of fault blocks, circular features and fault intersections should 
be sought out in photo interpretation and in the course of detailed 
mapping. 

III. Suggested Geochemical Exploration Program 

1. Advantages of Using Rock Geochemistry as a Principal Method 

Rock geochemistry became a popular and widely accepted technique in the 
search for blind ore deposits. The presence of broad Cu and Zn geochem
ical dispersion halos in wallrocks significantly enhances the chances of 
exploration success in the general area of mineralization. -As the stu4y--

qiiemical oignaturo. ~-4fMTraJui' uxiJes, for example, NagO is found to b e — 
c t i r - nn r |1y rl,Qp1pf-nH i n t h n i n V i n - J t y n f cr-o H o p n ^ i t ^ Th1& iO a C C O m p a n i e d 

ivy-Mgfl pni-irhmi^nt. wniH r«n rifi}ilpt-inri_, Of the most commonly examined trace 
elements, Cu, Zn, Cd, Pb, Mo and Ag are capable of showing enhancement 
re lated to massive su l f i de m inera l i za t ion . 

The basic ra t iona le for use of rock geochemistry as an explorat ion tool 
comes from the genetic model o f Cu-Zn massive su l f ide miner^al iza t ion (see 
Section I I - 4 ) . These deposits are considered to have been formed as a resu l t 
of the a c t i v i t y o f submarine hydrothermal systems. As the f l u i ds involved 
percolate through the seafloor basal ts , they a l t e r the mineralogy and 
bulk chemistry of the host rocks. This creates d i s t i n c t i v e zones which 
cons t i tu te much wider target areas in the search for mineral izat ion than 
the minera l iza t ion i t s e l f . The geochemical halos arc s i g n i f i c a n t l y (two 
or three-t imes) wider than the obviouo mineralogi-cal halo and ur ibi i aiiuiii-

^a-loiie-geochemical va.l.ues arc found in rocko which have merely background— 
aJtera-t-lof^-frP no appar-ew.t-a-l-tei'atlon at a l l ( f o r inotancc. Nerairda-^maTS'tve' 
s u l f i d e doposi t , Pirio-a^td NiC'holo,-4-^&H-r- On a-wid^ip-scale, copper and— 
z4-f3€-€H-S4>ersion patterns arc re lated to the mineial ized fau l ts and'frac-turo 
Sjt&teiiis uF the area* and (..uuld help to lucaLe FdvuidLile ground-;— 
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One of the most significant conclusions which could be drawn from regional 
I rock geochemical studies is that on a regional scale (10-20 km^) it is the 
lore elements, mainly Cu and Zn, that give the most definitive patterns in 
relation to the distribution of sulfide deposits; whereas on the mine 
_^ale (1 km^ of the mineralization) the major elements, such as Na20, MgO, 
and CaO, give the most well-defined halos. 

Another Important conclusion, reached during the Cyprus rock geochemical 
study (Govett and Pantazis, 1971), is that massive sulfide deposits occur 
in the areas of low Cu and high Zn content. It was confirmed later that 
the Newfoundland and New Brunswick massive sulfide deposits also lie in 
Cu-deficient zones (Govett and Piva, 1981). These authors calculated that 
the changes in the metal content of the rocks around mineralization compared 
to the average rocks of the region require a loss of more than 30/S of Cu. 
This is probably due to leaching of metals from basalts to form sulfides. 

2. First Step - Regional Rock Geochemical Survey of Northern Oman 

It is suggested that a low-density regional rock geochemical survey of the 
volcanic province of northern Oman be conducted, using five geologists fpr 
two months. The objective would be to determine Cu, Zn and Pb variations 
attributable to: (1) proximity to sulfide mineralization and alteration; 
(2) stratigraphic position in the Geotimes, Lasail or Alley units; (3) plate 
tectonic position relative to spreading axis, off-axis seamount, or post-
seamount graben; and (4) petrographic (rock type) differences as to thol-
eitic basalts, andesites, rhyolites, etc. 

It is proposed that 15-20 traverses be located over the volcanic belt and 
in the Ibra region, in such a manner that the traverses will cross main 
rock groups at right angles to the strike. Geographically, traverses should 
be spaced more or less equidistantly. It is necessary that some traverses 
cross the Bowling Alley, Lasail and Ibra mining districts in order to deter
mine geochemical changes as a function of proximity to mineralization. To 
assure this, some miscellaneous (radial) traverses could be planned in 
these districts. 

Rock samples along traverses may be taken at regular Intervals of 200 m. 
At each sample location several samples may be required, for example from 
obviously different rock types, from rocks with various degrees of alter
ation, etc. 

It is anticipated that 2000-3000 samples would be collected in this regional 
geochemical survey. All samples should be analyzed for Cu. Zn and Pb; a 
certain number of samples should be analyzed for 10 major oxides and addit
ional trace elements such as V, NI, Co, Cr, Ti, Mn, Ba, Ag, Cd, Zr and Y. 

In addition to identifying the mining districts and regional trends geochem
ically, these analyses will provide a systematic, reliable data base for 
the recognition of background and anomalous populations by use of computer 
processing of the analytical results. They will serve also as an important 
aid to mineral exploration. 
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3. Target Areas 

Target areas should be defined by the analysis o f geology and mineral 
be l t s , by photogeological In te rp re ta t ion of s t ruc tura l features and 
color ( a l t e ra t i on ) anomalies, and by reconnaissance geological mapping. 
These matters are outside the scope of t h i s repor t . A regional geochem
ica l survey could be o f some help in locat ing target areas, supplementing 
the above methods, but i t should not be a pr inc ipa l t o o l . 

4. Second Step - Detailed Rock Geochemical Surveys of the Target Areas 

Once a target area is out l ined i t i s recommended that deta i led rock 
geochemical sampling in conjunction wi th deta i led geological mapping be 
used as a potent method in the search for b l ind massive su l f ide orebodies. 
Two types of set t ings for Cu-Zn deposits are env1s1oned--exposed or t h i n l y 
concealed, and concealed by post-ore cover such as ophiol i te-sedimentary 
rocks, eol ic sand or a l luv ium. Outcrop samples are recommended for the 
deta i led geochemical prospecting. Desert so i l s are t h in and a l k a l i n e , 
wi th poorly developed p ro f i l e s In which abundant, pa r t l y weathered f r ag 
ments of bedrock are common. On r idge crests anii steep slopes where 
outcrops and " f l o a t " are abundant, so i l samples would not be as inform
a t i ve as bedrock samples. Therefore, so i l samples should be used for 
gr id sampling in small areas of known or suspected minera l i za t ion . 

In deta i led prospecting for massive su l f i de deposi ts , the fo l lowing group 
of elements is p a r t i c u l a r l y serviceable: copper, z inc , lead, cadmium, 
s i l v e r , molybdenum, and coba l t . In add i t i on , the major oxides such as 
Na20, K2O, MgO and CaO should be determined (see Section I I I - l ) , The 
appraisal of proven geochemical anomalies may be f a c i l i t a t e d occasional ly 
by the use of bismuth, arsenic and barium as supplementary indicator 
elements. 

Analyses fo r lead are (especially necessary in the areas where the ac id ic 
volcanic rocks of the Lasail and A l ley un i ts are exposed as there is a 
chance for discovery of Kuroko-style Cu-Zn-Pb deposits. 

During the rock geochemical survey o f the target area, some halos of 
Increased concentrat ion of cer ta in elements such as Zn and Ag or decreased 
concentrations of Cu would be discovered. Such halos are more l i k e l y to 
develop in the footwal l of massive su l f i de orebodies, and as previously 
discussed, the halos could be several times larger than the orebodies. 
In general , halos of large py r i te -cha lcopyr i te orebodies are broader and 
longer than halos of small ones. Small orebodies are known to develop 
a mul t i tude o f small halos. 

The main problem in the rock geochemical surveying of a target area for 
a b l ind massive su l f i de deposit i s not the discovery and mapping o f the 
Cu-Zn halos. The halos are a considerable size and could be found eas i l y . 
The problem i s the i n te rp re ta t i on of the halos and estimation of the 
potent ia l size and grade o f the b l ind m inera l i za t ion . The size of the 
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halos is merely an Indication of the span of massive sulfide mineral
izat ion. Although proven c r i te r ia have not been fu l l y developed to 
d i f ferent iate between economic and uneconomic ore deposits by their 
halos, some preliminary suggestions can be made. One Is to pay special 
attention to geochemistry of altered rocks. High values of copper, zinc, 
and lead generally correspond to quartz-serici te-chlor i te a l terat ion. 
High values of cobalt and molybdenum generally are found in basal s i l i c 
i f i ed zones.' Gossans and ochres are part icular ly indicat ive; In copper-
zinc gossans, a high Cu, Pb, Ba, Au and Ag-low Mn, NI, Cr and Co assoc
iat ion is diagnostic of economic mineralization. In some cases, small, 
low-grade copper-zinc orebodies exhibit lower Ba and higher Zn and Mn 
contents in the gossans. 

