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FUTURE EXPLORATION O THE SEMATL OPHEOLITE COMPLIX,
SULTANATE OF OMAN '

INTRODUCTION

As representatives of an Australian Technical Support
= _‘,NNission, we, Dr. R.G. Dodson, Bureau of Minceral Resourceg
| Department or National DLevelopment and En@rgy,and
Mr. T.Jd. Irelana, Department of Mines and Energy, South
Australia were scconded 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-
i - General and Seniocr Trade Commissioner, Atu Dhabi; travel
; . financed by the Australian Department of Trade and Resources

and internal travel and accommodatiocn costs met by the

Sultanave ot Oman. 1he objectives of the Missiocn were:

'J . ; 1. To assess 'Reports ot Field Investigacions' prepared
by Prospection Ltd., from January 1974 to 1978, there-
arter prepared by Oman Minirnp and Company'(OMCO).

2. To recommend the approach to investigation of areas
considered prospective outside Mining Licences No.1 to
10 and wmxploration Licences No 1 to 15, all nela by

the Uman Mining Company.

3. To assist ana advisce as tar as poussible on the=futurce
role or the Geological Section, Department ot Minerals,
Sultanate of Oman.

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

is discussea in another reporc.

We wish to acknowleage with thanks assistance and information
received trom staff of the Department of Minerals, Sultanate

.~ o1 Omanj; thanks are particularly due to Mr. M. Kassim and

Mr. Cmer E1 --Amin. We also wish tc express our appreciation
to Mr. A.P. Leggat for his assistance in providing technical
and background informaiton, and acting ags guide for our two

field trips.
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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 Semaill Ophiolite Complex.
The two field trips undertaken were planned to familiarise
ourselves with the geology of the Semail Ophiolite Complex
and in particular to study the geologicél environment of

the known mineral deposits in the complex. We also studicd
the quarterly exploratiocn reports dating from June 1973, ‘
prepared by Prospection Limtled, to the mcst recent report,
prepared by OMCO (Oman mining and Company), and various re-

lated documents.

As appraisal of future explorationvactivity on areas retained

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

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

investigaticn, our assessment was designed:

a}) to judge the effectiveness of\methods used, and

b) to document the ekploration progress and results in areas
subsequently" surrendered from the origiﬁal concessicn,in
order to formulate recommendaticns for future rescurce
evaluation, by the Ministry c¢f 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 15 reviewed within the following framework:

-- type examples of documented deposits

-- mode of occurrence

-- distributicn of prospective host rock units

-- exploration methods*and limiﬁaﬂions.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.



Basalt association
 Exémples include Lasail, Bayda, Aarja and others in the
"Alley! area-30 km west of Sohar7and 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 suéordinate chalco-
pyrite; Deposits are generally conformable, accumulating
| at mid—oceanic.spreading centres from volcanogenic or mag-
matic—hydrothermai 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 which
differ from the ideal medel ére commonly observed.Variations
may be dutf- to either differences‘in‘depositiohal environment

or to post-depositional moditication.

Reserves at Lasail, the alrgest of thisTlytpe known in Oman,
total 8 million tonnes, but comparable deposits in Cyprus

may exceed 20 million tonnes.Ore tenor is typically mcoderate
with grades of various deposits ranging between 1 and 6%

Cu, and traces of zinc (up to 2%5, cold (up to 2 grnm/fonno),
and silver. Thc most recent technical publication is that by
Alabaster.¥*

Within the available lands there are limited, scattered

exposures of the most commen hostrock sequence in the fellowing:

a} Northern range-front, from south-west of'Khabura to scuth-
east of Khabura, and possibly further -east.

b) South-western r;nge—front from Yanqul to 3Q km north-edast
of Ibri. ‘ '

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

¥ Alabaster, T. et al; 1980; in Panayiotou, A.(ed). 'Cphiolites
Proceedings International Ophiolite Symposium, Cyprus 197Q!
Pp 751-757.



The following observed characteristics of these deposits

((1a) (2a)...etc) may be considered, subject to the noted

limitaticens ( (1b) (2b)...eﬁc), in planning on exploration

progran.

(1a) Geological control and associations:

(1b) However,detailed geological documentation has nct been
available, and thils approach has not been used outside
the Lasail area as a basic exploration tocl.. These
shortcomings are currently being remedicd by the results
of research, a regional mapping program, and changing

approaches to exploration.

a> Conductivity contrast with enclosing rocks:

) However, measurement of this parameter by electromagne-
tic (E.M.) techniéues is frequently obsérVed by conduc-
‘tiQe o&erburden and country rocks, and comp eting teatures
(e;g; fault and alteration zones) which provide stronger

responses.

(3a) Denoity contrast with cenclosing roclo.

(3b) However, the gravitational effect of massive sulphide
accumulation may be diminished by -the alteration of
enclosing codntry 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:

‘{4ha) distinctive gossan development caused by reaction with

host rocks of concentrated acid generated during oxida-
tion of pyrite.

(Ab)_Howevgr all massive sulphide  gessans are likely to have
been identified by ancient miners, whose advanced Copper
extraction technology and wide ranging mining activity
is today indicated by slag dumps throughcut the oghiolite
belt. It is expected that prospecting during the pazt
decade with helicopter support has located all ziznificant

-

ancient mining sites, and the some appraisal of potential
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has occurred at each such site.

(5a) Supergene alteration of enclosing rocks by acid ground
water (Kaolinisation, silicificaticon), accompanying
gossan development:

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

(6a) Primary hydrothermal alteraticn, and depositicn in
footwall, of guartz-pyrite-chalcopyrite stringer mine-
ralisation, associated with the accumulation of
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
. 'Umberé' (laminated ferruginous mudstones);
(7b) However stratigraphic relationships between umbers
and mineralisation are hot\yet well understocd, and
are chscured by the detailed structural complexity of

the ophiolite;

(8a) Geochemical dispersion cof Cu, b, Zn and possibly
cther metals in the supcrgene and surficial environment;
(Bb) However'primafy geochemical patterns have not been
documented, geochemical dispersion is patchy in the
arid weathering cenvironment of the rogion.  While atrong
responses are recorded around major possans and ancicnt
metallurgical sites, wealker 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 Qisible gossans and ancient mining
sites and evaluation of such prospects by the following
procedure:
- locate prospect using‘guides,wtravérsing by wvehicle
or on foot, helivoper reconnaissance and air-photo
interpretation;

- inspect the occurrence and immediate envivoans
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Produce sketch map and take grab samples of rock and
sediment, '
- Either a5 reject as insignificant and abandon without
further test
. or - b) establish grid (restricted to the mineralised
area only)%éystematié geochemical sampling, and
E.M., graﬁity,and ground magnetic surveys.
- based on intérpretation of the results of the above
(with emphasis on E.M.) ‘ _
cither a) abandon if no strong E.M. response
or b) site drill hqole(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'anomél»y definitiondfand 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 magsive sulphide deposits remain untestoed.

However, as follow up procecdures tended to reject weak

. showings and responses at an early stage, and -all indirect
exploration techniques used can now be shown-to be at loast
inconsistent and possibly unrcliable in response to signi-
ficant mineralisation ,we believe that potential remains for
weakly Oﬁtcropping mineralisation, or mineralisation

veneered by overburden to ha&o cscaped detection. Poyond
this, there i a greater potential for blid deponits and off-
set extensions to known deposits, at relatively shallow
depth, but these present a more difficult exploration target;
They may net 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. Secarle, 1980)
and occurs within a narrow thrust slice between the Hawasina

hllochthanous Unit and the Semail Orhinlitas




There are small, widely scattere d occurrences of these
volcanic sequences, which include basic, intermediate

and acid members, in ““OCIdLLON with larpcer blocks of
Hawasina:

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

b) South and north of Jebel Akhdar

¢} north-west of Samad, and

d) possibly elsewhere.

The potential of these to host volcanogenic mincralisation
deserves investigation, as they have been subjected to only
the most preliminary phases of reconnaissance described in

the previous section.

b) Gabbroic Association

Examples include Niba (20 km E of Ibra),Tabakhat (6 km WSW of
-Nizwa) and mul]a2’ (15 km SW of Samad) 'Description§ can be
found in Coleman etal¥® and Pros p ection Ltd prospect repqpts cf
1976 —77 ‘

Chalcopyrite stringer and &ein mineralisation, with minimal

iron sulphides is typically scattered in s%histosity planes of
shear zones, at or close to the contact betwecen peridotite and
gabbro phases of the ophiolite; IFvidence to date indicates

that the deposits are likely to be small, and discontinous within
the confining structure. However in some cases high.grades have

heen intersectod.

By analogy with the Limassol Forest deposits of Cyprus (Pana-
yiotou: 1980 'Ophiolites' P 102-116) nickel and cobalt sulphide

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 1s implied by the absence of mlrorall atlor in

PO

shear rtr*uc’rures at the limits of old mine worlki ngs accoroanled

o‘-’vl
-by esignificant wallrock alteration ., al@hqugh-in~placcs, the
‘deposits apparently lack any halo of disseminated mineralisa-

tion.
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The favored peridotite-gabbro contact zone is widely exposed
throughout all ophiolite masses cof the available area;

Apart from sﬁrface eVidence at locations where mineralisation
oﬁtcropped and was mined by the ancients, these deposits
constitute a difficult explorafion target; Gossan de&elop—

ment is weak due to the lack of pyrite and geophysical contrasts
are subdﬁed due to the patchy distribution of mineralisation;
Ihduced‘Polarisation (I.P}j may be more responsive than .M. to
disseminated:ﬁustringer mineralisation, but the problem of
discrimination between anomalies related to unmineralised shear

zones and sulphide zones remains unsclved.

Exploration of these deposits has foilowed only the prelimi-
nary stages noted for the massi&é sulphide type, based mainly,
on identification cf 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 additicnal gossans 1in the immediate Vicinity; The shear
zone containing mineralisation was not usually further tested.
The ancient Mullug deposit (1Q km SW of Samad) is one of a

few exampleS'which lie wihtin the area of airborne II.M. survey;
Drill testing of an E.M. ahomaly resulted in'an intérsection of

6 metres averaging 4% Cu, without surface expression.

Although such deposits are likely to be small, we consider that
limited testing is ‘ requirad , on anv
structure which carried mineralisation.

2. Chromium

. - —— o — — ——

Chinh o toden Examples include Nakhl {40 km W of Bid Bid5 adn Far Far (QO Km
(leser WSW of Sohar). Podiform Chromite deponits occur ac massive dis-
. seminated 1ayers, lenses, pipes and irregular mgsgxémdUnite

segregaﬁions in peridotite; The host dunite body may be

-extensive relative to the size of the chromite or may only thinly

envelope the deposit. Cont acts between chromite and dunite are

«

mostly diffuse.Due to specific gravity contrast, heavily
o . disseminated chromite may be amenable to gravitational concen-

tration processes:.

- ¥ Coleman, R.G. & Bailey, E.H. 1974, 'Mineral Depogits and Ceology
Northern Omén'—Projept Report (IR) OM-1 (interim) of the USGS.



Mineralisation is most abundant in and adjacent to the grada-
tional contact zonw between massi?e periﬁotit@ and the base of
the cumulate gabbro sequence. Chromite analyses recorded
range from 26% to 50% Cr203with most depdsits qualifying as
refractory grade containing 38% to 45% Cr203 (subject to the

elimination in many cases of gangue silica).

Less common segregations towards the core of the peridotite mass
tend ﬁo 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'le 7T14-721)

and in the prospect reports of Prospection Ltd and OMCO.

Current research by a team of Ph; D. candidateé from various
Furopean countries is directed towards obtaining a greatér under-—
standing of-COntrols of ore genesis, chromite tenor and . deposit
localisation, and towards the derivation of more scphisticated
exploration techniques.  Other supportive reccnnaissance docu-
mentation is being undertaken Qnder a West German-sponsored

assistance project.

To date, approximately 180 occurrences have been identified by
surface and drainage prospecting; Although mostly of a few
thousand tonnes or less, the largest, PFar I'ar, contains reserves
estimated (from surface measuremcnts and conscrvative depth
projections only) to be greater than 300,000 tonnes. Deposits
ranminmlfrom 1 to 10 million tonnes arc known in similar environ-

ments, asz 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 identiflied.

Characteristics to be considered in planning explorafton include
the fqllowingg

(1a) the ubiquitous dunite host rock is visually distinctive in
hand specimen, expands the geological tzrget and limits-the areas’
of seahch} | o

(1b) 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 photogrﬂphy;
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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 features and preser&ed as cobbles in drainage
debris;

(2b) hcwever conventional stream sediment geochemical sampling is

rendered ineffective becausc:

- Chromtie is abundant in the host ultramafics, as an

accesscory 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).

(3ai-clﬁstering of deposits and possibly localisation in response
to deep seated strﬁctures Qisible on Landsat imagery:

(3b) however inadequate background data and poor stratigraphic
control of the distribution of mineralisation limit the

precigsion with which structural guidelines can be applied;

(4a) gravity contrast pfesented by larger deposits:
(Ab) however rugpged terrain in most peridotite-gabbro complexes
restricts the effectivehess of gravity surveys.
Wadi prospecting has been undertaken in certain areas of
peridotites, with some success; Other prospecti%e areas are

unexplored. Exploration by Prospection Ltd was limited by

O

the lower priority afforded to chromium, compared with copper

and by the difficulty of access. A few previously documented
‘deposits were inspected and accessible prospects identified by
indigenous population were visited

Over QO_new'occurrences were identified in the Samad-Izki

area by 4 west German prcspecting teams during a recent 10 week
period of wadi sampling and geological reccnnaissance. MNon-
systematic scouting in the Qicinity of the Nakhl deposit has

located further occurrences in that area.
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Potential elsewhere remains high. Previous recornaissance (Japan
International Cocperation 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 uporach but vioclent nature of sediment Lran rort
and distribution resulting from the mcdern arid climate.

3. Magnesite

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 known occurrences.

Estimation of approximate quantities and grades required for
successful large or small-scale mining could then provide the

basis for an exploraiton effort, if justified.