î 

One final comment is that in conducting rock geochemical sampling in 
conjunction with detailed geological mapping, 1t is not mandatory to 
do it on a grid basis. Bedrock samples could be taken along mapping 
traverses and from key outcrops where principal stratigraphic units and 
alteration assemblages are exposed. 

5. Third Step - Assessment of Geochemical Anomalies 

After halos of ore elements have been mapped and a geochemical anomaly 
identified, an assessment of this anomaly and definition of drill targets 
should be performed. Such assessment is usually done by conducting a grid 
soil geochemical survey and taking "fill-in" rock samples over the ident
ified anomaly. Soil samples must be closely spaced along traverses normal 
to the trend of the geochemical anomaly, which presumably reflects the 
concealed massive sulfides. The grid should have an interval only slightly 
greater than the dimensions of the minimum-sized massive sulfide deposits. 
Considering the surface expressions of known deposits in northern Oman, 
grid lines 50 m apart with samples taken every 25 m are recommended. The 
lithology should be mapped on every sample line. 

Such a grid soil geochenical survey would define drill targets on the 
basis of the metal's absolute value, the Cu/Zn ratio and field relation
ships. If additional indicator elements are used, the idea of vertical 
geochemical zonation should be utilized. For example, high values of 
cobalt and molybdenum are typical for a zone beneath the ore; high copper 
and zinc are obviously characteristic of the deposit Itself; lead, barium 
and silver are Indicative of an above-ore (overburden) zone. 

6. Use of Wadi Sediments for Geochemical Exploration 

,Wadi sediments could be used for geochemical exploration in spite of the 
negative factors, such as a very low level of precipitation, an absence 
of permanent water courses, an abundance of eolin sand In the wadi sedi
ment, and poor sorting of the wadi alluvium. The critical factor is 
what size fraction should be sampled. 

The theory of epigenetic geochemical mobility shows that ore minerals 
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could be transported in the weathering environment either by mechanical 
dispersion (sol id phase) or as a metal-salt soluble phase. In the desert 
areas mechanical dispersion plays a far greater role than hydromorphic 
dispersion (on a 20:1 ra t i o ) . I t may follow from this that coarse frac
tions of waiii sediments ref lect ing a mechanical dispersion should be more 
indicative of mineralization than the tradi t ional -80 mesh fract ion. 
Indeed, results obtained by Solovov. (1959) in the Kara-Kum desert, USSR; 
Bugrov (1974) in the Eastern Desert, Egypt; Theobald, et a l . (1979) in 
the Sonora Desert, Mexico; and Theobald, et a l . (1977) in the Rub-al-Hali 
Desert, Saudi Arabia, demonstrate >/ery clear ly that geochemical data from 
the conventional -80 mesh sediment showed no correlation with the geology 
and mineralization. This ref lects the Inab i l i t y of s i l t and argillaceous 
materials in wadi al luviumto absorb much metal from the surface and temp
orary underground streams. The above studies also showed that -30 mesh 
fraction proved to be the most satisfactory for analysis. At times, 
material as coarse as -20 mesh proved most useful. Discrete, heavy, 
re lat ive ly coarse det r i ta l minerals contributed most of the anomalous 
metals. The -30 mesh fraction had the added advantage of being easier 
and faster to col lect than the conventional -80 mesh f ract ion. 

I t is recommended, therefore, that a coarse-fraction wadi sediment survey 
be ut i l i zed for d is t r i c t - leve l prospecting. Sample spacing and sample 
arrangement with regard to minor wadi channels should be the same as in 
any other stream sediment survey. 

IV. Computer Data Processing • 

Rock and soil geochemistry data should be computer processed, using visual 
display, s ta t is t ica l and graphic Interpretation techniques. 

USSC has state-of-the-art computer programs combined into such packages as 
STATPACK, SURFACE I I , and PACKAGE FOR INTERPRETATION OF RECONNAISSANCE AND 
PROPERTY EVALUATION DATA. The hardware configuration at U. S. Steel's explor
ation of f ice Includes two Tektronix visual display terminals, large d ig i t i ze r , 
minicomputer PDP-1123 and main frame computer CDC CYBER-175. 

USSC has a staf f of experienced geologists and programmers who work with 
similar rock and soil geochemical data on a routine basis and would be in a 
position to handle the northern Oman data quickly and e f f i c ien t l y . 

Edward I , Bloomstein, 
Senior Geologist 

Ph.D. 

EIB/cwb 
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THE SEMAIL OPHIOLITE AND ASSOCIATED MASSIVE 
SULFIDE DEPOSITS, SULTANATE OF OMAN 

R. G. COLEMAN', C. C. HusTON^ I. M. EL-BOUSHI\ 
K. M. AL-HINAI^ and E. H. BAILEY' 

'U.S. Geological Survey, Menlo Park, California, U.S.A. 
^President of Prospection Limited, Toronto, Ontario, Canada 

'Directorate General of Petroleum and Minerals, Muscat, Sultanate of Oman 

Abstract—The Semail ophiolite is part of the Middle East alpine mountain chain and forms the southern part of 
the "Pre-Arabian ophiolite crescent". It is made up of thrust plates whose internal structure suggests interplate 
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independence during tectonic repetition of the ophiolite sequence and in some instances overturning of the 
section. Melange units at the base are overlain by serpentinized peridotites which comprise 60% of the outcrop. 
Harzburgite is the most important original rock of the peridotite with discordant bodies of dunite. Chromite bodies 
occur at the top and in these dunites. A transition zone overlies the harzburgites and dunites. It exhibits cumulate 
textures and grades upwards into layered, and finally massive, gabbros exhibiting rare layering. Plagiogranites are 
found al the top of the gabbro. The contact between gabbro and overlying sheeted diabase'dikes marks a major 
unconformity. The sheeted dikes are fine grained and have ophitic texture developed by plagioclase and 
clinopyroxene. The volcanics contain pillows and inter-pillow hyaloclastics. They have been thermally metamor
phosed to zeolite and greenschist assemblages. Petrologic reconstruction shows that ophiolite formation was 
polygenetic and that these processes probably took place at a spreading center in the Tethys Sea and not on a 
continental margin of the Arabian Peninsula. 

Over 150 massive sulfide Cu prospects have been discovered throughout the ophiolite, but those in the pillow 
lavas close to the lop are the largest. Some show association lo faults central to the mineralization. Others lie 
along N.W.-trending faults related to younger tectonics. Along the contact between cumulate gabbro and cumulate 
peridotite are numerous small Cu prospects. Their occurrence and their Ni-rich ancient slags suggest that these 
sulfides may be related to the history of the cumulate gabbros (of the Duluth gabbro). The massive sulfides consist 
mainly of pyrite and chalcopyrite. The chalcopyrite is always late and often accompanied by sphalerite in 
fractures. Minor bornile and chalcocite occur in drill cores. 

The low grade thermal metamorphism of the volcanics and the upper parts of the gabbro is probably related lo 
hot circulating oceanic waters produced by high heat flow near the spreading center. This thermal event (as in 
Cyprus) may be responsible for the Cu deposits. The imbricate thrusting within the ophiolite, combined with 
strong deformation along its leading edge and mild deformation at its trailing edge, suggest emplacement by 
gravity sliding. 

INTRODUCTION 

New sulfide deposits have been discovered 
within the Semail ophiolite which is located in the 
northern part of the Sultanate of Oman. A mineral 
exploration program started in 1973 by Prospection 
(Oman) Ltd., under agreement with the Sultanate 
of Oman has led to these new discoveries. 
Archaeological research on the Island of Baharain 
by a Danish group (Bibby, 1969) described possible 
shipments of copper during the Third Millenium 
originating from "Makan or Magan" which is bel
ieved to be the mountainous part of Oman, A 
literature search and geologic comparison of 
northern Oman with Cyprus persuaded C. C. Hus
ton that the Semail ophiolite was an excellent 
exploration target for copper. Early in the 
exploration program, evidence of ancient copper 
mining wais found in many areas of Oman. Ancient 
slag heaps showing traces of copper and charcoal 
inclusions were clear indications of smelting by 
early man. Carbon 14 age measurements on char
coal from these slag heaps indicate these deposits 
had been worked as late as 1500 A.D., but 
archeological evidence shows that these deposits 
were also worked as early as the Third Millennium, 
thus confirming the earlier archeological studies on 
Baharain (Bibby, 1969). 