The pale colour of magne51te 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, Barite

A single vein deposit of lead and zinc sulphides totalling at
most - a few thousand tonnes has been exp101tod by ancient miners.
The NUJUm dep051t about 10 km SE of Bid Bid) is the only showing

of dny significance known in the ophlollte b@lt

Set in an environment of highly deformed and metamorphozed roclks
adjacent to and below the basal ophiolite thrust plano,.it~
appears to be hosted in a melange of dislocated blocks of
sediment of the ngasina Allochthancus Unit. Iowever, as enmplace-

ment probably occurred subsequent to thrusting, there may be

“greater significance in the structural control than in host rock

type or statigraphic position.



Rescarch is required to determine economic aspects including

marketability of the commodity, quality specifications, price
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ranges,and to test known occurences.

Estimation of approximate quantities.and grades required for
successful large or small-scale mining could then provide the
basis for an exploration effort, if justified.

} 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.

. t B ki
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.4. Lead-Zinc, Barite

A Single-yeih deposit of Iead and zinc sulphides totalling at
most a few thousand tonnes has been exploited hy ancient miners.
The Nujum deposit (aboul 10 km south cast of Bid Bid) is the
only showing of any significance known in the ophiolite bLelt.
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 . llowever, as
E emplacement probably occurred subsequent to thrusting, thore :
| may be greater significance in the structural control than in 3

i host rock type or statigraphic position.

Very limited reconnaissance wadi sediment geochemicai sampling
f ' and helicopter inspection traverses across the areas by the IGS
; , . Team (Carney & Welland,_1975) and Prospection Ltd, have failed
to idenfify ddditional 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.



In spite of the fact that only one small prospect is known, we
consider the Hajar Supcrgroup Allochthanous Unit should be
investigated as potential hosts of MiSSissippi Valley type base
metal mineralisation, which is widespread in Uppcer Palacozoilc
and Mesozoic sequences throughout Lurope and the southern United

States.

In exploration, zinc is the element which is most likely, due to
ils extreme chemical mobility, to be elfectively detectod by
stream sediment geochemistry. lowever, ovientation is roequired.
Due to the possible absence of abundant pyrite in such minerali-
sation, and the carbonate-rich and vari-coloured host environment
it is anticipated that godsan 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 of production or occurence of the precious
metal in Oman (except in the copper ore); nor is there evidence

of any serious investigation offﬁossible presence.  Given the
uncertainty ol con trols of gold mineralisation, there is justifi-
cation for systematic reconnaissance ol 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.



7. Nickel - Iron

While potential for sulphide nickel is thought to be limitod, there
are in places through the ophiolites extensive laterites developed
on mafic-ultramafic sequeﬁces. Examples include Fanjah (6 km'NE of
Bid Bid) and Ibra (20 km NE of Ibra).

Widespread lateritisation occurred between the time of ophiolite
cmplacement and thoe Uppormost Cretaceous Lransgression which
allowed the widespread blanketing of the whole by Tertiary

marine limestone. Subsequent uplift has allowed the stripping

of the Tertiary, and surficial residudls from most ol the

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

and elsewhere.

Testing to date has indicated that at Ibra there arve potential .
reserves of 150 million tonnes averaging less than 1% Ni.(Bull
P. 1977; "Report on Ibra Laterite Project', Unpub.'Prospection
Ltd Report). The majority of this material is isolated below a
sequence of indurated Tertiary‘limestones some tens ol metres
thick. Nevertheless, given Lhe domestic availability ol cheap
cnergy (gas) and sulphuric acid (Lasail copper production)

these and similar deposits deserve periodic evaluation.

B. Chrysolbile Asbeslos

A depositl Located in Wadi Haybi (30 km SW of Sohar) is currently
undergoing evaluation. A "Technical Evaluation" has been produced

by Kilborn Ltd for the Ministry.

Cross-{ibre asbhbestos veining is developed as a serpentinisation
product in peridotite and dunite when serpentinisation is
accompanied by sheﬁring. 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.



9. Platenoids

Although elements of the Pt series are characteristically
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. '

Analysis of the basalt-associated

massive pyritic copper ores

’

has demonstrated their absence from that association.

Acéordingly potential for these elements is thought to be

negligible in the region.

10. Manganese

Last 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, cquivalent rocks of (he Hawasina Unit are

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 were reguired in 1975
and 1974 and exploration was arrvanged Lo complebe prospecting of

tands. held, to allow thgse relinquishments.

Thus an economic appraisal of the whole of the area has been
achieved, with the intensity of coverage naturally reclated

closely to the perceived prospectivity 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 Lhe overall effliciency of copper exploration throughout

the Ophiolite belt, and the effectiveness of the methods applied.
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In undertaking the first modern exploration of an essenLiully virgin
tract of.land, with an cxtensive history of ancient copper mining,
Prospection cxpericnced rapid and continuing success in discovering
prospects, locating mineralisation and in proving cconomicually
significant deposits. In an environment of exXcitement and technical
success, their operations were evidently well -organised, logically
staged, competently and diligently conducted, and well documented.
Limitced resources were distributed amongst numerous compoeting high

priorily targets.

These operations werc almost exclusively based upon surface
prospecting ahd ground and evehLuui]y airborne .M. survoeys, Lo
identify and screen out prospects, and then to site drillholes.
With the benefit of hindsight the folltowing difliculties can be
seen to limit the effectivenesé of E.M. Surveys.

- -in low lying areas, Widcsprcud conductive overburdon
masks response and limits elfective depth penetration.

- competing features including abﬁndunt.faults, conductive
country rock types and conductive alteration zones, are
as responsive as target mineralisation and discrimination
of anomaly source 1s often impossible. Thus surveys
generate a large proportion of anomalics unrelatoed to
mineralisation.At some prospects drilling revealed no

obvious anomaly sourcc.

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 unprbved technology. The operutors’persistence
may be attfibuted firstly to a basic faith in E.M. which has been
so effectively proved in the Canadian environment, K and secondly to
the limited raﬁge of alternatives availuble 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 mincralisation is present even in small guantitics, and
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shallow, an anomaly will be rcecorded. (If there is no anomaly,
the particular surface feature is likely to be unrcelated dirvccetly
to mineralisation, and this would fulfil the operators' . screening
criteria during the early 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. TFor example, the T.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 operatc morc effectively in the
arid-saline surficial environment and further orientation studies

are proposed.

Similariy the effectiveness of geochemical wadi sediment sampling
may be seriously questioned on both technical grounds and the
inconsistency of field results. While strongly developed gossans
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 marked.

In an arid environment of predominantly mechanical weathering, where
‘clay and residual so il development are negligible, chemical
Adispersion is slight. Furthermofe, transport of rock fragments

is effected by sporadic but violent sheet low, grains containing
‘mineralisation .4 Likely to be . widely dispersed and cnormously diluted
by barren.sediment, preventing the development of regular anomalous

. patterns.

Comments on other techniques were noted in Lthe detailoed desceription

- 0f copper occurrence and exploration.

It is considered that the combination of the foregoing factors is
likely to have led to the rejection ol concealed or weakly out-
cropping mineralisation on the basis of‘inudequute immediate response.
Carlson,(H.D. 1977; "Geology of the Semdah - Lasail Area'. Uhphb.
_Rept. Prospection (Oman).Ltd)7in an internal revicew of exploration
strategy, stated in support of a morce geologically sensitive and
wider ranging approach to exploration, that "Past exploration

practice ..... has been to establish narrowly restricted grids

D I e —
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over precisely deflined targets ... and to ignore cven the immediately
surrounding cnvironment. This is short-sighted, wasteful and sclf-

defeating practice'.

We consider that this exploration practice, which attempted to

detine supcrimposacd unomulic&éby a varicty ol exploration techniques
and thereby a specific drilling targcet, was correct in the early
phase of exploration.. However, with the growth of knowledge ol the
@nvjronmcnt ol mineralisation and the decelining success rate achioeved
by these means, il is now appropriate that exploration be directed
towards geologically defined targets, supported by selected geo-
physical and gcochemical 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 1s possibile.
A percussion rig could be used for general tests of subsurface

('
geology and, precollar diamond drill holes testing specific targets.

Status of Copper Exploration Coverage

The situation has been reached where an effective first pass has
been completed through all . arcas of higher prospectivity., Tt is

unlikely that major ore bodies outcrop in the areas surveyed.

Abundant mineralisation has been identificed particularly in the
north-eastern range-front. The most attractive arcas have boeen
retained. However, parts of this belt relinduished in 1978 have
not been re-evaluéted 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.

However, b is in Lhe north-castern scector Lhat the groatost
potential is seen for successful detailed exploration, for the

following reasons
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- density of mineral deposits known (almost 100
copper occurrences known outside of arcas held
by OMCO)

- dncomplceteness of detailed suvtace prospecting

- growing understanding ol detailed geolopicul
controls and environments of mineralisation

- documented structural complexity which allows
a strong possibility for the occuvrence of
hlind deposits or struclurally ol fsel oxtensions:

to known deposits.

Status of Exploration of Other Commodities

1. Exploration for chromite has been demonstrated to be most
effecltively 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 occurfences results from
—_'the'abundahce of occurrénces,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-¥e concentrations are Xknown and
because of their extent, others are unlikely to be found.
Local economic factors 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
assocliated sediments. While the Iuvourablility of the
environment is demonstrated, these occecurrences are of
subeconomic tenor and from present information we are
not optimistic that economic deposits await discovery

(possihle 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. Rescarch is required
in potential host rock sequences to confirm fhe 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 TOR FUTURE MINERAL EXPLORATION

1. OVERALL STRATEGY

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
Lechnical grounds, is Lhe belt of ophiolitic exlrusive rocks
extending along the northeastern range front. As sccond priority,
smaller areas ol equivalent rock units along the southern and
south-western range fronts are also mineralised, but less abundantly,
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 support of

(@3]
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2300 Sq;km, according to specilications
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 - 15 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 p]ahned strategy

can ever finally complete this task, we proposé the following

- general approach as the most cost effective and time-efficient to

reach an advanced stagée of understanding.

During the current 5-year plan period it is recommended that
operations be directed 1in 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 projects to provide over the next 3 to 4 years a sound
hasis fTor a wide rdnge ol commodity orientced exploration activities
'during the followng 5 year period. There will also of course boe
particular targets and prospects generated by the mnpping and from

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

It is bolh technically and economically esscential that systematic
regional exploration projects be delayed until the completion of

the mapping, for the following reasons

- much of the value of geological and geochemical data
acquisition of the mapping program will only emerge
towards 1its conclusion, in the compilation, evaluation
and interpretation of all data from the whole area.

- information required for effective exploration operations
will be provided by the mapping program, and coordinution
ol the timing and location ol the two operations Lo avoid

duplicating this work would bhe impossible.



- Given this region's attributes of‘abundant rock exposurve
and perceived uncertainties with most geophysical and
geochemical techniques which have been used, it it en-
“visaged that geological criteria ol arca 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 hibliography.
- Acquisition'of extended colour aerial photography.

- Extengion of the mapping contracltor's Landsat
imapgery interpretation, with cemphasis on minceral

occurrcences. -

- Documentation & recording of known mineral

oCccurrences.

Mcans ol support could include:

-~ field investigations

- support of Ph D and other research studies

- departmental organisatltion ol existing data sources

- photogeological studies |

- orientation studies of new exploration technology .-
(particularly geophyéiéal)

- organisation of technical assistance schemes.

Specific projects are suggested for various commodities in the
Assessment of Exploration section, and mahy other such technical

studies could be devised.

We emphasise our belief that, as one cannot plan for ore discovery -
only for mineral search, cqually the general program of rosouree

ovalunliaon mirel rvomadin Plos idober 1o o il o0 a0 -



response to changing economic conditions or to changing technical
appreciation arising from the cver dmproving level of geological
knowledge. Accordingly this longer term plan is coined in only

general terms.

More specific recommendations for the immediate future are

1 GEOLOGICAL SURVEYS, EXPLORATION RESEARCH

By 1985 the Semail Ophiolite Complex will have been completely mapped.
New prospects and deposits of copper, chromite and possibly other
commodities (asbestos, magnesite) will have been discovered. However,
by thevnature 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.
Prospective potential of an area will be debermined in the Tight of
studics of the structural, lithological and regional distribution of
known mineral deposits together with new data acquired during the

planned regional surveys.

In Lthe meantime we belicove there is o strong case for continued
research on gcophysicul'techniqucs and geochemical surveys as applied
to the local environment. Geophysical .M. methods have proved to be
highly sensitive to Some’céhucting agents assocliated with orehddjes,
as at Lasail; and we l)({ij)Q(} Lhal by fTurthoer investigation il may
become possible to distinguish thosc anomalies duc to mincralisation

from those caused by features unrelated to ore.

2. STAFT TRAINING

To ensure the most efficient participation in the next phase of
geological invéstigation'by the Government of the Sultanate bf-Oman,
plans must be made as soon as possible to preparce stalf of theo
Geological Sccetion for this task. This can be done 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 necessarvy, stalf can
also be seconded to organisations willing to provide training, for
example the Bureau of Mineral Resources,Australia. It cannot be
emphasised too forcefully that successful participation in more
detailed investigation of the Semail Ophiolite Complex will require

a high degree of geoscientific knowledge and expertise.

3. SPECIALIST ATRPHOTOGRAPH SURVEY

The Semail Ophiolite Complex is magnificently - exposed, 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 irrvespective of
similar work undertaken during the regibnal mapping/exploration
program. The objective would be to identify the following types

of mineralisation : exposures of massive TIe-Cu sulphide gossans,
chromite and dunite host rock bodies, mugneSite.veins, manganiferous

beds other basc metal gossans and associated structural features.

4. CHROMITI RECONNATISSANCE

We strongly recommend Lhat systemalic prospectingol all avaitlabtle
peridotite arcas be undertaken. We propose that this could be
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 operatibns. The
The Supofvising geologist would bhe responsible for documentation and
evaluation of disuovcri&s, and direction ol the project, basced on
photogeological area selection where colour photography was available.

A prolongéd, 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 TFuture Work”.'Unpub. Ministry
Report) concerning deposit evaluwation and beneficiation testing,
although the division of fesponsibility between the Ministry and

OMCO is a matter for resoluytion clsewhero.