Most of the ore bodies have large slag heaps 
associated with them as well as conspicuous 
brightly colored gossans, so their recognition was 
easily accomplished. However, airborne elec
tromagnetic surveys were also carried out over 
selected areas of the Semail ophiolite. Promising 
anomalies were followed up by ground geochemi
cal and geophysical surveys that included elec
tromagnetic, gravity, and magnetic intensity 
methods. The outcome of the combined geological. 

geochemical, and geophysical methods has led to 
over 100 mineral prospects, mostly copper but also 
including chromite, nickel, lead, zinc, silver, and 
gold as by-products. Three of the more promising 
massive sulfide bodies have been drilled in 
sufficient detail for evaluation and the aggregate 
drilling indicates proven and/or probable ore 
reserves of the order of 20 million metric tons at 
approximately 2 percent Cu. Feasibility studies 
have been completed on the Lasail, Aarja, and 
Bayda prospects, and production is contemplated 
in the near future. The purpose of this paper is to 
provide a geologic description of these deposits 
and to relate their occurrence to the Semail 
ophiolite. This work was carried out under an 
agreement with the Ministry of Agriculture, 
Fisheries, Petroleum, and Minerals of the Sul
tanate of Oman and the U.S. Geological Survey. 

GEOLOGIC SETTING 

The Semail ophiolite is part of the Middle East 
alpine mountain chain forming the southern-most 
part of the "peri-Arabian ophiolite crescent" that 
can be followed westward from Oman through 
Neyriz and Kermanshah in Iran, along the Turkish-
Iran border fold belt and finally into Hatay and 
Cyprus (Ricou, 1971). It is now considered that the 
ophiolites of the peri-Arabian crescent represent 
oceanic crust formed in the "Paleo-Tethys" Sea as 
described by Stocklin (1974). The Semail ophiolite 
is perhaps the largest (30,000 cubic kilometers) and 
the best exposed section of ancient oceanic crust 
in the world (Fig. 1). Recent studies of the 
Oman mountains have provided new insights on 
the geology (Glennie et a i , 1974; Glennie et a i , 
1973; Reinhardt, 1969; Allemann and Peters, 1972). 
Earlier reports on the Oman mountains were of 
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reconnaissance nature and provide only sparse in
formation on the Semail ophiolite (Hudson et a i , 
1954; Morton, 1959; Hudson and Chatton, 1959; 
Hudson, 1960; Tschopp, 1967; Wilson, 1969; 
Greenwood and Loney, 1968) and, up to now, 
there are no published detailed and systematic 
studies of the ophiolite. 

The geologic setting of the Oman mountains can 
best be understood by dividing the rock units into 
four groups in sequence from the basement up
wards (Fig. 1). 

(I) Basement autochthonous rocks represented 
by Paleozoic and possible Precambrian rocks un-
conformably overlain by a thick sequence of shal
low shelf carbonates (Hajar Super-Group, Mid 
Permian to Cenomanian), which are characteristic 
for the whole eastern Arabian continental margin 
and the Zagros fold belt in Iran. Continental edge 
and slope deposits consisting of supratidal and 
open marine reefal facies (Sumeini Group, Per
mian to Cenomanian). 

(II) Hawasina unit of deep water chert, shales, 
and limestones deposited during the same time 
span (Permian to Cenomanian) as the Group I 
autochthonous sediments. These sediments were 
deposited in an environment representing a con
tinental rise and ocean basin situated N.E. of the 
present east Arabian continental margin (Glennie 
et a i , 1974). 

(III) The Semail ophiolite, a thick sequence of 
ultramafic and mafic rocks thought to represent 
ancient oceanic lithosphere (Cenomanian). The 
Semail ophiolites and Hawasina units are al-
lochthonous units tectonically emplaced during the 
Late Cretaceous above the Group I autochthonous 
sediments with the ophiolites being the highest 
structural slice. Emplacement of the Hawasina and 
Semail ophiolite has produced chaotic masses of 
melange underlying the ophiolite and containing 
mountain-size exotic blocks of Permian reefal 
limestone. Metamorphic zones formed at the base 
of the Semail ophiolite may be related to earlier 
hot detachment of these ophiolites in the Tethys 
trough. 

(IV) Thick, shallow water marine limestones of 
Late Cretaceous to Middle Tertiary age represent a 
transgressive sequence following the tectonic 
emplacement of the Semail ophiolites. 

All of the units in Groups I to IV have been 
involved in simple compressional up-folding 
sometime during the Oligocene and Miocene. This 
up-folding was followed by Late Tertiary normal 
faulting and recent uplift along the axis of the 
Oman mountains. Thus the emplacement of the 
Semail ophiolite coincides with Eo-Alpine oro
genesis and marks the closing of the Tethyan Sea 
during the Late Cretaceous. Since the Semail 
ophiolite contains all of the copper deposits within 

the Oman mountains and these copper-rich mas
sive sulfides appear stratabound within the pillow 
lavas of the ophiolite, it appears reasonable to 
assume that these deposits formed on the sea floor 
during volcanogenic processes developed at 
spreading centers (Sillitoe, 1972, 1973; Spooner et 
a i , 1974; Duke and Hutchinson, 1974) prior to the 
emplacement of the Semail ophiolite on the 
Arabian shelf carbonate platform. 

SEMAIL OPHIOLITE 

It is possible to divide the Semail ophiolite into 
the following units (Reinhardt, 1969) that form a 
superposed sequence starting from the bottom to 
the top: 

(1) Metamorphic zone including garnet am-
phibolites and greenschist assemblages. 

(2) Peridotite section including both tectonized 
and cumulate ultramafic rocks. 

(3) Transition zone referred to as PG by Rein
hardt. 

(4) Gabbro section including both cumulate and 
massive rocks as well as plagiogranites and 
encompassing Reinhardt's G and HG units. 

(5) Diabase dike section. 
(6) Pillow lavas and interbedded umbers. 
The Semail ophiolite does not consist of a con

tinuous sheet or nappe, but is made up of in
dividual thrust plates whose internal structures 
suggest interplate independence during tectonic 
emplacement. Internal low angle thrust faults have 
led to tectonic repetition of the ophiolite sequences 
and, in some instances, overturning of the section. 
Post-emplacement vertical faults have offset 
sequences, but some offsets within the gabbro-
peridotite do not extend into overlying diabase and 
gabbro, suggesting pre-emplacement deformation 
at the Tethys spreading ridge. In a general way, 
there appears to be more deformation and ser-
pentinization of the peridotites on the leading edge 
of the nappes (west and south) than on their trail
ing edges (east and north). 

Melange units are more common than the gar
net amphibolites and greenschists at the base of 
the Semail ophiolite and consist mainly of 
Hawasina,units immersed in matrix consisting of 
fine-grained broken fragments from the same unit. 
It is rare that these melange units have a ser-
pentinite matrix or other broken fragments of the 
ophiolite. 

The peridotites comprise 60 percent of the out
crop area of the Semail ophiolite and form a 
characteristic topography of sharp peaks with a 
fairly low relief. These rocks have been per
vasively serpentinized (60-100 percent) under sta
tic conditions so that the present appearance is of 
a very dark-colored, friable, and fractured rock. 
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Harzburgite is the most important original rock 
type and consists of 60-80 percent olivine (F090) 
and 10-25 percent orthopyroxene (En9o_9i) with 
accessory chromite. The harzburgites show a faint 
layering and, in some instances, a strong tectonic 
fabric can be seen. Discontinuous lenses and larger 
(2-4 km) discordant bodies of dunite are present 
within the harzburgite, and chromite bodies are 
found in these dunite masses. Orthopyroxene and 
gabbro dikes, from one centimeter to 1/2. meter 
thick,-commonly cut the harzburgite. Up to now, 
there is very little known about the internal struc
tures of the peridotite, and it is difficult to establish 
boundaries between cumtilate . layering and 
metamorphic peridotite. ' , 

The transition zone marks the first appearance 
of rocks clearly exhibiting cumulate igneous tex
tures and containing plagioclase. It is characterized 
by alternating white and dark bands. The dark 
bands consist of cumulate olivine and clinopy
roxene, whereas the Hght bands consist of anor-
thosites, troctolites, gabbros, and norites. Below 
this zone, extending 200 ineters or more, are 
cumulate olivine rocks (dunite) some of which 
contain zones of chromite that also have cumulate 
structures. The banded rocks of the transition zone 
show a more iron-rich olivine (Fogs-ss) than found 
in the underlying harzburgite, and the associated 
plagioclase is very calcic (An8i_92) as is the clino
pyroxene (Fe58Mg5oCa44 2). The transition zone 
exhibits complex relationships with dikes of gab
bro, anorthosite, or troctolite cutting the layered 
sequence. 