5. CONTRACT EXPLORATION PROGRAM

Exploration on contract by consultants was reviewed by A.P. Leggat
as a study of the 1981-5 five ycar 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 of Relerence

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, manganesce, 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.

(2) Timing

The company awarded the contract will be expected to commence the
c ftrer

reconnaissance phase of the project JmmodJaL@ly the contract is

signoed, comploeting field operations and submitling o preliminary

report by the end ol 1985,

(3) Objectives of 11(\ Project

(3) 1. To study'the environment of the known copper deposits wiyh
particular reference to their structural relationships.
spatial distribution and lithological affinities.

(3) 2. To apply knowledge acquired from this study to delineate
Tho most pTospv(llvo parts of Lhe arcas.

(3) 3. To CODL]HUL.IJmlLCd orientation goophybLLJJ,and geo-
Chemlcal survcys to determine the mos ¢ 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. technigueés over known orebodies is recom-
mended. The research to be conducted in conjunction
with a review of past work and in conbultwrlon with

g coscience staff of the Oman MlnlngHCompany!
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(3)4. To carrvy oul i scarch Lor viable copper orchodices.

(4) Training of Department of Minerals Staff

Provision to be made for the training of Omani geoscicentists of
the Department of Minerals in exploration mcethods with emphasis

on field exploration techniques

(5) Mincral Resource Assessmoentt

In the event of discovery of mineral deposits or the discovery of
extensions of known deposits, inveétjgations to be carried to a
stage where a preliminary oOr provis Lonal estimate of the indicated
reserve tOnnage and grade can be made. The contractor will not

be required to make a final evaluation.

(6) Explorqtlon Priority

Copper is beilng 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 Lasail.

() Laboratory Fa01111y

The contractor will be required to make use of available Ministry
facilitices for sample preparation and.dnulysjs-of ﬂOOCthlhuJ
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.

(8) _Reporting : . =~ -

Quarterly and annual progress reports will be produced during the
program. The quarterly reports will describe the aréas investigated,
the exploration techniques employed, and the results (if any) of the
investligations; the annual report will present u'comprchunsivu acoeount
ol the yeqr’s work and an outline of Lhe Lollowihg vear's proposed

program.



" Throughout the project, cxploration will be carriced out to the
sutisfaction of a program coordinator appointed by the Ministry
of Minerals and Energy. The contractor will be required to
maintain closce liaison with the program coordinator and a

: . . . . g
representative of the Oman Mining Company.

(10) Tender Procoedure

SN

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 is conducted by mining companies in joint venturc
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 regiondl geological survey, the exploration

project and the photogeological survey.

This has been expericnced 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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b9 July 1951

H.E. Salim Mohummed Abdullah Shaaban,
Undursecretary

Ministry of Petroleum and Minerals
P00, Box 551

Muscat, Sultanate of Oman

Your Excelleacy:

The U. S. Geological Survey would like to participate in the Depariment
of Minerals of the Ministry of Petroleum and Minerals Mapping Prouys ar.
Pledse tind enclosed our preliminary proposal following the guideiines
virur specifications accompanying your letter of Pebruary 8, i98l.

Thie proposal is not a8 complete document and so we wouid like you 1.
ac.cpt it in that manner. We would hope to further negotiate our proposal
until it meets with your satisfaction.

The U. S. Geological Survey has had a good workiung relatjouehip wit: (he
Ministry of Potroleum and Minerals since 1973, VWe wo.'!'d like to cont’ ue
this asscciation and believe that it will be possibt'e for the L.S.(¢.5. to
. carry out your mapping program following your specificatioos as mudificd iu

aur proposal. '

Sincerely yours,

) ° "”,,--/ , / - \ .
Ji;b‘kygﬁ Lo aw/ﬁmxxtkﬁ\
Robert ¢. Coleman
Research Leologist

RUL Jded

Faclousure as cited



PROPOSED U. S. GEOLOCGICAL S{RVEY PLAN FOR

PARTTCIPATION IN THE DEPT. OF MINERALS FOR

THE MINISTRY OF PETROLEUM AND MINERALS,
SULTANATE OF OMAN

This is a work plan which could be undertaken by the U. S. Geological
-Sutvey'to carry out the Ministry's objectives in mapping and evaluation of
the Sultanate of Oman's mineral resources. Most of the objectives of the

Mapping Program could be completed under the following guidelines:

FIELD MAPPING

-

lst Stape. Area B (South Muscat Area) would be the first area to be mapped.
During the first year, at ieast two field camps would be established and at
.leasn 3 to 4 senior geovlogists would attempt to map 6 1:100,000 sheets.
Compiiation of previous mepping and photogeoloky uou)é be carried out on at
least 5 1 :100,000 sﬁeets.‘ Following the end of the field season, at least
I} sheets ould be plotted on chronoflex greenline sheets and be rea@y tor

re o iow by the end of the vear.

<nd Stage. Area B (South Husuat}. The same groups tnat started Area B 3
~to 4 senior geologists) would complete the remaining 8 1:100.000 sheets
during the second year. A secﬁnd group (3 to 4 senior geologists) would
set up two camps in Area A (Bufaimi-hustgq Area). During ?his second field
season, at least 5 1:100,000 sheets will be mapped in the field. Following
this field season, at least 13 sheets wéuld be plotted on chronoflex green-

line sheets and be ready for review by the end of the second year.

3rd Stage. All quadrangles in Acea B would be given a final field check by
the geolugists workiag in the area. This could take up to half the fivld
seasun. Fullowing the final field cherk, one camp will be set up in Arca &

Wil mapplng would continue unlil Lo four sheels (o U ates were tinashod.



SO 3rd Stage. (cont.j:

>(f”fh¢|Area A 8xoup would complete the remaining 5 sheets of th§ BuiaimiersLa§
ﬁ@feg; One camp would be set up xn the’ Haushx Huqf area and at least 2 or 3
1,*;:t90.000 sheets comple(gd; At least 1, sheots would be plotted on chronoflex i.“

" greenline and be ready qu_edltprig}trcviqﬂ+':

"'?Fh Sf?ﬁ?’ All quadtnngles ;n Araac A b c vould be glven a fxnal fleld check
during the first half of ;he»seasqn; Tun fxeld canps in Area D (Haushi Hugf
. Area) would complete the field mapping. A single camp would be set up in the
Dhofar Area(e) and complete af least 3 sheets. At least 8 chronoflex greeniine

sheets would be ready for review.

§th S:agg. Two of(th;ee field camps would bcxget up in Area E and th§ remain-
;ng 9 quadrangles iou}d be mapped. Final field check on Area D would be made
in the first half §£ the.sqaaon.' Kuris Muria lsland Qould-be mepped, personnel
permitting, At leasi‘LO qheet§ would be plotted on chronoflex greenline and

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

6th Stage. Final ficldvcheéking of all ereas and completion of mapping leit
unfinished because of logistic probleﬁs. Completion of Dhofar Map 1:500,000.
Areu G would be checked by helicopter for ground truth. Nearly alil of the

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

The hluu forfmapping is somewhat flexible and depends on availibility
,.' of peunty LQ carr; out.the'mapping as well as the logisgic suprrt.' Field
L Bupport will reqaxre approximately 60~80 days of h;lxuopter support After
- the lst stage, at lecast 3 to 4 field camps will be operating durxng the
field sea_son .

base Materials for Mapping:

Uncontrol led hosains 1:60,000 will be made from RAF photos now availabic.



Base ‘Materials (cont.)
“grom Lhi‘s. negatives will be made and the mosaics redﬁccd xtb 1-'100’ 000,  Map .
~compllat10n vxll be made simultaneously om the photo- moaaxcs and greenlzne f

. chtonoflex. Bhpto wosaics will be pxoduggd prior to f;eld”mapp;ng-yherg*w 

e posslble e

Landsat xm'ery of the 16 uus” cmm-ins Om \nll be cmpiled at
1:100,000 and 1:250,000. Format !or tuul cwilatwn to bg accordmg to
- the Hxnlatry<a‘v;ghcs. > _
All phdto@ological utudicn will be acc(cqn(nied by ground 't.ruth in
argés where it is lacking. | A o

We expect to receive cooperatien from the Di;ectornce of Military

Surveys, Great Britain, for base llpl at 1: 100.000 which will be converted

to greenline chronoflex copies vi.thou: nr-bruah topogtdphy

GEOCHEMICAL EXPLORATION

Sysgema;ic sampling of units will be made to establish background con-
centrations of important ecounomic elements. Those igneoua units nf the
Samail ophiolit? will be carefully collected to.establiah Cu, Pb, Zn (Au,
Ag) anomalies and their relationship to kmown ;aasive sulfide deposits. Pt,
Pd, Rh assays will be-made,on sulfide samples from the lower perts cf the
layered gabbros. -DuniteAareas with chromite concentrations will be assayed
‘ for Cr—Fe;A; ratios and geophysical methods éwloyed. to establish the sizg
of the body. 8edimentary rocks will be carefully inspected for radicactivity
by using vehicle-mounted detectors or hand-held scintillometers. Pannc¢
concentrates will be analyzed from stream samples to estéblish anomalous
values by emission spéctrography.,

Where there are areas of anomalous Qalues and surface expression oi
minerali/‘at‘iun, dctiailud peochemical studies will be ma.de to estuhlis! i,

presenive uf pussible ore bodies.



Srde

: General petrographtk studies v111 be made of each unit to. establxsh 1:&

"-;physxcal nature and econmoic potentlal Spectal studxes of sulfxde deposxls

""by ore m1ctoscopy and macroprobe vill be undertaken. Horh on prenently

V 5hmzned sulf;de ore bodxeo can bclp establxah the nature ot n;acralxzac;oa.

. Age of sed;mantary rock unica uxll be establxshad by c;?éful mmcro and

macro paleontological atudxec. Ablolntc ages on xgneous roch; vill be: made “

- by R/Ar techniques apd‘ghagg'needod, supplementary detcrmduationg'usxng.ab—u

f'o; Rb~Sv methods. | | |
Analytlcgl work for the geochemical cxplordtion‘vill be done in the

laboratories of the U.S.G.S.'in Denver and Menlo Paqﬁ. vZnipojog spectrography,

x-ray spectroscopy, Rapid rock analyses (uo; lﬂth0¢!5.'ﬁitpitﬂlly. and flame

Atomic:Abaorption spec;:oacépy will be uaodé\ In some npqgihﬁlcases. we will

also use neutron activation analyses. |

We hope to have a geochemical cxploiation experi guide the aampling during
the field season and he will help train Omanis to carry out this work in the

~ future. During the 3rd Stagg. a special t.q.vgill.qgrry out Gcochgmical Explora-
tion of th? Musandam.PeninSUIA sediments and & separate reporg preépared.

Prior to éommcpting our4geocheuical'uork;fve will compile all presently
knoﬁn information and establish the best procedur?s and collections for each
quadrangle. Known-deposfts will be studied for background and target areas for
intensive study And sampiing. Before a;arting GX programs, we will cor.ilt
with geologists in the bepartment of Minerals. |

Geologists,c;rrying out mapping will note intgresting areas ¢f minerali-
zation or structural features that could control mineré! deposition.

All poﬁential mineralized areas wi.l be tabulated and classified
according to their potential. An experienced economic geologist will produce

.a synthesi$ of the geochemical exploration for Oman as a separate ruport with

recommendations for future work.

2.

ZiSaks:



i'ﬁtnepcrtment of Minerals set up a '..plg prqparatxou laboratory and PethP'

LABORATORY SUPPORT

Hearly all of the chemxcal vork uxll be carrxed out in the U S g s

'1aborazor1es at Denver or Menlo Pa;k;.U.S.A. We would hope to help tha

t

“*,n‘t:axn an Omani technxcxan to unkc thxu lcctxoua. Soan pczrographxc ctud;aa

would be made in Oman, bu& the wore cxnccing uork uould be lccomplxshed '
" in the U.S.A. . o =
Finai drafting of 1:100,000 unps would be carried out by thenr.s.c.s.
in Hqshington; D.C. under the supervision of experieaced ¢r§ftam¢n. Drafting
fécilities will be needed in the U.S,C.S.‘office.in Muscat tolcuppOtt work

of the field mapping. o |

TRAINING PROGRAM

'The Departmsnf of Mineralaiwill select Onéniu with at lesst a B.5. aegree

for advanced training in the U.S.G.8. The ir;ining will be carried out at the
vMenlo Park, Dénver, or Washington, D.C. cente¢rs under fbe supervision cof CIC.
'Labora;qry skills in nineralogy.'petrology.vgpocheniqtny, and paleontology are -
;vailable. Periods up to several mouths will be spent in the field Qorking
with U.S;C.S. geologis;avon structural geology, economic geology, ignecus

or mgtamorphic petfology.(,Thgsa same Omani geologisfs will work iﬁ the field
wi'th che.ﬁ.s;c;s. team during the field season gnd.contributé tc the mapping.

We will-at;émpt to train technicians foflfield assistnpts. prospectors, or
laSUratory technici;ns The U.S.G.S. will provide help;in selecting appropriately
quélifie@ candidates. We can also provide'help in placing qualified students

i i, S. A. univeraities tu carry on advanced studies in geclogy.
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REPORTS & FINAL PRODUCTS

The Project Chief will provide a vritteﬁ monthly_rgpqrt te thetpeparc-
ment oI:MLqerals as well as infrequent discussions on éroérgss and bgoblems.
" ‘A‘mo?e dctailed ;nnual rep§rt will‘bg produced to highligpt progrésg in’
zuhpping and geochemicgl exploration. B
" Forieach qugd;angle an inked chronoflex edite@ copy will Be producgd along
~with at leaﬁt one.c010ted ozalid copy to be used‘for final drafting. Ea?h
1:100,000 sheet will have at least 25 typewritten pages of explgnatorf notes.
We estimage at least 10 completed sheats with explana£ion will be produced
each field ;eagon,
Aftet the apprdv;l of the Department of Minerals, the sheets will be
sent to Washington, D.C., for draftiag and printing. Colored proofs will Lbe
reviewed by the ProjgctAChiéf and designated expert in the bepartnent.