The transitional zone grades gradually upward 
into layered gabbros and finally into massive gab
bros exhibiting only rare layering. The main rock 
types in this zone are plagioclase (An92^5)-rich 
gabbros containing various proportions of calcic 
clinopyroxene, olivine (F072-8S), and orthopy
roxene. The layering in these gabbros seems con
cordant with the underlying transition zone but 
with fewer cross-cutting dikes. Higher in the sec
tion,, as the diabase contact is approached, zones 
of brecciated meta-gabbro are invaded by leuco-
gabbros. Quartz appears in some gabbros with 
granophyric textures developing. The sequence 
from the transition zone to the upper parts of the 
gabbro demonstrates progressive differentiation of 
these rocks from meta-gabbros on up to leu(;0-
gabbros. Small individual masses of plagiogranite 
at the top of the gabbro represent the end product 
of the differentiation and consist essentially of 
quartz and sodic plagioclase with mit\or horn-, 
blende. The plagiogranites form irregular, bodies 
that cross-cut the massive and layered gabbros 
and, where extensive brecciation is present, this 
same plagiogranite has infiltrated the gabbroic 
breccia. • 

The contact between the gabbros and overlying 
sheeted diabase marks a major unconformity in the 
Semail ophiolite. At the contact, diabase dikes with 
chilled margins extend downward into the gabbro 
and cross-cut all existing structures. Large-scale 
mapping has shown that widespread folding of the 
gabbros had taken place prior to dike emplace
ment. The sheeted dikes of Semail ophiolite are 
sub-parallel, ranging in width from five centimeters 
to several meters, and exhibiting chilled margins 
against one another. There are no country rock 
screens yet reported from these dike swarms, and 
both asyirimetric and symmetric chill zones are 
present, suggesting, a mechanism of emplacement 
similar to that postulated for Cyprus (Moores and 
Vine, 1971). The sheeted dikes are fine grained and 
have ophitic texture developed by plagioclase 
(An4(^o) aild - clinopyroxene (Fe9Mg45.5Ca45 5). 
Generally, the diabase shows an-overprint of 
greenschist facies thermal metamoVphism with 
quartz, albite, actinolite, epidote, and chlorite 
replacing the original minerals. Leucocratic dikes 
having compositions similar to the underlying 
plagiogranites may have extensive , development 
within the dike swarms and locally predominate 
over the more mafic dikes. , 

The volcanics of theSernail ophiolite are the 
least abundant rocks (~ 3 percent) and generally 
form low rounded hills with poor exposures. The 
dike swarm contact with the overlying pillow lavas 
is marked by increasing screens of: lava between 
the dikes and anastomosing of the dikes into cross-
cutting relationships demotistrates that they acted 
as feeders for the jjillow lavas. Nearly all of the 
volcanics exhibit pillow structures and contain in-
terpillow hyloclastites; Where the attitude of the 
pillows can be ascertained hi relationship to the 
strike of the sheeted dikes, ;the angle is ap
proximately 90°. Thus, there seferns to be no tec
tonic break or unconformity bet\yeen the pillows 
and diabase dike swarm. Near the top of the 
Semail pillow lavas, interlayered ironstones 
(umbers) are present in many areas and resemble 
those described from Cyprus (Robertson,, 1975). 
Sediments in a normal sequence above the pillows 
are of Cenomanian and Coniacian age and provide 
a minimum age on the formationVof the ophiolite 
(Glennie efa/„ 1974). 

The volcanics have all undergone a thermal 
metaihorphism producing zeolite and greenschist 
assemblages. The preserved ' textures are 
dominantly intersertal with some, porphyfitic and 
variolitic varieties. The feldspar is typically albite 
associated with chlorite, epidote, quartz, and un
altered augite and ilmenbmagnetite, Actinolite 
replaces the pyroxene, and the vesicles contain 
varying proportions of calcite, quartz, and lau-
montite. The degree of alteration in the volcanics 
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is similar to that described in the Cyprus pillow 
lavas (Gass and Smewing, 1973), and there also 
appears to be a downward increase in metamor
phic grade into the diabase and gabbro units, but 
terminating downward somewhere in the gabbro 
section. 

The . petrologic reconstruction of the Semail 
ophiolite shows that its formation was polygenetic, 
and that these processes probably took place at a 
spreading center in the Tethys Sea and not on the 
continental margin of the Arabian Peninsula, The 
basal peridotite has an apparent uniform com
position and exhibits evidence of having been 
deformed under subsolidus conditions. Eistimation 
of ternperature and pressure expressed by partition 
coefficients and pyroxene compositions within the 
peridotite indicate that temperatures attending 
peridotite formation were in excess of 1200°C, and 
pressures approached 7 kb (Reinhardt, 1969). The 
creation of such a large mass of uniform peridotite 
at these temperatures and pressures requires that 
this part of the Seniail ophiolite formed within the 
upper mantle. It seems most probable that the 
Semail peridotite represents a refractory residue 
formed during a partial melting everit in the 
mantle. 

The. overlying transitional and gabbro zones are 
more obviously derived from a fractionating mafic 
melt. Precipitation of cumulate olivine and 
chromite signals the beginning of this fractionation. 
Decreasing Mg/Mg-l-Fe ratios in the olivines of 
the gabbros indicates a progressive trend; 
however, sharp reversals in the cumulate sequeiice 
into more mafic layers on top of less mafic layers 
indicates cyclic events. These cyclic events com
bined with brecciation, peculiar dike sequences, 
and pre-diabase faulting, all point to the transient 
nature of the fractionating magma source. The 
overlying sheeted dike sequence and pillow lavas, 
apparently formed at a spreading center, 
developed after the deformation of the transient 
underlying cumulate sequence. Thus, there is evi
dence of three distinct penecontemporaneous 
events taking place at the spreading center: (1) 
production of a partial melt residue and its plastic 
deforitiation in the mantle; (2) formation of a 
magma chamber and development of cumulate 
sequences by cyclic and random invasions of 
magma having undergone variable degrees of frac
tionation; and (3) invasion of basaltic and different
iated magmas along vertical tension fractures and 
out-pouring of lavas on the ocean floor. The low-
grade thermal metamorphism present in the pillow 
lavas, diabase dikes, and upper parts of the gabbro 
is related to hot circulating ocean waters produced 
by the high heat flow near the spreading centers as 
has been described on Cyprus (Gass and Smewing, 
1973; Spooner and Fyfe, 1973). The discovery of 

widespread copper deposits within the hydro
thermally altered Semail pillow lavas further 
strengthens its analogy with Cyprus ophiolite and 
associated massive sulfide deposits (Huston, 1975; 
Bailey and Coleman, 1975). 

OCCURRENCE OF COPPER IN THE 
SEMAIL OPHIOLITE 

Copper prospects occur throughout the vast 
thickness ot the Semail ophiolite, but those 
developed in the pillow lavas, especially those near 
the top of the pillow lavas, contain the largest 
tonnages of ore. The position of some of these 
deposits within the ophiolite is shown diagram
matically on Fig. 2, The ore bodies proved out by 
drilling within the pillow lavas consist mainly of 
massive sulfide (pyrite). Through oxidation, the 
pyrite has given rise to acid waters that have 
produced brightly colored, extensively leached, 
gossan outcrops. These gossan zories with their 
underlying ore bodies are small in areal extent, 
being generally elliptical in plan with major axes 
from 30 to 150 m. Downward extension of these ore 
bodies to at least 200 meters has been proved by 
drilling (Fig. 3). Certain ore bodies are not ellip
tical, but elongate and apparently fault controlled. 
Typically the pillow lavas associated with these 
ore bodies have undergone zeolite facies alter
ation, but extensive veins or fractures showing 
alteration products or mineralization are not 
present. 

The bright orange, red, brown, or yellow colors 
of the gossan make the exposed deposits easy to 
find. However, distinguishing gossans over sulfide 
deposits that contain copper from those that are 
barren is difficult. Where there are secondary 
copper minerals in the outcrop, the deposits have 
invariably been found and worked in ancient times. 
Black slag piles dot the landscape surrounding the 
deposits, and in some places there are extensive 
ruins of old reduction furnaces. But, where the 
leaching of the gossan has been most intense, the 
original copper sulfides have been dissolved, and 
no secondary copper minerals are left behind. As a 
result, in some deposits, secondary copper 
minerals can be seen in the less altered periphery 
but not in the most mineralized core. The surface 
shape of the gossan generally mimics the subsur
face extent of the massive sulfide body. The oxi
dation of the massive sulfides in the gossans has 
produced a loss in volume, so much so, that in 
some gossans depressions develop. Generally, the 
gossans extend less than 10 m below the surface 
forming a very porous and incoherent mass. In 
some places, copper leached from a gossan is 
redeposited at the base of the leached zone but no 
zone of secondary enrichment has been noted. The 
oxidation of the pyrite appears to have formed 
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Strong solvents such as sulfuric acid and iron sul
phate. The most important secondary minerals that 
make up these gossans are goethite, jarosite, 
hematite, gypsum and, more rarely, natroalunite. 

The most important massive sulfide deposits are 
located in an area referred to as the "Bowling 
Alley" 35 km west of Sohar and terminated on the 
south by Wadi Jizzi (Fig. 4), By their shape, some 
deposits in the Bowling Alley indicate fault control 
to the mineralization. Others seem to lie along 
N.W.-trending faults related to younger tectonics. 
It is worth noting here that there are no deposits 
within the sheeted dikes except for two gossans 
that are found at the very top of the sheeted dike 
section. 

The lower gabbro and peridotite parts of the 
Semail ophiolite contain numerous copper pros
pects, but none of these has proven large tonnages 
of massive sulfide (Fig. 2). Many of these were 
mined in ancient times. Most of these deposits are 
along the contact between cumulate gabbro and 
cumulate peridotite that localized steep faults 
along this boundary. The mineralized zones are 
narrow, usually less than 8 m wide, have lengths of 
less than 300 m, and generally are poorly exposed. 
Primary chalcopyrite was found in some places as 
discrete grains within the gabbro, but the usual ore 
in outcrop contains only secondary copper 
minerals. In contrast to the ores in the lavas, these 
deposits typically contain minor amounts of pyrite. 
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and they generally exhibit only a little iron staining 
rather than a heavy gossan. Their consistent 
occurrence at the base of the cumulate gabbros 
and the high nickel content of their ancient slags 
strongly suggest that these sulfides may be related 
to the igneous history of the cumulate gabbros 
similar to the sulfide deposits of the Duluth gabbro. 

ORE MINERALOGY 

The massive sulfide ore zones consist mainly of 
pyrite (>95 percent) which exhibits no relict 
structures of the host basalt that bounds the 
deposits. The pyrite assumes various habits within 
these zones, Euhedral to subhedral pyrite forms a 
compact ore haying bright color both in hand spe
cimen and in polished section. This type of ore 
invariably has been fractured with infilling of 
quartz, chalcopyrite, and gypsum. Some zones of 
massive pyrite are very porous and friable break
ing down into sulfide sand. This pyrite is usually 
dull and has a low reflectivity and is much more 
susceptible to oxidation when exposed to the 
atmosphere after drilling. Occasionally, colloform 
textures have been recognized, but it is difficult to 
establish the relationship of this layering to the 
more massive sulfides, 

Chalcopyrite is the main ore mineral in the mas
sive sulfide bodies and varies from less than 1 
percent to more than 30 percent in some drill 
cores. The chalcopyrite is always late and is found 
in fractures or veins replacing pyrite. The chal
copyrite is often accompanied by sphalerite in the 
fractures. In those specimens where chalcopyrite 
is the dominant mineral, it encloses anhedral pyrite 
grains. The drill core data on the various deposits 
does not allow any generalization as to the dis
tribution of chalcopyrite within the massive sulfide 
bodies. Minor amounts of bornite and chalcocite 
have been observed in the drill cores. Up to now, 
neither marcasite nor pyrrhotite have been repor
ted in the massive sulfide bodies. 

Drill core penetration below the massive sulfide 
bodies have intersected vein structures and stron
gly altered rock which may represent a stock-work 
system similar to those described from Cyprus 
(Searle, 1972). These veins consist mainly of 
euhedral pyrite associated with quartz, gypsum, 
and only very minor chalcopyrite. 

Mineralogical and chemical analyses of massive 
sulfide drill-core samples from Lasail and Aarja 
are given in Table 1. The mineralogy of all samples 
is quite simple as explained above, and the dis
tribution of copper is very erratic. Minor and trace 
elements provide some insight to these deposits. 
The nickel: cobalt ratios suggest that these 
deposits are enriched in cobalt relative to nickel 
and, in the case of the Lasail deposit, the Co 
averages more than 800 ppm. The enrichment of 

cobalt in the Cyprus iron sulfides as well as in 
pyrite from most hydrothermal deposits is charac
teristic. However, cobalt in the Aarja deposit does 
not show this same pattern and has an average 
cobalt less than 15 ppm. This striking difference in 
minor elements between Lasail and Aarja is fur
ther reinforced by arsenic. No arsenic was detec
ted in Lasail whereas the Aarja deposit has 
significant amount (—1000 ppm As). Minor but 
consistent differences in Mo and Pb further 
strengthen the idea that these deposits were for
med by ore fluids of distinct history, 

DISTRIBUTION OF Cu, Ni, Co, AND Zn 

We have tried to establish the background con
tent of S, Cu, Ni, Co, and Zn for the pillow lavas, 
diabase, and gabbros within the Semail ophiolite. 
Samples used for analyses were not mineralized 
and are considered to be representative of the rock 
types; however, it must be borne in mind that 
these rocks have undergone a certain amount of 
hydrothermal alteration. Therefore, the values for 
these elements cannot be considered represen
tative of the original igneous rocks (Table 2). The 
basalts and diabase have nearly the same average 
valiies for Cu and Ni, but S and Co increase from 
basalts to diabase and Zn decreases. The gabbro 
average shows a much higher Ni content than the 
diabase or basalt, whereas S, Cu, and Co are 
nearly the same. If the average values from the 
Oman basalt and diabase are compared with 
various basalt averages from Cyprus, we find that 
Cu is nearly three times higher in Cyprus with Zn, 
Co, and Ni nearly the same. Assuming that both 
the Cyprus and Oman rocks have been affected by 
oceanic hydrothermal metamorphism, it is worth 
comparing the average amounts of these tran
sitional elements in unaltered basalts and their 
glasses from the oceans (Table 2). The Cu concen
trations in these unaltered basalts and their glasses 
are 2 to 4 times greater than in similar rocks from 
Oman and Cyprus. The relationships with Ni and 
Co are not quite as clear. There seems to be some 
depletion of Co, biit Ni is somewhat erratic 
because of the strong influence olivine has on its 
distribution in basalts. 

Comparing the ratios of Cu:Zn, Cu:Co, and 
Ni:Co in the pillow basalts and diabase dikes from 
Oman with the same ratios in the massive sulfide 
ores, we can immediately see that Fe, Cu, Zn, and 
Co are the main transition elements enriched in the 
massive sulfide ores. If the ore forming fluids that 
produced the massive sulfide deposits were derived 
by circulation of hot oceanic waters within the 
basalts and diabase of Oman, there is every in
dication that those elements enriched in the ore 
deposits have been depleted in the Oman ophiolite 
itself. 



T A B L E I. M I N E R A L O G I C A L A N D C H E M I C A L COMPOSITION O F S E L E C T E D D R I L L C O R E S A M P L E S O F T H E L A S A I L A N D AAFUA M A S S I V E 

SULFIDES^. 

Sample 
No. 

OM-1 
OM-2 
OM-3 
OM-4 
OM-5 
OM-6 
OM-7 
OM-8 
OM-9 
OM-10 
OM-ll 
OM-12 

OM-13 
OM-14 
OM-15 
OM-16 
OM-17 

Hole 
No. 