’Format 6f each sheet will follow that opguested in the Ministry's
program specifications. All reports and maps will be reviewed to conform to
.:'the standards of the U. S.’Geological Survey. Maps will be similar in qbalizy

hto the attached copj.‘ Detailed aspects of the format will be'negotiated by
the Proje;t Chief and Jesignated eﬁpert in the Department.
Special‘rep§rté on remvte sensing, mineral potential, geochemical explora-
tion, and geologic framework ;ill be developed in the final atages of the
:pruject.l From time to-pimc. other specialized repoyté will be p;oduced.
Final printing aﬁd distribution of’maps and reports will be controlled

by mapping schedule q&d draftiug schedules.

PAST U.S.C.S WORK AND THE POTENTIAL FOR FUTURE STUDIES

Continued cooperation between the U. S. Geological Survey and the Ministry
of Petroleum Miunerals, Sultanate of Oman, will produce new and important
poenlonic data relevant to the economic development of Oman and will provide &

baszas for training of Omani geolopists as well as helping in the establishment



|
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,ﬂ'of'a ;eépn}cglly stfong Miniﬁtty of Petroleum and Minerals. For.th;:cﬁ'gitf}.:
Gcological Sthey,,thia'vould providc'a continued oppor;unityico.work’odﬁthLL -
uorld 8 best exposed ophiolate nassH (ancient oceanic LtUBt) as. part of our 1{i
E‘xntexdxvxsxon prograu on n.talloa;uic processes at 3pre¢d;ns centarn. The
.studlea of spreadxng centers. thxonuhout thc oceans. PartlciPOCLOO by U.S. G. S
geologists in mnpplng githxn the Samail ophiolite in Oman would also provide
another inpqrtant.tie to thp present U.8.G.S. repoufcel procésaes program on

the study of massive sulfide deposits. The excéange made by this program would
strengthen t§e f;ieod;hif and cooperation between the U.S.A. and the Sultanate

of Oman and would allow pu;ﬁglly-b@nc!iciai.cultutal and scientific exchanges

A\V
N

‘to take place.
The first agreement with Omsn ulq,carfied out during the winter field
season o£.1973-1976 by a two-man U.S.G;S. tean (R. C. Colenanvand E. H. Bailey)

as part of a short-term investigation of the mineral resources of northern
Oman and totally fupéed'by the Ministrxy Qf Development, Sultanate of Oman.
Upon completioq‘oi‘this work agreement, & report was submitted to the Ministry
(Cu}emah and Bailey, 1974). Within thio'report. recommendations ver€ given
for future development of thc.nineral potential related to the economy of the
Sultanate of Oman as well as the organization of a geologic group in the
Ministry.

As a result of our first géologic work in Oman, the U.S.C.5. and N.S:F.
became very much interested in the scientific and economic problems related
‘to the Samail ophiélite inAOman.‘vA Qecond period of £i ld worl. during 1977~
l§78 wasg initigtgd under the financial sponsurship of the U. 5. National
Science Foundation and the Field Geoéhemintry and Petrolepy Branc of toe
t. S. Ceological Suryey. This project hadlscieﬁtifié goals of ;| trolupic,

geochemical, and “peophysival studies of the Samail ophiolite. A geclogic



L tor thxs work carrxed out by the Department of GeulozY. Unxveraxty Of
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transect Lhrough the Samaxl ophiolite from Muscat south to Ibra was tne sxte\7

,»QCaleornxa at Santa Barbata (Prof Clifford HopbOﬂ) lﬂd the u. S. G¢°1081C31

|  'Surv0y (R 6. coleman and g u n;iley)- - The wotk o, chxs pro;ect is completed

“ :“:aud anludss a napped atrlp 25 = 150 ks (1.100 000 scalc) betueen Ibra and

uuacnt (see encloaute) Thxo uultidineipline project onccensfully xntegratgd
the uork of 13. earth scientists !ron ths U.5.A., Canada, and Prance which is
published in a special issue of the Journal of Geophysicael Research, Vol. 86,
 'L9§1,_ A ;ylpopiu-‘qn these ;tpdin,wll hald n; the A-eziéan Geophysical

Union meeting in San !rancinco in December, 1979. Socmx of these studies bcat.
directly on the econonic_dqylloy-.nt of org.deposits,vith the Samail ophiolite.
Thé present work plam will provide intc lntegracion of the past U.5.G.S. work
into the mapping and geochemical exploration program now being congidered

by the Ministry of Petroleum and Minerals.
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T:Qaﬂai]ey. E. H.. and Coleman, R. 6., 1975, Mineral deposits in the Se“"
; ‘*5‘ ophiolite of northern Oman, Geol. Sec. Am. Abst. 1, p.. 293 |

the Samail ophiolite, southeastern onqn lnuntains. Jour. Geoph aes . ¢4' B
(Spectal Issue) S R ',' A m
NChen 3 M, and Pallistcr. J. s., 1986. Lcad 1sot°P1c studies of the Samail
'_ ophiolite, Jour Geophys. Res. (Spectal Issue). B
_ Coleman, R. G., 1977, The Semat). Ophiolitc, Olao 2 chaptcr tn Ophiol ftes:
Springer-Verlag, Mew York. | . |

1979, Tectonic setting for cphtolite obduction -in Gman, Jour. Geaph.

. Res., (Specia) Issue). ' ‘

- Coleman, R. G., and ;aslgy,,e; N., 1974, Mineral deposits and gealogy of
naorthern oﬁqn, u.s;<6§piq§jg_$nfggy-rroject Report (IR) 05-1 {Interim),

127 p. . S _ , .

* Coleman, R. 6., Huston, C. c., & Boushi, 1. W., Al-Hinai, K. M., and

| Bailey, E. H., 1979 Thc Sematl Ophiolite and assoclaxed lnsszve sulfide
deposits, Sultanate of aun, in Evolution and uincralfzctioa of the
Arabian-Nubian Shield, Vol. . (1n press). S

Donato, M. M., and Coleman, R. 6., 1976, Sub-sea floor metanorphisa of Saudi

Arabian and Omani Ophiolite, Amer, Geophys. Union Trans.. 57, p. 1022
(abst ).

| Ghent, E. D., and Stout. M. l.. 1980, Metamorphism at the base of the Samail
ophtolite. southeastern Oman Mountains, Jour. Geophys. Res. (Special

| .Issue). o . L ' '

4.'{ Hopson, C. A., and Coleman, R. G.; 1980, Petrologic processes'at'oceanié'crust-

mantle boundary. SOutheastern Sanail ophio11te. Oman, Jour Geophys. Res.

(Special Issue)

ot
o ,!r-,.gI

'fyésoudier. Fe and Colenmn. R. 6., 1980, Cross section through the perldotwte in }n\;ffi
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72 'Hopson, C. A., and Pallister, J. S., 1978, Gabbro sections in the Samail

T ophiolite southeastern Oman Mountains, Geol. Soc. Aner. Rbstr. "‘“
‘orogran, v. 10, p. 424, o |
1979 Samatl ophiolite magaa chamher. 1, evidence from gabbro phase

‘ International Oph\olite Smoslm. Geological Survey Dept. Cyprus,»p. 37
B 1980 Samail ophiolite gahbro nnlber. Imp]icat!ons for spreading 3

' " oceanoridge magha chambers, Jour, Eeophys. Res. (Spectal Xssue)

1?T?[ iiﬂapson C. A., Pallister. J. $., Coleman, R. 6., 8¢iley. E. . 1977 Geoloyic

section through the Semail ophiolite, southeastern Olnn Hountains
Sultanate of Oman, Geol. Soc. Alericl. Prograns uith Abstra:ts. v. 9,
" no. 7, p. 1024-1025 (abst.).
| -Lanphere. M, A 1980 K—Ar ages of nctAIBrahic rocks at the base of the
| Samail ophiolite. Oman, Jour, Geophys Res. (Special lssue) |
: Lanphere, M., Coleman, R. 6., and Hopson, C., 1980, Sr-isotopg study of the
| Samail ophfolite, Oman, Jour. Geophys. Res. (Spectal Issue).. |
Luyendyk, ﬁ. P., and Day, R., 1980, Paleclagnetika of the Kadjr;tran;ect
through tne Samail déhioiite. Oman; Jour, Gcophyi. Res. (Spe;ia?AIssue).
~ McCollugh, M. T.,iGregory, R. T., Nqsserburg; é. J., and Yaylor, M. P., Sr.,
1980, Sm-Nd, Rb-Sr, and '80/)% 1sotopic systematics in an ocesnic
crustgl section: -gvidenCe from the Samail ophiolite, Jour. Geophys. Res.
(Specigi Issue). | R ' |
‘Manghnani,- M., Coleman, R 6., and Lau, W., 1980, Gravity studies in the Oman
| Mountains, Jour. Geophys. Res. (Special Issue). | B
‘_Pallister, J. S., 1980. Samail ophiolite sheeted dikg complex, qur; Ge;phys.
(Special Issue). | , | .
:Pallister J. S., and Knight R. J., 1980, REE geochemistry of the Samail

" ophiolite near Ibra, Oman, Jour. Geophys. Res. (Special Issue).

variation internal structure and Yayering, volume of Proceedings,» ~:f**"‘"
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U. S. (ZOLOGICAL SURVEY PERSONNEL o

The project will consxst of ona PrOJact Chxet. seveo scoloaxsta. one
- ;adm;nlstrdtlve offxcer, and one. .acretlty 8¢ permanent :caff in Oman durxng

ywthe nappnng progrgn. Tempotary duty gpplo;xqtn dutxus :hc anpingslcnpan 8

:?:’may ba as many as exght ﬂ%fﬁ"**‘ L - }

o All techntcxans. fxeld assistants, cooha."an¢réther[h;{pgrpgé{l be

| hired in Oman. o
The U.S.G.5. will develop offi#c lp#cq and‘living'qu§;§éro for the staff

iq’dmgntu~ﬂq'pepnnuaﬁ; faéilitidofvﬂll bciéttgblished unless specifically

;gquea;gé‘by the Hinistry.
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© BUDGET ( Pam_umu\'r)

| Pexsommel T . . $3,600,000

= thce " $pac0 | SRR 576. 000 RES
Travel . .. 1,800,000

Sub-total 12,060,000

K .flinpvnnms&:s : o
| | Camp Fquipment o 168,000
Camp Operation," _ ‘, o ] 576,000

., Field Canp Peréomél 3 : 28,8.000
,Helicquer‘suppér; ‘ 1,920,000

Sub-totsl 2,952,000

Geochem & Other Lab Studies 1,031,000
Map Bas,efbtosaich Lando,ét | 900 ,000
Diafcing l"»f’rinting o ' 1‘.100,600
 Admin, Support (overhead) 3,569,000

~ Sub-total 6,600,000

Training of Omani Geologists , A
6 people - 1 yr. in U.S.G.S. 200,000

“RAND TOTAL $21,812,000

—— e
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FINANCIAL ARRANGEMENTS

The u.S. G S. work plan as outllned shall be carr1ed out with Lunda ;n s
'the amount of $21, 812 000 United States dollars advanced by tha u;nxgc;y
of Petroleum and M;nerala xa Qccordanca uith the budset eatxaates in yenrly

:xncteuents. These fnmds shall hc cdxoaced by the Hmnintry iﬂ the torn(s)

of a check payable to the “u 8. Guolosicsl Survey in accordnacc uich the
TA schedule cited below: S
4. The Ministry vill meke &n iaicinlkudvagcc of § '5  o cowétin;

the first year's catimsted budget upoh execution of the Project Plaa.

b~..U-8¢G~$; will §xovi¢o the Ministxy, on a quarterly Sanis, a répqrt
. of obligi;innc and expenditures for the funds advanca& by the
 niﬁi-tiy, o - |
c. The Ministry villvgdvancc funds for the ensuing yesrs’ activity at
'leést (90) mninety days beforxe the end of the th.a cQ;reni year.
B Such advénqco wil; be in cgp ﬁqﬁunt as cited in the pertinent vear's
‘-budge; éstigate;. - |

_‘df Any unobligated balance of a prior year's advarce willi be utilizes

in ;hp'gnsuihg>yeqr. Sﬁch balance vill be deducted froabthc =NSULLE
year‘svbud;et1gsfﬁnnc§.
The U. S.'dolléf‘qﬁountq specified. and amendments theretS, ar¢ hased
quAfestimates of.sélaries, differential, allowances, expenses, equjpmeuct .
supplies,'matefial, gnd éqntfnc:ual services to be provided,gnder this Project
“?ian and upon cuftént~pre§ailing qobts;_theiefore, actual obligations and
cxyenaiiu?es may differ from the budgeted smount. Should the‘actua{ oSt
incréaae over that stated‘iﬁ thé budgét esiimates due to increase in staf:
¢r costs ofveqqipmenc, mgtgriéls. supplies, and expenses, budget ailocations

and scope of work will be renegotiated.
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SULTANATE UF MUSCAT AND OMAN ﬁ,,r/ 725 Ba M//
fﬂ’ /942 <1

General Background nformation
" The Sultanate of Muscat and 0-an is situated on the‘South

Eastern coaat of the Arabian Pontnonl; bct'oon 53 ‘and 60° E.. and

between 16° and 25°K. It i bordered on the North by the Persian

Gulf and the Gnlt of 0-an, on the Eaat by the Arabx;n Sea, on the

WIS L5 R

£ - - Bouth-West by the Adon Fodorctlon and on the West by the Trucial
p—_ Btates and BRub-al-Khali (qr Empty Quarter). Its area, estimated

about 1,36,000 »q. miles, includes the town of Muscat, and the

i
i e

districts known as the Ruus-al-Jebal, Batinah, Dhahirah, Central

'}1 _ Oman, Sharqiyah, Ja'alan and the Dependency of Dbufar. Except

for small stretches between Dibba and Kbatmat Milahah in the
8buaiiliyah in the North East, the coast lime extends nearly ome

thousand miles trph Ras-al-Keer mear Shlll:OD the West side of' the

Iuaunduivpeninaula in the North to Ras Darbat Ali to the West of

hho:ur in the S8outh.

hEE S

B

Jopography
" Physieally, the Sultcnite of lnucat und Oman, except for the

Sger o

.vdopcndoncy of nho!ur. oonllatl of throo Diviutons. a coastal plain,
a nnnntatn range and a platocu. The coa-tal plain varies in width
from ten miles in the neighbourhood of Suvulq to practically

-mothing mear Muscat town where the hills deacend abruptly to the

sea. The Oman mountain range runs generally from North West to

TR LT S S I T TR ST BT ORI PR S n TR s e s g e, et e
-



TR .
Lo, )
| | !J
- el L R B e ~ L T I I T TR T < VR oY
. .