2-2 
2-2 
2-2 
2-3 
2-5 
2-6 
2-6 
2-7 
2-9 
2-9 
2-9 
2-10 

10-2 
10-3 
10-9 
10-10 
10-13 

Depth 
m 

89.0 
140.7 
226.0 
60.3 

. 147.5 
94.0 

127.0 
52.0 

167.6 
303.3 
377.6 
99.0 

66.4 
134.7 
99.0 
99.0 

123.1 

Minerals' 

Py, Cp 
P y . Q 
P y , Q 
Py, Q, Cp 
Py. Cp 
Ry, Q, Cp 
R y . Q 
Cp, Q, Gy 

. P y . C p , Q 
Py, Cp, Q 
Py, Q, Cp, Gy 
Py, Cp, Q 

Py, Cp, Q 
P y . Q 
Py, Cp, Q 
Py, Cp, Q 
P y . Q 

% 

Cu 

7.36 
0.24 
0.19 
1.74 

11.10 
0.71 
0.01 

14.30 
12.30 
0.04 
0.61 
2.40 

1.57 
0.41 
5.50 
1.14 
0.03 

Ti 

0.002 
0.005 
0.005 
0.100 
0.002 
0.001 
0.050 
0.100 
0.005 
0.020 
0.100 
0.002 

0.020 
0.002 
0.002 
0.010 
0.003 

Mn 

100 
50 
20 
70 

300 
30 
50 

700 
100 
100 
200 
50 

300 
150 
200 
50 

500 

Ag 

5 
3 
7 
3 

15 . 
5 
7 
2 

30 
— 

1 
15. 

15,0 
10.0 
30.0 
10.0 
1.5 

As 

— 

— 

_-
— 

• — 

— 
— 

• — 

700 
1000 
1000 
1000 
— 

Ba Co 

Lasail 
50 
10 
10 

300 
5 

15 
150 
30 

300 
5 

30 
3 

Aarj: 
30 
15 
3 

15 
100 

700 
1500 
500 

1000 
150 

1000 
500 

3000 
70 

1500 
500 
200 

20 
- i 

— 
10 
10 

ppm 

Cr 

2 
3 
5 
5 
2 
2 • 
3 
7 
3 
1 
5 
3 

7 
2 
3 
5 
3 

Mo 

105 

30 

. — 
300 
— 
— 
70 

. 20 
20 

— 
— 
— 

— 

Ni 

2 
7. 
3 
7 

15 
2 
3 
7 
2 

10 
15 
7 

5 
5 
7 
5 
5 

Pb 

5 
10 
20 
10 
30 
20 
7 

— 
30 

7 
7 

50 

150 
100 
150 
150 
30 

Sc 

— 
.— 
— 
5 
— 
— 

7 
— 
— 
7 
— 

3 
— 
— 
— 
— 

Sr 

• 2 

2 
1 
3 
2 
2 
3 
3 
3 
1 

10 
1 

2 
2 
1 
2 

30 

V 

20 
— 
— 
30 
15 
7 

10 
20 
50 

7 
50 
-. 

30 
10 
20 
20 
15 

Zn 

70 
150 
300 
200 

1000 
200 
— 
100 

5000 
30 
70 

1000 

2000 
3000 
2000 
3000 

500 

Cu:Zn 

105 
16 
6 

87 
111 
36 

— 
1430 

24 
13 
87 
24 

7.9 
1.4 

27.5 
3.8 
0.52 

Cu: Co 

10.5 
1.6 
3.8 

17.4 
740.0 

7.1 
0.2 

48.0 
172.0 

0.3 
12.2 

120.0 

785.0 
— 
— 

1140.0 
26.0 

Ni :Co 

0.003 
0.005 
0.006 
0.007 
0,100 

"0.002 
.0.006 

0.002 
0.020 
0.006 
0.030 
0.035 

0.250 
— 
— 

0.500 
0.500 

'Py = pyrite; Cp = chalcopyrite; Q = quartz; Gy = gypsum; determined by X-ray diffraction. 
^Total Cu determined by M, Cremer, spectrographic analyses by C. Heropoulos, Menlo Park, CA. 
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T A B L E 2. DISTRIBUTION O F S , C U , Ni,Co, ANoZn IN BASALTS, DIABASE, GABBRO IN O M A N 

C O M P A R E D TO SIMILAR ROCKS*. 

Samples 

Pillow ba.salts (19) 
Diabase dikes (42) 
Gabbro (18) 

Olivine basalts IV 
Basic basalts III 
Basalts II 
Altered basalts 1 

Oceanic basalt (4) 

Basaltic glass (1) 

Tholeiites 

S 

180 
410 
210 

— 
— 
.— 
— 

— 

910 

— 

Cu 

23 
28 
70 

68 
71 
64 
82 

110 

100 

127 

Zn Co 

Oman 
87 28 
63 45 
39 43 

Ni 

35 
39 

164 

Cyprus-Pillow Lava'" 
51 37 
59 34 
56 29 
74 34 

Red Sea'2' 
— 48 

248 
107 
52 
27 

100 

Mid-Atlantic Ridge'^' 
— 68 193 

Average Tholeiite''" 
— 39 84 

Cu:Zn 

0.26 
0.44 
1.8 

1.3 
1.2 
1.1 
1.1 

— 

— 

— 

Cu:Co 

0.82 
0,62 
1.63 

1.8 
2.1 
2.2 
2.4 

2,29 

1.47 

3.25 

Ni:Co 

1.25 
0.87 
3.78 

6.7 
3.2 
1.8 
0.8 

2.08 

2.8 

2.2 

*N umber of analysed samples are given in two parentheses. 
(1) After Govett and Pantaziz, 1977. 
(2) After Coleman et al., 1974. 
(3) After Bryan and Moore, 1977, 
(4) After Mason, 1968. 

ALTERATION TRENDS 

The pillow lavas and sheeted dikes all have 
undergone pervasive hydrothermal alteration with 
apparent increasing thermal gradient downward 
into the upper gabbros and plagiogranites where it 
appears to die out (Donato and Coleman, 1976), 
The altered rocks retain their primary igneous tex
tures even though the grade of metamorphism 
reaches amphibolite, facies. The location of the 
massive sulfide ore bodies does not seem to be 
related to the intensity of the alteration. 

The hydrothermally altered pillow lavas have a 
typical brownish color and are characterized by 
the presence of zeolites (Brown Zone). In a general 
way, the plagioclase is altered to albite with the 
glassy material being replaced by chlorite. Relict 
igneous clinopyroxenes are commonly present 
within the altered pillow lavas. Laumontite is the 
most common zeoHte but often is associated with 
natrolite, dachiardite, and analcite. The brownish 
color results from the breakdown of the primary 
magnetite to hydrated iron oxides and hematite. 
Smectite has not yet been identified in any of the 
samples X-rayed. It is estimated that the thickness 
of the pillow lavas is probably less than I km, and 
only rarely does the Brown Zone alteration extend 
downward into the sheeted dikes which are about 
2 km thick. 

The altered dikes have a greenish color (Green 
Zone) and have typical mineral assemblages that 
include chlorite, albite, epidote, actinolite, and 

sphene. Transitional rocks into the Brown Zone 
may contain prehnite-pumpellyite in place of epi
dote. The igneous textures are retained with 
plagioclase altering to albite + epidote or pum-
pellyite-prehnite. Clinopyroxene is partly replaced 
by actinolite and chlorite. The ilmeno-magnetite is 
replaced by sphene. 

Chemical analyses of these altered rocks when 
compared to unaltered diabase and pillow lavas 
show marked changes in Na20, CaO, and MgO 
(Donato and Coleman, 1976). These chemical 
changes are apparently brought about by a high 
degree of chemical mobility of these elements dur
ing the hydrothermal alteration. 

Some of the diabase lower in the section and the 
upper gabbros have mineral assemblages that in
dicate that the hydrothermal metamorphism 
reached low amphibolite facies. In these rocks, the 
primary calcic plagioclase (An45_6o) is stable retain
ing its igneous zoning, and clinopyroxene is com
pletely replaced by fibrous blue-green to green 
amphibole (uralite). Temperatures indicated by the 
assemblage actinolite -i- calcic plagioclase are 
probably in excess of 400°C. Miyashiro et a i (1971) 
have found calcic plagioclase and actinolite 
assemblages from the Mid-Atlantic ridge. They 
also consider this assemblage to represent am
phibolite facies metamorphism. 

If seawater within the hydrothermal system is 
responsible for alteration of the upper part of the 
Semail ophiolite, it provides a potential fluid to 
bring about large scale seawater-basalt inter-
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actions. Hydrothermal brines developed during the 
alteration of the upper 3 km of the Semail ophioHte 
must then have had the potential of forming 
metalliferous concentrations within the ophiolite or 
at the interface between ocean water and points of 
brine discharge. 

DISCUSSION 

The tectonic setting of the Semail ophiolite 
demonstrates that it is an allochthonous mass that 
has been transported southward (Glennie et al:, 
1973, 1974). Associated sediments show that the 
Semail ophiolite was probably formed within a 
Paleo-Tethys Sea (Glennie et a i , 1974). Petrologi-
cal reconstruction of the Seitiail ophiolite indicates 
that its formation was polygenetic and that these 
processes probably took place at a spreading cen
ter in the Tethys Sea and not along the continental 
margin of the Arabian Peninsula (Coleman, 1977). 

The low-grade thermal metamorphism present in 
the pillow lavas, diabase dikes, and the upper parts 
of the gabbro is related to hot circulating oceanic 
waters produced by the high heat flow near the 
Tethyan spreading centers, Geochemical evidence 
shows that hot seawater brines can leach and 
transport metals from basalts and diabases that 
form the upper parts of ophiolite complexes 
(Spooner and Fyfe, 1973). The Cu-bearing massive 
sulfide bodies in the pillow lava sections associated 
with iron-rich sediments (umbers) in the Semail 
ophiolite probably represent metalliferous concen
trations deposited by those hot circulating brines. 

The important sulfide deposits are located within 
the upper parts of the pillow lavas, are stratabound 
and there is no compelling field evidence of large 
scale replacement of the host volcanics. The ap
parent fault control of the sulfide deposits within 
the Semail ophiolite may represent ocean-ridge 
faults that have concentrated hydrothermial brines 
along favorable zones of movement (Smewing et 
a i , 1977). The source of the metals in the massive 
sulfide deposits appears to be the surrounding 
hydrothermally altered pillow basalts and diabase 
dikes. 

The field and geochemical evidence so far 
gathered on the Cu-bearing massive sulfide 
deposits from the Semail ophiolite strongly support 
the concept that these deposits were formed at a 
divergent plate margin in the ancient Tethyan Sea. 
Formation of the massive sulfides is connected to 
metalliferous brines formed beneath the sea floor 
during submarine volcanism related to spreading 
ridges and cannot be connected to subsequent in-
tracrustal hydrothermal replacements on the 
Arabian platform. 
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RE: Our meeting on October 12, 1983 concerning geophysical techniques 
and equipment for use in a copper exploration program in the 
northern part of the Oman Mountains, Oman 

Dear jJohn: 

From our discussions at the meeting and from reading over a good 
part of the technical literature, I have come up with the following 
recommendations on geophysical techniques and type of equipment for each 
technique. 

1. IP-Resistivity 

Because of the success of detecting and distinguishing between 
disseminative and massive mineralization in the ophiolites on 
the Island of Cyprus, IP-^resistivity should be a good tool to 

' use in Oman. 

/ / 

I would like to recommend the Elliot IP-resistivity ec^uipment 
manufactured by the Melano-Pyxis Co. because o^ its high degree 
of reliability, and the system would probably do well in many 
of the areas, however, due to the low resistivities in the host 
rock and overlying sediments in the Oman area, I think you 
should use the best system available for reading low signals 
within high noise that is typical in this kind of environment. 

My recoimiendation would be: 

Zonge Engineering and Research Organization, Inc. 
3322 E. Fort Lowell Road 
Tucson, Arizona 85716 
(602)327-5501; Telex 165532 CEERHO JVC 
Attention: Mr. Van Reed -̂ 
Receiver Equipment; 

d 

6DP-12 Geophysical Data Processor 
XMT-12 Transmitter Controller ' y - ^ ( y ^ ^ d ' ' ^ ^ 
CAP-12 Cassette/Printer . 

179 EAST 2450 SOUTH • BOUNTIFUL, UTAH 84010 • (801) 2924041 
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Transmitter Equipment: 

They have a 5kw and a 20kw transmitter with associated engine-
generator sets. I believe the 5kw system (GGT-5) would be 
satisfactory. 

They can also supply you with reels, wire, etc. if you don't 
already have these items. 

The Zonge System can be programmed for either the time domain 
or frequency domain mode of IP operation or both. I suggest 
both. In a discussion with Van Reed of their organization, he 
stated that the frequency domain is better for reading through 
noise so I suggest this as the mode of operation. 

You might want to consider doing a more sophisticated type of . 
survey termed "Complex Resistivity" by the Zonge organization. 
It is a more detailed, spectral study of IP-resistivity that 
will require additional equipment and the collection of a lot 
more data. You certainly don't need to run this kind of survey 
to explore for massive sulphides however, you might want to 
consider it for detailed studies over selected known deposits 
for a more thorough study of rock properties. 

Ground Magnetics 

It doesn't appear as if magnetics has been too helpful in the 
past exploration work. However, I read in one case where a 
"low" was associated with mineralization. Perhaps not enough 
has been run or the results have not been examined carefully 
enough. I would suggest that magnetics be run on every survey 
line. 

There are several good magnetometers on the market. Scintrex 
just recently came- out with a unit that incorporates their MP-3 
proton magnetometer with their VLF-3 electromagnetic unit. This 
would enable you to do a VLF-EM survey and magnetics, survey at 
the same time. They might have an availability problem, however, 
since it is so new. 

Scintrex 
Mr. Jack C. Webster 
,1973 West North Temple , . 
Salt Lake City, Utah 84116 
(801)532-2448 

With the Scintrex System you would want to use thin base station 
recording magnetometer Model MBS-2. 

I have heard one good report from field use of the proton magnetometer 
built by EDA Instruments, Inc. It is their Model PPM^350 
total field magnetometer. The base station unit is their 
Model PPM-40O. I understand it is a little heavier than 
other comparable magnetometers. 
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EDA Instruments, Inc. 
5151 Ward Road 
Wheat Ridge, Colorado 
(303)422-9112 

80033 

Another consideration would be the Geometries units. .This 
would be their Model G-856 Proton Memory Magnetometer and their 
Model G-856 base station recording magnetometer. I have no 
information as to how well these units perform. I used their 
previous unit (Model G-816) for several years with good results. 

E6&G Geometries 
395 Java Drive 
Sunnyvale, California 
(408)734-4616 

Ground EM 

94086 

Appairently the. EM surveys in Oman have not been too successful 
in trying to sort the many conductors detected in this environment. 
They used standard EM techniques termed VLEM (Vertical loop dip-
angle EM); HLEM (Horizontal loop EM); Crone shootback (both 
vertical and horizontal loop); VLF (Very low frequency EM - Radem 
and probably EM-16); and the more recent technique PEM (Pulse EM). 
I understand there has been considerable progress made in equipment 
design and data interpretation of the PEM technique. I also 
Understand that PEM has a better chance of success in a conductive 
environment. A contractor told me that the reason PEM is not 
used more than standard EM in North America is its higher cost. 
We stated that it is the standard EM tool in Australia which 
has a lot of highly conductive environments. From this, I would 
suggest that the only tool needed for EM surveys in Oman would 
be the PEM tool. Of course, you would have VLF results if you 
use the Scintrex magnetometer-VLF System. . 

The system I recommend is the Geonics Model EM37 along with their 
Model DDP37 Digital Data Pak. The digital data pak is used to 
assist in the editing and interpretation of the large volume o ^ 
data gathered by EM37 system. It consists of a Geonics DAS40jv^/<?<3 
Digital Data Acquisition Unit, a Data LPR16 tape recorder, ^ ' ^ ' i s ^ ^ ^ . ^ y y ; ^ 
Hewlett Packard HP85 desk-tpp computer, and a varjety of Geomics 
computer programs. '^-^=^75'?^"'TVWW ^^cf^ j fud^^p,.<^^^ f^y^'s /&>^ ^ 

Geonics Limited 
1745 Meyerside Drive, Unit 8 • 
Mississanga, Ontario, Canada L5T1C5 
(416)676-9580 

Drill-HOle Logging ' 

There are all kinds of logging techniques as you know but, I 
believe you would mainly want to be concerned with EM and IP-
resistivity. 
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I would recoraiend the Geonics Model BH43 Borehole Logging ' 
Attachment which works with the EM37 PEM System. I believe 
with this system you can also determine anomaly bearing from 
the drill hole. Additional inquiries with Geonics should be 
done as to this feature. 