60°

Ru'f ;/’l .
Ras-al-Keer %}/7 ljibal

; K
; O & l /('Bai';

2
;. /"‘y/
&

%

ﬂ% /i// ////
7

oie, |
e

Gk

e,
D e

-

/M%/// ////

g T T v Yy - R

200

Ra I e
" Sty
’

0.2

. .
A %{A . Kuria Mu

" Ot B
Q; A n :
b | ‘,& !

160

| RS
i T
j
|
|

ARABIAN SEA :




-2 -

South Eaast and reaches its greatest height in the Jebal Akhdar

(or greem uonntiin) whose summit is about 9,900 feet. The mountaine

ere mostly barren igneous rock but there are numerous cultivated

. areas Or oases where water in'plontilul.u The platesu has an

average hcight o!.aboytvu thousand feet and is mostly stony and
vaterlesz and extends to the aanda of iie deaert nioa known as the
Rub-al-Khali (the Empty Quarter). The couoflino lonthv;rd‘to
Dhofar ii barren and forbidding. The primcipal town qt Dhofar {l
Snlllcﬁ on the coast from which a uc-i—qlrcular'tbrtilo plain
extends to the foot of .'ltoep line of ﬁlllo, some two to three

thousand feet high, which are grassy and 'bodeﬂ, and which form

" the edge of a itony_platocn also ox&phding to the sands of tho»

 Bub-al-Ehali.

" Climate -

Annual rainfall is about four inches in uuhcat, though it has
varied from less than two inches in bad years to over twelve inches

in good yeara. The fall is mostly in Jinnary'thongh there are

- records of rain in any month. Dhofar is subject to the South

“West Monasoon and falls up to twenty five inches ﬁavo'BSCp recorded

in the rainy season which starts in late June and lasts till October.
lhiint thi -ounﬁain areas enjoy -oroiplontitui ruip, some parts of
the oen-t; pir(leul;rly near Innirsﬁ Island, sometimes receive mno
rain at all. rheléiinntd.»goncrnlly. 1‘ vury'hot. with maximum

to-pe;aturol aveiaging 115° Fabrenheit in the hot season which is
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fron May to October. Temperatures seldoa drop below 540 in the

cold ioauoh.‘

pPopulation _ . |
k The pepulation of the Sultanate ia estimated a£ tlvo to a;x
bundrod thousand. A general estimate would be a total of ome
hnadfﬁﬁ thouiqnﬁ for the pyineipai tOUEII(HItth 14000, Bur 8000,
luilvc 8000 and Muscat 5000)3 thioc hundred and £ifty thousand for
the smaller tﬁvn- and villages and one hundred thousand nomadic

or l.li;BOIldic tribes. ‘!he popul#tion is predominantly Arab
except on the Batinah boa;t where there are many Balu;h and Negro

elements. In Muscat and Matrah, Khojas, Hyderabadis, Hindus, and

Baluch predominate.

Comnunications S . -

Motorable roads and tracks run from Muscat along the Batinah
Coast to Sohar and thence to the Trucial Coast. There are unpuiod
motorable roads to Nizwa and Sur, whilet a number of feeder roads

have been constructed and are still being developed. Dhofar oan

‘also be reached by a motorable land route.. There is a landing

' 'rbnnd for swaller aircraft near Muscat and a number of emergency

it;ijl elsevhere in the sountry. nirgor aircraft can land at

-Adhaib.; n.-xr;n and Salalabh but the normal method of-ontiy into

the Sultanate is by sea or air via Muscat and porniilion is required
for the use of other air féelds or ports or to travel on roads .
beyond a certain distance of Muscat. Mesars. Cable & Wireless

oporaﬁc both a public,tolpgraphAund'tolophono service at Muscat,
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and there is also a Post Office with mormal air and surface letter
'@ ‘ i and parcel services to any part of the world.
At present Oulf Aviation, a BUAC subsidiary run a bi-weekly

passenger at:-lcrvloo~oohnoct1nj Muscat with the International

"Air-port of Babrain and with all the Shaikdoms in the Persian Gulf.

'

British India Steam Navigation mail and passenger Steamers also
call regularly onteringvund leaving the Gulf, whilat Strick Line'
and other cargo ships from Europe, Australia and the Far-East call

at hpproxt-atoiy monthly intorvcli.

. §overnment

| Oman 1; an independent monarchy and the Sultan, Said Sin
:%:ﬁ Taiwur, bﬁrn on 13th August 1910, oicorcine- absolute power.  The
;?fn succession has bebn‘koreditary-lince‘the beginning of the present
E;E? , ' " al-bu-said dynasty. The Sultan is assisted in the capital by &

Minister of the Imnterieor, a Personal Adv;uor and a number of
Schefarien.ot Departments including External Affairs, Defence and
Dovnlop-enf. Walis (or Governors) are appointed by the Sultan for
all thq chisf towns and dintriétl ih:oughout the Sulﬁunate and the
- tribes lgpply guards or askars though not‘nieo--arily from the
. same dlutricf. A Joint l@nicipslltj of Matrah and Muscat towns
nan;gcd by an Executive Officer advised by a Comuitee of loaﬂing

'business-nen, under the genmeral eontrol of an official appointed

by the Sultan takes care of local government.




!bg Economy

The sconomy is almést entirely dependent upon tpe‘cultivation
and export of dnten,'but dried fiah.‘limel,‘poneiranates and fire-
wood represent other exports. Imports are -ainiy of wheat, rice
and textiles, but with increasing wealth of the population, more
so~-called luxury goods sre finding their way into the markets.

The Sultan is planning development of the country and hopes'
are chiefly vested in tpe exploitation of the countries oil reeserves.
He is also known to be favourubly disposed to geoloéical explorution

providing the right ipprouch can be made.

Taxation

There is no income tax, nor any Sultanate taxation other than
the Custopa import duty uhd'sakat (religious tax on produce) which,
in the Sultanate, is ecllected at 5% where irrigstion is carried
on through wells, and at 1(% where it is by "falaj". A small
Municipal Tax is also levied on the value of imports, and exports
through the Ports of Muscat and Matrah, which provides the chief

source of incomc for the joint Municipulity of thoee two towna.

Revenue |
fho revenue of the Sultanate is almoat entirely derived from
customs levies, which vary from 74%% on essentiales such as wheat,
_,rico, sugar, oottoo‘nnd eotton piece goods, to 75% on druis such
‘a8 opiul.‘ There ié-a;.o a levy upon exportp of iocally préduced

commodities iimited to 5%. There are no restrictions un export.
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GEULUGY OF OMAN

Previous Work
- Little detailed work has been carried out within Oman and that

whick has been underteken has been aimed largely at finding oil

' deposite. Lees (1928)'val‘tho first to formulate any substantial

account of.ihe geology of Oman. HBe recognised the Hawasina series
overlain by the Semail Igneous loriei, the two rock formations that
form the bulk of the OIAn'-ountainvianko. Lees believed that the
Hawasipa ;nd S8email rocks tor-;d major components of a v;st thrust
nappe eomplex.

“ Purther work of a ltrutigrspﬁic and atructqral nature wuas

'gurriod out by members of the Iraq Petroleum company duriﬁg the

period 1940 to 1960. Published accounts of investigations in the

E Oman mountain range have been provlded by Hudson Icnuguh,nnd Morton

(1954), Budson Browne and Chatton (1954), Hudson and Chatton (1959)
and Hudeon (1960). |

- An excellent synthesis of the geology of Uman is r§corded by

‘Mortom (1959) who gives evidence for believing that Lees' ideas of

~ thruating eof the Hawasina and Semail onto the Arabian foreland from

the east are no longer tenable and that these formations are

- autochtonous. Morten suggested that the chaotic structures typiocal

of the lirpontinp';nd radiolarites of the Semail and Havasina seriecs

- derive through "effusion tectonics” associated with Upper Cutaceous

 serpentine extrusions.
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Lnen rogarddd tho'oiin -onntain r;ngo- as & hogthern ;xtenaion
’-ot the !ggroa nonntaina nuppo sone 1n Iran. Morton believes thia
: thcory to bo incorroct and luggoltl that ernah faulting on a large
leu}g may huve caused 'dotcchlont ot the Oman orogonic zone from
former eonnoction- to tio north and south”.

stxll more recent accounts of tho ltructnro and hiotorical
dovelop-ent are given by Kuendig (1959) and Tschopp (19b7) Kuendig
in particular critlciael Lees' theories tn favour ot a proceas of
ongcolynéllnal'gfaVity gliding of the okéstestrome and sheet type
‘developing froa tho br‘ik up of a domal structure in th& Persian
 ‘Gu1t ;rcn. | _
| lnfornation portinent to thc geology of Oman is also given in
pnblieationl uriuxng out ot Groonvood and Loney- {19068) ltudxea in
the Trucial States and Berjdouns (196&) work ip the E. Aden
| Protectorate. | |

" Greenvood and Loneys' studies are of partiéular interest in
that'b@yotferl the flrnt oonprchenlifo publinﬁed account of the
economic mineral potoptiul of a part of the Oman mountain range.
Small chromite deposits (less than 5000 metric ﬁon-) were discovered
in Bemail iorhentinlto.~ ‘Oxidiaod-ﬁoppor deposits of ecdnonic tenor
"(Bf ¥) but unknown tonnago are recorded from lnwu-ina -ctaoodinonts
. lntrudod by quartsz roinl. | ‘
Their studies lend support to tio ihoais that the economic

‘aineral ﬁetential of Oman is likely to be best developed in the
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in the Bemalil and laiscinn rock series. \

Bhell 0ils activitiea in Oman leading to the development of
productive ollfields were also lnltrulcntﬁl'in producing the most
comprehensive geological map of Oman. Although much of their work
was confined to the desert foreland their ioolﬁgluts trafprsed the
oign mountain range and carried out a photogooldgiqa! interpretation

ef the mountain mass. This resulted in the accurate delineation

. of the Bemail and Hawasiba rock series. As the Bemail forms the

bulk of the mountainous area and is composed of serpentinite and

ﬁltrabalic‘rock typeas the Shell geologists were not too 1ntoreltéd

"in the ecoaomic implications of such rogks. . However Shells un-

published map of Oman remaims the best effort to date and a copy of

it would prove a most valuable basis to any mineral exploration

' programme.

' Regional Geology

Omanp is divisible intuv a north east mountain range and a south

weat foreland adjoining the Arabian Shield.

~ Zhe Foreland

0Oligocene to Miocene sediments cover most of the foreland.

~together with recent dune sands and salty mud flats,

In the south west psrt of the foreland a core of Lower'Paloaozoic

. rocks tornh_tho Hugf-Hauski .vﬁll. Here Cambrian dolo.ite- shales

and sandstones are intruded by rare basalt dykes and sheets and

pierced by salt dome structures. Ordovieian sandstones and shales



N
. Fid bl _
. i
N. _ .
J. HAGAB -J AGAH J.QAMAR J.AKHDAR .
\ . u
'FUKHAIRI § ; AJMAH [2ee 22 X z S
LAKSHAIFA " N CUWATX J8 % 8 g
SHAMAL ) .8 AN ILIVAK 3 4 £
£ - © 3
Sw AlS =] =
g 8 2
M &
, I
\\ - =D
2 .v ENE
« 4
MUSANDAM w3 aknsuRy KHARMIL T
SE = =m0\ &
& = s E=EmE o\ g
‘o . I \ 35
a SHAMALI 1 \
< Pt I \
"
S | ~ I \
5 . .7 I :
O ” .J. T w
[: 47 ”~ T_—TI m
A. £ _- - umAIL == Su
ELPHINSTONEL S 7 . — =5
~ ! m o ' Y
MILAHA Yo I it
C— 8u - vx
37 - T J/ @Y
x4 _-" 4N <@
x& . - ) AMAR L1 \ &
GAIL MT - Q - .3
. P . N y e\
- N 7 .
-~ YN
— - oo - Z @ \
- ASFAR - 2 .\
. z ’ T . T /I o
HAGIL < E L L.
. : - ", “RaNN [Z5 e =
b3 L4 . 7 7
‘ e P T
« PR .. SCALE OF METRES . T 7
. w ” L 1 7
BIH a -7 .. 0 e K z
i P : « oo Ty <
- wuoo - -
y o e - ;NA %ﬂ.@-ﬁﬂ =
g a R A—L-,-l—x
s : T «
[=] VI T o~
g 500 i w
8 7/l
“\\\\\ N
. e . HATAT
\\\\\\ . .
ralant
-000 : \\No%\ ¢ R
PR . . 4, e
E=3 voLomite | ETE7T) CONGLOMERATE 8 BRECCIA e
BT LiMesTONE WG RADIOLARITES
==] manL E52%%3 METAMORPHICS FORMATION NAMES - .-
== | SEE LEES,1928;
e HA| H
SHALE : IGNEOUS HUDSON ET AL, 1954 (2)
EZZ5) sano | U8 cxents, SECONDARY A o

" Fig. wl,.m:.a:a..:urmo Sections of Oman.




| *pojuswaxdax
L1100d x9qyex aq 0% pa-h'-t 7 9799 jmq inozu;o TeIoulE OTTTYIOW ;xoﬁ’
Saipaefea ﬁpoun T 814311 -iptotx tfo lq;o;éo:d Jo ‘F’-dot".'  -
a1 103 otétqyn- sadLy x:dxipu! 'oxn;auxzn'aqj poponxd esavy
3943 9valT PUVTAIOF Q3 ®Y 3]  °pUTTSIO] wWem() Oy3 IeAc pvexdsepya oxv
osyv zoduenbaes ‘QllodﬂA..pI'-itlil fanreyd 'louoguduyt_lznrzxa;
‘unoye
TIon 61 alnzﬂl.OLIIIiJ’ﬂU'J} Xyaqy e:aqh afawx u1'1unoi ave( agqy o0
8YTIY300J 3yy puw [toga;qnntn-Jlns oy oalonoxo I(:vtnoygx'dlpuvtoxo}
8y} JOo yonm I9A0 94no doxd 1tjv- pUY G3UO4 @MY UVTIYITI}WOTN
| | *snosswaxy zeddp gy dnnx'onuxaubo
269UYI1YY pUW -oyo;; -3 4 natuvqo,[vaagst psounoaoid qgtj.nanoqnonxt‘
pue ctjbn *‘ssyIe® XooX 'nooxvqtjovoqg sy vuymeop -buosc;ntt ltxi-
AuTTYA inoeovnoxtbe:o- a-oobq.-xoox lnoaoigoxg‘pxj | ;uouyvgn;a-
;1'£ﬂotoqgrt IeTIWIS W q!nqqztv sjusmypoe orssvanfL nodﬁ £1qouie}
-uo&uﬁ 1801 nxoo:‘inoaAtaoxo ssdoxaqino adwzans Faymio} .tngtvlsoc'
£Yreaoy iua-ozd axv vasRenbee oyeevInS pni QlEsvYI]l pPIjvRUslY
| | --txvuv
. qUTppe®a puv nauogupuv:logn; spavadn spex? pue t[.pyj ctoxtoj'Js»spoq
xopthoq oyl  *Lafqdiod pus seysud ‘oz;uvél,;o lxué(g—xtxnluvqnu
: n;i@nog pue syd04l guo-onll_iéxz joariop.oq ey xvwodde npoﬁ Xepynoq
eyl ~ °uUwydyIOPI) oYy epaeoxodmns wpeq xopiuoq ueyuzed yenvy sv-
' egpdep 94w céxnsouxin smop TS oyvoTpuY

-nb;za’;z-o&u; 1voysigqdeed puv xtqv-:oxuoohn avyIqWe) WYY OTTXSAO

- o1 -




-

.

he 0 .1n nge

’

In the Oman mountein range the oldest exposed formations are

Permian phyllites, basic 1ntru-ivea~;nd.4qsrfzitoa’oicrlatn by Upper

" Permain limestonmes.

Queationable Triassic iodiloﬁta continue tpo ;&lcareoun rock
;cqnence snd grade upwarde into Juressic marls and dolomites. -

The lower and Middle Cretaceous loctiona»créAroprosented largely
by dolomitic, radiéldtlan and crinoidal limeséones. The Upper
Cretaceous is well developed and forams the bﬁlk of the Uman Mountain
rsngo... Aocordlhg‘to Morton (1959) the Upper Cretaceous consista of
the oalcurooua-etuiorph;c'oaquonoo of the Bawasina siriea ovefluin

by over 1,000 metres of the Semail igneocus series. Accurding to

" Dr. Hewellyn of University qulogo, London, and formerly on Shells

staff in Oman, the Semail underlie the !Awglinu & view generally
agreed with by Greenwood and Leney (1968). The Semail is composed

of a suite of plutonic, ultramafic rooks together with their

Ahypabyilal and extfuaiVe,repreuant&tireo, reridotites, dunites,

pyrogenites, gabbros and diorites all occur. Generally they are
subordinate to the vast maess of serpentinite, much of which has
derived from the ul tramafic recks.

| 6reenwood and Loney (1968) believe that the gabbros, ultra-

mafic recks and serpentinites are all components of s pseudostratiform

 alpine peridotile-gabbro complex. They believe the serpentinite

derives fros plutonic ultramafic rocks rather than by extrusion

~_dxroet1} from s peridotitic er serpentinic welt.

A characteristic feature of the Semail scrpentinite is the
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* random oceurrence of chromite blocks and lens at different vertiocul

levels. The Havasina Series is closely ;nnq?iated viih the Semail
and tho;Lover Havasina co-pojed of eherts and radiolarites is inter-
boddod-vith S8email intrusive sheets. The Upper Hawasina generally '
overlies the Semail amd forms a distinct 11tbological group of low
grade letcnorphic:fock-. .Chloritc, op!dqio and -garnet occur widely

in either predominantly arenaceous or ealcareous metamorphis rock

‘suites.

Manganiferous pherta are characteristic of the ﬁavastna a8 is

the widespread occurrence of oxidised ecopper minerals.

‘ !inerul‘k&.ourcon

Little is known of the economic mineral resources of Oman,
the emphasis of its limited exploration being placed en petroleum

prospecting. Apart from ncstterod‘trtvo;loru desoriptions of coal

' dcpo.itl and historical archaeological ucéount- of ancient copper

1ork1n¢s, little can be gleaned from published material.
?ortunatoly recent ;tudlcu of the neighbouring Trucial Onaﬁ
Bange do allov & ecertain knowledge of the Oman mountain range by

inference. As far as base metal -1nofaltoution goes the Semail

and Hawasina lorioi are the oyvténd host rooks. As these make up

the bulk of the Oman Mountain range then it is this mountainous

arca that offers the greatest prespects for discovery of base metal
deposita.
"Greonwood and Loneys (1968) reconnaissance of the mineral'

recources of Trucial Oman indicate the presence of substunmtial if
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‘e-tilqtea of individual deposita cohtuining up to 5,700 metric tons !

Tite
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lnqlttod, tonnages of chromite, widespread traces of copper minerali-

sation some of economic tenor, manganiferous cherts, and several

- geochemically anomalous sones for mnickel and iolybdbnnn.' They

do however states that nonme of the minersl depoeits so far found in
Truci#l Oman are oeoponic pr;posltionn nndgr present conditions.
As thcir work was confined to Approxinatoly.ono gifth ét the total
areca of Semail and lavaainayrockl the chaanu of dincﬁvering
similar bodies in Oman is probabalistically much greater.

| .Chrbnite gn& nickel are likely to be present in the Semail

ultramafies whilst eopper and manganese may be expected in the

_ Hawasipa Series.. The possibility of molybdenum occurring in

economic proportions s not great but minor acid intrusions are
known and the pfoaonoo of diorite stocke does not preciudo the
development ot'porpﬁyry copper type linorsliaition.

| The Oman -ouniqin ophiélite'.uito ﬁrobably oorrolaﬁea iith the

ultrabasic belts of Cyprus and Turkey where similar rock types bave

~gliven rise to ocoﬁanic chrome and llbdltOIFCCPOIlﬁl.

At Cyprus Chrome companys workings on Troodos, the extremely
irregular shape and iuck of'conltancy of the cfé pockets, presented
trqs‘ndouu exploration and Iil; development problems and ore reserves
never loeked good. | Bvoh 8o over the period from 1931 té 1957vovcr
176.000.tonalot>chrolo ore was mined. - ‘{

These figurel‘nio given %o indiocate that Greenwood and Loneys
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‘of chrome ore in Trucial Uman might be much more encouraging than

they supposed partieuiarly as their estimates were not based on any

".drilling results and in view of the typically erratic distribution

Qt ohrome ere,

All that can be said, at the present state of knowledge in

Oman, with regard to economic mimeral potential ias that considerable

areas of rock types ocour that are known to be favourable to
chro-itoAplatinui, nickel, copper and asbeatos formation but that

the delineation of econonmic dcpoaitsieould only come after a well

.developed .sd.probably expensive exploration c..ﬁaign.

!inera; Oppertunities ip Oman

Due to its relatively nneiplorod state and the preaence of a

vest mass of differentiated ultrabasics, Oman remains one of the

"-olt likely places to find economic deposite of chrome ore. Its

known association in the past with copﬁer suelting and the recorded

presence of sub-marginal copper in Trucial Oman provide favourable

' pointers towards the aourchAfor eopper in this region,

Bowever in it;-irelcnt undeveloped state Muscat and Oman

obvioualy provides extreme challenges to auccessful mining ventures.

The lack of road and transport facilities, the lack of trained semi

skilled labour force, the complete absence of any form of mining

- opde and the lack of any formal goveramental précoodureo--ight appear

%o militate against successful vemtures in this territory. One

oould however argue ihqt the complete lack of a mining code could
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allow favourable nogotlatioha of an oqunblo'arrhngemcnt jlth the
. Sultan. The rqconﬁ_dlncovo;y and exploitation of commercial 0il’

.dopoéits h#n prbvl§ed a aour@o of revenue that could be the spring-
bosri ior the dofalep-ont-ot Oman. | | -

. Aocording to the Sultan‘s 1968_prononndon§ntn'cnd my discugaions
with his qqnﬁul in London and several of his consultants the present
is an extremely opportune tiwe to discusa -igerdl exploration:
nctiviti@o as the Sultan 1; pnrticuiarly interested in raw material
development, hawing at last the financial gains of the tventy years
6! 6i1 exploration. | | |

At -present llnefal oqnce@nlona are held by Wendell Phillips
for the Bhofar Province and the remainder of the Bultamate is
covered by a concession granted to Shell o0il. llhether Shell 011
are interested in yale mestal prospection remains open but in viéw
of diversification trends it 1s highly unlikely that they would
willingly give up their mineral concessions. |

- They may, of cour-;, So'viiling to cooperate in a joint

oiplorction venture nnd should d.s. Stesl continﬁe its interest in

'OQQa..ﬁhon the possibilities of such a move should be carefully

considered. Shell 0Oils expertise in Oman, the conpapies facilitiea
"tor'trnnaport. storaﬁc and accommodation and ite close ties with the

' ﬂ@lt&n‘ionld be extremely favourable features of any eooperative .

_ybninio.z



Conclusions and Recomusndations
1o Oman is a relatively unknown)physicclly difficult area of some
_goolegical favourability for the discovery of chromite, nickel

~copper and possibly manganese deposita.

2. the next ten years are almost certain to witneas the most rapid

-dovelop.dnt of road, transport, medical and social facilities
;%"»! : o .;, - -im the hiniory of Olan.' |
"1 3. :0ppor$un1tiei for mineral ventures dq'oxilt but the ixploration
programme required to deliuaa‘c are ﬁronpoctc is likely to be
expensive.

A, A 8hell 0il held the mining conceasion over the most favourable

areas, discussion a8 to the possibility of a joint base metal -

exploration programne'ohonld be eonsidered. .

e A preliminary photogeological interpretation could delineate

. o
- A2

the most Iavoﬁrable arots.ot the Bemail and Hawasina outcrops
- .i in the OI;n‘nonntain nango; - Dr. 8. Bewellyn of University
‘; Collcge. London, a joologint who formerly l@bp.d part of this
range for Shell 0il, is tﬁg most authoritative person capable
. ef carrying out such an interpretation. As he still retains |
- .mueh of the.orlginal'shcll -;pptngv. good photointorpiotatloh
‘eould be prepared within a month *s time. |

6. 8hould U.S. SBteel be interested in pursuing formal application

for mineral exploration concel-ionn then the course advised by
the Bultanate consul in London is to write to him e¢/o 7, Albert |

o Court, qudbn W. 7. Upon receipt of a letter lhowiig U.S. Bteeal?
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interest in Oman the consul will inform the Sultan accordingly.
As the Sultan apparently is in daily Telex communication with
his London advisers and spends from 3 to 6 months of the year in

-

London, & prowpt reply should be forthcoming.

) Agggndix .A. '
‘Goolbgy and Mineral Resources of the Trucial Oman Range

by 1. Greenwood and P, loney.
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Cu-PYRITE MINERALIZATIOV AND SEAWATER
CONVECTION IN OCEANIC CRUST ~ THE OPHIOLITIC
o ORE DEPOSITS OF CYPRL’S

.T.C Spoaner

Depmmm of Gcobgy. Umvemu o( Tommu. rc;mw (-m.w M35 IAL

ABS'I'RACT
One of the major discovenes of recent ycan abow the physcnl and < benysal beraviour of

Sk ltion

the solid Earth and the oceans is the scale of the phenamenon of coavecuve seawat
within the uppei 3 to § km of the oceanic crust al spreading ridges. Analysis of the discrepancy
between observed conductive heat flow and that predicied on the basis of 2 pureiy sumductiie
cooling mosdel suggcm that the 1013l ocesn mass may cmculaxc through basaitic oveade crust ai
ndges once every 3 iv {0 Ma.

Ag imponant point concerning hydrothermal circulation to arise from studies i ophiotitic
rocks is that the formation of economically significant {on land) cupriferous pyrite ore deposits
appears 1 be a natoral side effect of seawater convecuon. This suggestion has recently received
consid.rable support from the discovery of massive sulphide mounds (Francheteau 21 u/. . 1979)
and turbulent, buoyamt ptumes of hot water at 380’C 30"C precipitating suistiues at 21°N on the
East Facific Rise 1Spiess ef of.. 1980,

“The geometry of cisculatory flow in the ophiolitic sequem,c of Cyprus appeurs to have
consisted of axially symmetric celis containing central plumes of hot ascending fluid which were
posttionally fixed through time with respect to enclosing rock. Parmentier und Spoance (1978)
have modeled such hydrothermal circulation by finite difference approximations. Fiuw inclusian
swudies and theoretical models suggest that the principal factors which cause. ncalived ore

. depusition were surface and near-surfuce cooling due to mixing, and conductive neal ioss.

The possible effects of subduction of compositionally modified oceamc cruvi - “ae geners
tion of magmas and associated mineral deposits at convergent plate boundanes v clear. For
example, large quantities o7 tvduced seawater sulphate. in association with hvdroxy! and
chloride, could be added w wcean.c crust 0y eawaterfrock interaction at ridges. Release of water
from the descending slab ai subduction zones might then cause » et meiuny of mantle Muterial und
could produce volatile rich siliceous nwimas enriched in chiuride and sufphur. Such a simpie
model could explain the amounis of magmatically released water, chlorine und sulphur reyuired
for the formation of porphyrs, Ci. = Moz Au deposits spatially associsted with calc-alkulioe
intrusive rocks. :
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RESUME ‘

Une des principales découvertes au cours des derniéres années sur le composiement physi-
que et chimique de la terre solide et des océans a ¢té 'échelle du phénoméne de circulation par
convection de 1'eau de mer dans les 3 a 5 ki supérieurs de la crofite océanique le lung des crites
en expansion. L analyse de I'écart entre le flux thermique convectif observe et celui qu'on
prédit sur la base d'un modele de refroidissement par convection uniquement suggere que la
masse totale de I'océan peut circuler dans la croute basaltique de I'océan le long des cretes une
fois tous les 3 4 10 Ma. \ ] T - .