2P 

Since you will already have a surface IP-resistivity system, 
all you need is the draw-works and cable. SemtnexJias a 
Model DHIP-2 Drill Hole IP-resistivity Logging System that 
will probably do the job. You would not need their optimal 
IP equipment since your surface equipment could be used. 
They have three standard cable_,Tengths of 250,^;Q5i, or 1,000 
meters. Three sizes of winch are provided depending on 
cable length selected. It looks like the maximum diameter 
of the probe are the potential electrodes of 27 mm (1.06 in). 

With this system you can not only do drill-hole logging, but 
determine bearings to detected anomalies. In addition, this 
system will enable mise-a-la-masse type surveys to be 
carried out if this type survey comes under consideration. 

Gravity 

From reading it does not appear that gravity measurements have 
been helpful in Oman. However, in the Oman specification report, 
they suggest gravity as a possibility for investigating the down-
thrown block in the Semdah No. 7 area (appendix No. 1, 2.4.2). 

For a gravity meter, I would recommend the LaCoste & Romberg 
Model G with the electronic readout option which aids in taking 
readings. Jl^I^\d ^ f f r ^ i ( . 3 y r cfe^fit /e^ 

LaCoste & Romberg, Inc. 
6606 North Lamar 
Austin, Texas 78752 

Airborne Surveys 

As we discussed, there is no need to consider additional airborne 
surveys until the existing input EM and magnetic data has been 
examined. 

It should be mentioned that the U.S. Government is M&x-y touchy 
about micro-processors going out of the country. Most of the 
geophysical tools mentioned have micro-processors in them and 
this matter should be looked into. 

- /Sjl 'T ' / 

I would suggest the use of a magnetic susceptibility meter for 
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use in logging core and testing outcrop to support the 
magnetics as well as to support the geology. The unit to use 
is the one sold by Scintrex (originally designed and built by 
the Elliot Geophysical Company). 

Sincerely, 

C'<iP-)Apd ( s A ^ 
B. R. O'Toole 
Geophysicist 

BRO'Toole:bsp 
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APPLICATION OF GEOPHYSICS IN OMAN * ^ ' 

General Discussion 

About 350 gossans and/or mineral showings have been documented by 

previous workers in the ophiotite sequence that is known to contain Cyprus-

type massive sulfide deposits in Oman. Only about 100 of these showings have 

received detailed evaluation and only 33 were d r i l l tested. More work would 

have been done were i t not for time and perhaps financial constraints. We 

therefore conclude that there is s t i l l substantial potential for occurrence of 

undiscovered orebodies in Oman. 

The geophysical program consisted of airborne INPUT EM surveying followed 

by ground EM and gravity. Numerous problems apparently beset this program, 

mainly due to e lectr ica l ly conductive overburden that l imited the effective 

exploration d e p t H W ^ e electr ical techniques. I t was late in the program 

when measures were implemented to mitigate these problems, and presumably many 

of the showings and/or INPUT anomalies followed up with ground geophysics 

early in the program were incorrectly or incompletely evaluated. There is 

thus ample room for improvement in the geophysical program. 

Approach 

In prospecting a large region such as the Cretaceous ophiotite sequence 

one must be able quickly and with minimum expense to narrow the region down to 

those prospects on which more detailed exploration has the highest chance of 

success. In Oman there are two primary and presumably reliable methods of 

identifying prospects using existing data, namely 1) location of known gossans 

and 2) mapping INPUT anomalies. We propose to do an independant review and 

interpretation of the available INPUT data to establish that all valid INPUT 

anomalies have been located. Simulaneously we will carry out the geological 



program described elsewhere in this proposal to make certain that all gossans 

of interest have been located. Once a complete list of such prospects has 

been made it will be prioritized for detailed application of surface 

exploration methods then detailed exploration work will be carried out to 

further prioritize these prospects for drill testing. The gossans will be 

initailly ranked for surface exploration by geological and geochemical means, 

discussed elsewhere in this proposal, and by assigning a higher priority to 

gossans which have an associated INPUT anomaly. The INPUT anomalies will be 

ranked by quality (shape of the EM signature and number of INPUT recording 

channels that show the anomaly) and by association with a known gossan. 

The followup process will be directed toward detecting and locating 

sulfide mineralization using geology, geochemistry and geophysics. Prospects 

showing evidence of occurrence of sulfides in the sSubsurface will be drill 

tested. Two primary geophysical techniques will be used to rank prospects for 

drill testing and to locate appropriate drill sites. These are the EM and IP 

techniques, discussed separately. 

EM Techniques 

EM followup of gossans and/or INPUT anomalies will require great care, as 

previous workers have discovered. A modern time-domain EM system such as the 

Crone PI use EM system or perhaps SIROTEM, which is being developed in 

Australia for use in conditions of high surface conductivity, will be used. 

Careful interpretation of data using the latest available computer algorithms 

and careful testing over areas of known sulfide occurrence are proposed. We 

anticipate that all electrical conductors except those in the overburden will 

be of interest because graphitic conductors apparently do not exist (and would 

not be expected) in the ophiolites. We further propose to dp a computer-based 



evaluation of all survey results to determine the effective depth of EM 

exploration. This will facilitate decisions on drill testing of areas which 

have no EM anomaly but have instead other evidence, such as geochemistry, that 

drilling might be warranted. 

Experienced geophysicsts will be used both for the field work and for the 

interpretation. A certain amount of field interpretation of the data will be 

possible, but it will be necessary to get field results transmitted to our 

offices where sophisticated computer interpretation can be done. Data will be 

interpreted in terms of conductivity-thickness and location (including depth) 

of conductors. 

Induced Polarization (IP) Techniques 

Induced polarization is a method best known for its ability to detect 

small quantities of disseminated sulfide minerals in porphyry 

copper/molybdenum and similar deposits. It is not generally appreciated that 

IP can be successfully used in massive sulfide exploration because, in the 

general, case ground EM followup of airborne EM anomalies is the modus 

operandii and IP is not as often used in this way. However, massive sulfide 

deposits do yield an IP response, and in Oman the IP technique may well prove 

to be very valuable in followup of gossans and INPUT anomalies, especially 

given the problems that past application of EM techniques have had. There 

probably will be no need to use both EM and IP in a routine manner on each 

prospect, although for certain applications use of both may be wise. We 

propose to compare results of IP with EM over the best test areas available 

and using the best obtainable field data. Then one method will be chosen for 

routine field followup iipplication. 

Previous workers discarded the IP technique, presumably after some 



testing, because of the conductive overburden and highly varied landscape 

morphology. It is unlikely that Crone had IP equipment equal to the task in 

Oman. 

In a highly conducting environment, electromagnetic (EM) coupling effects 

seriously contaminate IP measurements, and most conventional IP gear cannot 

measure and eliminate these EM coupling effects. They look on the instrument 

just like valid IP effects. IP instrumentation specifically designed to 

eliminate EM coupling does exist, however, and would be used in Oman in the 

, proposed exploration program. In areas where EM coupling is a serious 

problem, one needs to make IP measurements at frequencies as low as possible 

(preferably down to 0.03 Hz) because EM coupling effects decrease linearly 

with frequency. But at frequencies below 1 Hz the natural electrical noise 

field increases rapidly, and so in some areas such as Western Australia, 

accurate IP measurements are difficult to obtain because of electrical noise 

problems. 

The utility of the IP technique could only be determined after tests 

' using the highest quality field data we can obtain. We propose to test the IP 

technique, using equipment that mitigates the EM coupling effects, over known 

sulfide bodies and over typical gossans and INPUT anomalies. We anticipate 

that IP responses will be found with careful survey techniques, appropriate 
I 

equipment and skillful interpretation. If tests over known deposits appear 

successful, routine surveying of prospect areas would be used to help screen 

those prospects worthy of drilling and to help locate drill sites. 



Gravity 

Although in a few select cases we may want to employ gravity, we do not 

propose to make extensive or routine use of the gravity method. Gravity is 

useful in massive sulfide exploration to distinguish sulfide conductors from 

non-sulfide conductors only in certain cases where the conductor is shallow 

(less than about 30 m) and has certain geometric shapes. In many cases ore 

bodies are found that have an associated gravity anomaly that is too small to 

detect in routine f i e l d surveys. The d r i l l is a much surer way to test 

conductors for metal-bearing sulfide minerals. 