.- Un point importani concernant la circulation hydrothcrmnl& qi: a ressort des érudes sus
les roches ophiolitiques est que lu formatiop de dépols de munerab de pyrite cuprifere
d'importance économique (sur terre) semble étre un effet secoadaire saturel de la convection de

- Peau de mer. Celte suggestion a récemment recu un suppont considérable par lu découverte de

monticuies de sulfures massifs dans je ylacis continental de V'est du Pacifique Pranchetzay «f
ol., 1979). . . " . . . .

La géométric de U'écoulement circulatoire duns la ségucnse ophiclitique de Chypie seenibve:

avoir consisté en cellules. axislement Symétriques' conlenan! en leur ceatre des papacho sk
fluide chaud ascendasn dont lu position s'est fixée au cours du temps par rappor: & t rodie
. encaissante. Paimentier et Spooacr 11978) ont modelé ane telle circulation hydrothermae s

. . Paide d"approximations par différences finies. Les &udes sur les inclusivns fiides et ey muw-

“deles theorigues suggerem que les pracipaux facieurs qui sont responsables du dépat localise
de minerai ont €t¢ le refroidissement en surface et pres de la surface par meélange et la peric e
chalevr par conduction, . ‘

On voit clairement les effets possibles de fa subduction de o croite’ acéanique dont la
composition a é1é modifie sur la génération des magmas et des dépOts MInerala associes i
limites de plagues convergentes. Par excmple, de grandes qoasuiés de sulfales d'cau de mer
1éduits, en association avec lov chlorures et Jes groupes hiydroxyles, pousraient s’ajouter o i
croite océanique par Finteraction cau de merfroche le long des crétes. La tibérativn Je i cau
provenant d'une plague dp»ccrxduuc dans les zones de subdwcpon pourtail alors causcr ia
fusion humide du maiéric} du mantcan ef ainsi provuire des magmas siliceux riches en volatiles

"et enrichics en chlorures et en soulte. Un tel mudéle simple pousrait expliquer les quantités
d'eau, de chiore e1 de soufre libcrées du rmagma qui 3ol requises.pour fa formation des depins
porphyriques de Cux Mo= Au assocics dans ) espace aves les roches intrusives calco-alcalines.

INTRODUCTION

" -One of the major discoveries of recent years about the physical and chemical
behaviour of tie solid earth and the oceans is the scake of the phenomenon of
convective seawater circulation within the upper 3 10 5§ km of the oceanic crust at
spreading ridges (Lister, 1972; Spooners and Fyfe, 1973 Williams er af ., 1974; Wolery
and Sleep, 1976; Anderson ef al. , 1979). Analysis of the discrepancy between observed

" conductive heut flow und that predicted on the basis of a purely conductive cooling

model (the "heat low anomaly’’) suggests convective removal of aboui 50 » 16
callyr (Sleep and Wolery, 1978). This is equivalent to about 16% of the Earth's total
heit loss of 32 x 10 calfyr, as estimated by Williams and Von Herzen (1974). The
estimate implies that the total ocean mass{1.41 x 10*g) may circulate through basaitic
oceanic crust at spreading ridges once every 3 to 10 Ma, for an average hot water
discharge temperature between 100°C and 300°C (mass fluxes from Sleep and Wolery.
1978). Fluid inclusion data obtained from ideatified discharge zones in the Upper-
Cretaceous ophiolitic complex of Troodos, Cyprus suggest that 300°C is a reasonable

i
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‘Spooner, 1977. Spooner ¢t al., 1977; Parnentier and Spooner, 1978). Simitarly, the

CU-PYRITE MINERALIZATION AND SEAWATER : 687

fgurc (Spooner and Bray, 1977) and that, therefore, an esumalc for the mean recircula-
tion time of 10 Ma is likewise reasonable.

Ina geologual conceptual framework 10 Ma is, of course, a relauvely short length
of time. It 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 ¢z al. (1979), it appears thata szgmﬂam amount of intrusion of
~ plutonic granitoids occurred in the submarine environment in the Archean, rather than
in sub-aerial continental crust as at present Thls effect may have lowered lhe recircu-
. lation time further.

Marked complementary chemual changes oceur dunng basalt/seawater interac-
tion at elevated temperatures (e.g., Mottl and Holland, 1978). Hence, compositionally
modified oceanic cryst réturns to'the mantle in subduction zones. The nature of these
various‘phenomena and their implications with respect to the chemicul composition
and evolution of the aceans, the oceanic crust, the mantle and the continental crustare
gradually bcgmmng tobe detected and apprcuatcd (e.g., Wolery and Sleep, 1976). For
example, Spooner (1976) developed and tested a possible quantitative modeiiv explain
the isotopic composition of strontium dissolved in ocean water: Itinvolved a balzice
between strontium delivered by continental runoff and strontium derived from ine
‘oceanic crust by exchange during hydrolhx.rmal convection. '

A side effect of fluid mass transfer associated with convective heat transter at
oceanic ridges appears to be the form:.tion of sulphide mineral deposits. The sugges-
tion that the oceanic crust might contwin sulphide deposits was first made simply on the
basis of an empirical comparison between ophiolitic complexes and the oceanic crust
(Sillitoe, 1972; Spooner and Fyfe, 1973). The speculative hypothesis that such ore
deposits may have been tormed during seawater convection {Spvoner and Fyfe, 1973)
has been tested geochemicatly in some detail, and has essentially been validated (e g.
Spooner, 1977 Heuton and Sheppard, 1977; Spooner and Bray, 1977; Chapman and

prediction that massive sulphide mineral dzposits 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 1o 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 anuounced (May 4, 1979) by the U.S, National Geographic Society of dis-
charge of very hot water (300°C - 400°C) associated with mineral deposition in the same
. general area.

Spiess er 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 ¢m in diameter. The buoyant jets, referred to as **smokers’’, appear black
because of entrained particles consisting mainly of aggregates of hexagonal pyrhotite
platelets, typically 20u across, together with lesser amounts of pyrite, sphalente and
Cu-Fe sulphides. The chimneys occur on sulphide mounds having typical lateral
dimensions of 15 x 30 m. Both consist mainly of pyrite-chalcopyrite-sphalerite, with
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mmoramoumsof such Fe-Cu-Zn sulphides as pyrrhotite, marcasite, wuitzite, bornite,
cubanite and chalcocite. Ca, Ba sulphates (anhydrite, gypsuim and barite), talc,
amorphous silica and secondary lron hydroxyox:des (gocthne. hmomte) have also
been ldenuﬁcd L ‘

SEA WATER lNTERA(,I lON DURING DOWN—I* [,OW

Much information supporting the general hypothesis of seawater circulation
within oceanic crust has now been obtained from the examination of ophiolitic com- :
plexes. For example, clear ev:dence for water/rock’ interaction is found in the non-
‘isochemical, hydrothermal metamorphism of - ocean-floor origin which has been re-

. porled from ophiolitic assemblages in Cyprus (Gass and Smewing. 1973; Spuoner et

. 1977}, Newtoundland {Williams 4nd Malpas, 1972 ; Coish; 1977), E. Liguria, laly

(Spooner and Fyfe, 1973),S. Chile (Stern o1 al., l976) and Taiwan ( Liou and Ernst, o
.- 1979} Metamorphic mineral assemblages of the zeolite 10 amphibelite facies, which o
. pseudomorph oniginal igneous texturcs md which aiso OcCur a8 open-space fillings,

* have been observed in metabasic pdlow l.avas, metadolerite sheeted dykes and the
- upper parts of layesed pluconic sequerices. The use of hotopcs(HjD BEC, 180/0;

T #I8r/*8r) as geochemncai lmcers has’ oonﬁrmed that the interacting fluid was of°
© ' ‘seawater: ongm (Spooncr n/ al.; I97 Heaton: «md Sheppard 1977.. Spooncr et al
1917 o .

I:xample l Zeohtc ) amphxbohtc facnes memlxmc rocks from the Troodos
“Massif, Cyprus are variably enriched in*"Sr relative to fresh analogues (Spooncreral.,
1977). Initial 7Sr/*Sr yatics as high-as 0. 70760. = 0.060003, for an intersttial zeolite
sample, and 0.7069, for a metabasic Tock, have been recorded.” These compare with
low values obtained for fresh gabbroic rocks: of 0.70338 0. 00010 to 0.70365 *

" 0.00005. Upper Cretaceous seawater, wnh a ratp of about 0.7076. was the only
reasonable contaminant (Spooner et aI 1977),-" '

NETSPIE.

N

Examp/e 2. RCId!IVC to a §'*0 Value of abour 6°/oa for. (resb basdnc rov.ks the
hydrothermally metamorpliosed rocks of Cyprus show strong oxygen isotopic modifi-
"cauons which change from refative **O- enrichments in the upper part of the sequence
{e.g., + 12.40%00) to relative '*O depletions in the lower part of the sequence {e.g.. +
3.31%00). These changes indicate interaction with.large volumes of bot water and are
.consistent with interaction with heated seawater (Spooner et al ., 1974).

Example 3. Heaton and Sheppard (1977) have shown that the isotopic composi-
tion of hydrogen in water in equilibrism with chlorite and amphibole samples from
metadolerite dykes and metagabbros from Cypms was mdlsunguéphable from that of
seawater.

Calculations based on the degree of oxidation of the basaun. rocks suggest that the
bulk integrated water/rock ratio may have been as much as 10%:1 (Spooner ¢ 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 penctration 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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ophiolitic hth logies wnh model proﬁles for in sity oceanic crust (Christensen, 1978)

g .of seawaler, itappears that, in Cypru§, sulphide ore deposits formed at the positions of
i discharge. In general terms these deposits consist of a lens of massive ore upderiain by
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-suggest that d}c eqmvalem penetrauon d(.plh in ".;veragc oc«camc crust ma) be about
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THE VOL(,ANOGEVIC CUPRIFEROUS PY RlTl:. ORE DLPOSITS

Whercas hydmthermal metamorphism occurred dunng in-flow and :hrough flow

UNMINERAUZED
PlLLOW LAVAS v

Figure 1. Schematic diagram of an ophiolitic {Cyprus-type) volcanogenic sulphide ore depusit
(modified after Hutchinson and Searle, 1971).

The section shows the surficially oxidized massive pyritic lens, which is intercalated within
the metabasic pillow .lavas, the underlying pipe-shaped stockwork of hyvdrothermally
metamorphosed and mineralized material which extends down into the dyke complex, and ine
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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u:ﬂy plpc -sha ed ockwork (Fig. 1). The massive ore consists of a
porous, ﬂmdelyboﬂoform wxluréd mass of fine-grained pyrite and chalcopyrite, with
accessory, quantities of marcasite, sphalerite and galena. The voids in the massive ore
are frequently partially filled with fine-grained, sooty pyrite. The lenses occur intergi
lated within the pillow lavalsequ,en.ce and their attitudes are conformable with the local
stratigraphy. (Description summarized. from Hutchinson and Searle, 1971: Coastan-
tinou and Govett, 1973.) A large lens, for example that at Skouriotissa, hud 2 maximum
thickness of about 50 m, and was approximately elliptical.in plan (long axis about 500
- m; short axis about 350 m) {Constantinou and Govmt 1973). It contained pre-
] produc(non ore reserves of about 6 million tonnes at 2.3% Cu (Bear, 1963). An

_important pmm is that the evidence suggests that this massive ore actually formed on
. the ocean floor since it does not replace pre-existing rock, can show alteration near the
lop toa guelhmc material (ochrc) which.has been interpreted as a submarine weather-
_ing product of ore (Cons(ammou and Govcn 1972), and is itself overlain either by
unmineralized. decp-wmer murine scdnmcms or by unmineralized pillow lavas which
~arg; inturn, ovetlain by pelagic sed:mcnls (Robcnson 1975).-

' S{ockworks. which occur bencath massive ore and ‘which were: clearly fecder
zones, consist of haghly altered'and mineralized material of basaltic origin. Mineraliza-
tion occurs as veins, ‘veinlets and. disseminated impregnations of sulplides. The
alteration silicate_mineralogy - of: the reconstituted pillow lava consists of quartz-
chlorite-illite- sphene, Une«.onom)c allerauon -pipes charauenzcd by pyritization
penetrate | 10 2 km down into. the ophmlmc wqucnue Stockworks ure normaliy
elliptical in plan. A good idea of dimensions’is provided by the Limni depo-u 3
western Cyprus, which has a Jong axis of about 800 m and a short axis of about 300 m
(Trennery and Pocock, 1972;'Adamides, 1975). “This deposit contained pre- produczmn
reserves of around 4 miilion tonnes at 1.37% Cu (Bear, 1963) and has proved o b
economically exploitable for about 200 m below the ongmal ocean floor
v Approxsmalely 20 significant sulphide ore deposits have been mined in Cyprus.
Along the 80 km long continuous northern pillow lava outcrop, [5 deposits occurinan
lmperfectly regular dnsmbuuon ( Fig, 2) wiuch 18 chamclenzed by a hulf-spacing of 2.6

v

l"igmre 2. The lmpexfecny regular dmnbuuon of i5 cupmerous pynlc ore deposits along the
northern pillow lava outcrop of the Troodos ophialitic complex, Cyprus. The average of the 21
inter-ore deposit half-spacings is 2.6= 1.4 km (1 standard deviation).

) 1, Mavrovouni: 2, Lefka; 3, Apliki: 4, Skouriotissa; 5, Alestos: 6, Memi: 7, Kokkinoyia: §,
Kokkinopezoula: 9, Agrokipia; 10, Khruu dlstncl ll Kapedhes. lZ Kambia; 13, Mathiati; 14.
Lylhrodondhd 15, Sha.
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‘ TABLEY - o
PRE-PRODUCTION RESERVES AND GRADES OF OPHIOLITIC AND OTHER
VOLCANOGENIC MASSIVE SULPHIDE ORE DEPOSITS

Pre- o .
production ' i
reserves . ' K L
(milion  Cu = § Zn. . Pb “Agl . Au

Kalavasos; - 6 ‘B,, (1963 .

-Limni;:Cypms '

f

14976 production)

— indicates no data available to author. ' -

- Range of pre-production reserves for Kuroko deposits (Lambert and Sato, 1974),

5
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" In Cyprus, ophlolllu. sulphide dcposns have been worked priancipally for copper
and for high-quality non-arsenical pyrite suitable for the manufacture 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 attructive ophiolitic
sulphide deposits in Cyprus and Oman ure given in Table 1, together with comparative

data for the small York Harbour ophiolitic Jeposit in Newfoundland, for Precambrian
volcanogenic massive sulphsde deposlts in the Canadian Shield and for the Kuroko

deposus of Japan.

Total pre-pmduc!mn reserve lonnagzs can bc as h:gh as IS million tonnes (e.g.,

- Mavrovouni). The average for eleven  deposits in’ Cyprus listed by Bear (1963) und
Constantinou and Govett (1973)i5 3.6 = 4.0 (1 standard deviation} million toanes. This
is similar to normaliKuroko type dcpnsns (e.g., 2 to 35 million tonnes for those in
Japan) and Precambrian vulcanogenu massive sulphide deposits (e.g.. an average of
6.9 million tonnes for 110 deposits in the Canudian Shield; Boldy, 1977). The copper
contents of the ophiolitic deposits of Cyprus vary widely, ranging from low values
(e.g., 0.24% Cu for Mathiati; Constamtinou and Govett, 1973) to as much as 4% Cu
(Mavrovouni). Zinc and lead contents in economic, not geochemical, terms are
characteristically low for ophiolitic deposits (e.g., Table I, Zn = 0.065. 10 0.7%,; Pb =
0.01%), in comparison wtih Kuroko and Precambrian deposils. An exception is the
York Harbour, Newfoundiand, deposit which contains 4.67% Zn. However, animpor-
tant, but generally unremarked, characteristic of ophiolitic deposits is that they can
contain quite significant concentrations of silver and gold, For example, Mavrovouni
ore contained 39 gftonne silver, which is comparable to the average 1976 Kuroko
production grade (63 gftonnej and the average Canadian Precambrian volcuaogenic

" massive sulphide deposit (45 g/toane). Kalavasos (Cyprus) ore contained 1.6 gftonne
gold, which exceeds both the average 1976 Kuroko production grade (0.7 g/toune) and
-the average Canadnan Precambnan volcanogcmc massive sulpiude deposit grade

(0.84 g/tonne). R

In on-land econormic terms, lhc massive sulphxd.. deposits recently discoveres on

the East Pacific Rise, 240 km south of the mouth of the Gulf of California « Francheteau
etal., 1979), are simply minor showings. They consist of partially hollow, sponge-like
mounds up to 10 m high which are aligned along faults subparallel 1o the spreading axis.
Active hot spring discharge has ceased, and the sulphide material is oxidizing to red,
yellow, and brown amorphous iron hydroxyoxides (¢f. ochre) and yellow native
sulphur. The primary sulphide mineral assenibluge consists mainly of sphalerite and
" pyrite with minor chalcopyrite and marcasite.-Analysis of four small sulphide samples
(26.5 g 10 90.7 g) reveals both pyrite rich (14.95% t0 29.6% Fe) and sphalerite rich (23 to
'28.7% Zn) types with higher copper concentrations (0.2% 10°6% Cu). Hence, this
material shows chemical and mineralogical siinilarities to that from ophiolitic deposits.

SEAWATER DISCHARGE DURING MINERALIZATION

“The h‘yp\nhesis‘ of mctal 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, Exammauon of fluid inclusi@n properties and the hydrogen. oxygen and
strontium |sotom: cognposmon of mineraljzed material has revealed no evidence fora

component of the'hydrothermal fluid. whn h was nor of seawater origin (Spooner and

Iligr;;) 1977 Heqmn and Shcppard 1977, Ch.xpman and Spuoncr, 1977, Spooner,

¢ i

I;,\(unple l. Murolhemwmcmc cxammauon of fluid inclusions in ore matenal
from Cyprus has shown that samples of the ore forming fluid trapped in small cavities
in quarnz intergrown with sulphides have a freezing point indistinguishable from that of
seawaler. A mean fluid inclusion freezing point of -1.9°C % 0.3°C (1 standard
deviation) was obtained from 273 measurements from four miperalized localities
(Spooner, in prep.; updated from Spoongr and Bray. 1977). This freezing point is
slaushcally identjcal to that of ordinary seawater. Since the freezing point of 4 solution

a reflection of its. salinity, this information indicales a close similanity in bulk
compo:mon between the hydrothermal fluid, whlch was-al temperalures between

- 300°C and 350°C (Spooner and Bray, 19‘77) and nm’mal seawater.

I;,mmple 2 Mmemlu.cd malterial from Jous deposits in Cyprus is significantly
enriched in *’Sr (Chapman and Spooner, 19'77) lnmal 878r/%*Sr ratios as high as, but
not higher than, upper Crcwceous scawater have been rcwrded (e.g., 0.7075 =

- 0.0002).

Example 3 The hydrogen isotope composition of the Kydrothermal fluid has been

_.shown to have been cssenually the same as (hd.( of seawa(er(ﬂeaton and Sheppard,

1977).

THE NATURE QF THE CONVECTIVE PROCESSINTHE ()PHIOLITIC ROCKS OF
THE TROODOS MASSIF, LYPRLS

The evidence summarized above successfully traces the complete cycie of seawa-
ter circulation (Fig. 3). Several deductions can now be made about the nature of the
convective process which occurred in the ophiolitic rocks of Cyprus. Although it 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 1o
an understanding of convective heat and mass transfer within spreading ndges.

1) As shown diagrammatically in Figure 3, the first-order geometry of circulmiory
flow appears to have consisted of uxially symmeirnic cells containing central plumes of
hot ascending fluid which were positionally fixed through time with respect to enclos-
ing rock but not, therefore, with respect to the spreading axis (Spooaer, 1977; Purmea-
tier and Spooner, 1978). The explanation for this pattern is uncertain. [t 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 laiter explanation would appear less likely,
however, since the geometry of flow would probably reflect the decrease in basal heat
flow away from a ridge axis. It would then consist of linear two-dimensional rolls
sub-parallel to the axis.

2)The dlsmbuuon of major plumes, as deduced from thc arrangement ofthe maJor
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ore desposits in Cyprus, was impetfectly regular in a direction normal to the original
spreading axis, and was characterized by a half-spacing (2.6 = 1.4 km) comparable to
the thickness of the permeable layer (2 to 3 km) (Spooner, 1977; Fig. 2).

3) In Cyprus, ore deposits are frequently cross-cut by unmineralized dykes and/or
overlain by unmineralized pillow lavas (Fig. ). This suggests that formation of the ore
deposits occurred within the volcanically aclive zone at a spreading ridge. For a
l.\alf-w.idth,of about 6 km and a spreading rate of about S cim/vr, the ore desposits may,
thercfore, have formed in a time on the order of 10° years (Spooner, 1977). The mean
internal upward. flow rate may have ‘been about 107¢ g/cm*/s (Spooner, 1977). Later
finite difference calculations have shown. this rate to be reusonable (Parmentier and

~2.5
km

v

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

of the Troodos Massif, Cyprus. , '
General metamorphism is thought 10 have occurred in the zones of recharge flow, whereas

the cupriferous pyrite ore deposits are thought to have formed a! the positions of discharge of
approximately axially symmetric plumes of rising hot fluid of sea water origin.
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4) The depth of the originu! ocean above the permeable oceanic crust has becn
derived from the filling lemperatures of fluid inclusions which homogenize into the
liquid phase, and which co-exist with agueous inclusions homogenizing into the
gaseous phase. This evidence indicates that boiling occurred during mineral depusition
(Spooner, in prep.). The inclusions were found in quartz from guanz-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 rnassive orc The equilibrium
pressure for boiling at 4 measured temperature for a measured composmon has been
determined as 250 = 30 bars. This is equivalent to an original ocean depth 0f2.5 = 0.3

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

5) Using the ocean depth discussed above and estimales of suratigraphic depth,
fluidinclusion filling temperatures may be pressure corrected o yield mineralization

_temperatures {Spooaer, in prep.). Data from four mmemllzed localities in Cyprus-are

presented in Table II.

Except for information from the M:uhxatx mine . which apphcs to the neat-surface
cooling and mixing environment, the data suggest that the temperature of the rising
plume, as defined by the range of mean = standard deviation values for the three other
stockworks, was about 300°C to 370-C. This range 18 in good agreement with a value of

. 300¢C estimated for the temperatuse of last equilibrium with quartz of end-member

hydrothermal fiuid from the Galapagos Ridge axis (Edmond, 1978}, is consistent witha
maximum value of 285°C estimated by Crane and Normark (1977) for hydrothermal
activity on the East Pacific Rise at 21°N and comesponds closely with the discharge

Aemperatures of 380“( 3rC measured at 21°N on the [-.asl P&cnﬁc Kise (bpless eral..

1980).

TABLE 11
Tmppmg lemperaxurcs (pressutc correcwd filling temperatures) for fluid inclusions
S from ophlolmc sulphlde one depoms in Cyprus (bpoonuer in prep )

o R AmhmcucMczm('C).. oo

standard deviation
R _and number of
Locality - . R.mgc t“C) MeASUTEments - Mode(s) (“C)
Mathiati Mine 212-321; 109 286 = 22 (93) L2298
(very high ’ ’
level stockwork)
Limni Mine 283 -372: 89 . 320 = 18¢Y5). | 325
{high level "~
stockwork)
Limni Mine: 271 - 368. 97 36> 19(80) 341
Mineralized Basal ‘
Group (deep. - ’
stockwork) -
Alestos Mine (274) 323 - 394; 71 352 = 21 (61) 335 and 370

(poorly defined)
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6) The temperature immediately below massive ore was high dunng mineraliza-
tion, Fluid inclusion studies of material from the Mathiati Mine, Cyprus and the Lasail
deposit, Oman give a temperature range of 264°C to 348°C and indicite mixing with
overlying cold seawater {Spooner, in prep.). These data confirm discharge of very hot
seawater, and also confirm that discharge of hot seawater may be an effective heat
removal mechanism (see Ribando et al., 1976 for discussion).

NUMERICAL FLUID DYNAMIC MODELLING OF CONVECTION 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 ona 21 X 2 grid of convection in a permeabie layer relevant
to the origin of the ophiolitic massive s,ulphide'deposits of Cyprus (see Fig. 4). The
model parameters chosen 10 be appropriate include a cylindrical geometry . an aspect
ratio (height:radius) of I:1, a'cell top open to inward and outward flow, constant
bottom heat flux and a constant. upper boundary temperature. For mathematical

' reasons the model did nos allow discharge of Aot water. This sssumption is kpown 10

be incorrect, but it should not affect the gross aspects of flow. It should only be
relevant to boundary laycr phenomena in the discharge zone. (For further mathemati-
cal and computational aspects see Parmenticr and Spooner, 1978.)
. A soluton for a Rayleigh number of 50 was dimensionalized by choosing a cell
height (radius) of 2 km, a maximum basal temperature of 450°C, derived from basal
metamorphic mineral assemblages, and an upper boundary temperature of 0°C (see
Fig. 4). The principal geological findings may be summarized as follows:

1) The flow geometry inferred 1o have existed naturally, which was charactenized
by axially symmetric 1ising plumes, was experimentally found to be stable at Rayleigh
aumbers 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 dimensionally

" comparable to mineralized stockworks observed in Cyprus.

. 3) The water in the hot core of the rising plume remains essentially tsothermal at a
temperature of 350°C to 400°C for much of its upward transit. The temperature of the
rising plume is in reasonable agreement with that found indépendently from fluid
inclusion studies of deep-level stockworks (317°C to 373°C: sce Table Il). ’

4) The rising plume cools conductively only within the topmost 200.m of the
permeable layer. This Jepth corresponds to the economically exploitable depth of

mineralization within the Limni stockwork (about 200 m).

$) The upward fluid flux of the hot plume is on the order of {10 ® cm/sec. This

corresponds closely o 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 dimensionally restricted hot core zone, a hot core zone
which also contains the maximum fluid flux and a dimensionally 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

e
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“were chosen in the light of experimental solubility work by Crerar and Barnes ( 1976). it

can be seen that this volume ('a") is comparable in dimensions to the Limni mine
stockwork (volume ‘¢’ in Fig. 4).

7) A theoretical volumc 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 compara-
ble in size 10 a volume of basaltic material which would: comam all the coppcr
contained in the Limni deposit (volume *d’ in Fig. 4).

8) Absolute values of_ average permeability (0.1 millidarcies) and basal heat flux

. ’ Q' w0 0'50‘ Vs >
' 8.7 B
&’ 0255
: 2 ;

(I!c) : "0:2

‘0 100200300400

) T(°C)
0 WO 200 300

300m

e et o e st s o o ]

-

ds0°c 405 60°C e
-~ 2Km ———

Figure 4. The central part 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 4 cylindrical cell with an open top
apd 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 basaltemper-
atdre (450°C) and upper boundary temperature (0°C).

Area a = a theoretical volume of most intense mineralization. Area b= a theoretical volume
of maxi.mum leaching. Area ¢ = approximate dimensions of the Limni mine stockwork. Aread =
approsimate 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 the open upper
boundary is shown above the central diagram.
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(50.4 HFU) obtained by dnmenslondhzmg the modcl are reasonable (P¢rmertlicr and '
Spooner, 1978). :

In conclusion, it can be stated on the basis of the dbove discusston that a seawater
“convection model for the origin of the ophiolitic sulphidé deposits, which had already
been shown to be qualitatively reasondble has” also been shown to be semi-
qu‘mmamely sausfacmry

E  THE MECHANISM OF SULPHIDE ORE PRECIPITATION

By combining information from the fluid dynamic modeling discussed above with
resulis from microthermometric examination of fluid inclusions in matenal im-
mediately below massive ore in Cyprus (Mathiati deposit) and Oman ({_asail deposit)
{Spooner, in prep.), it is possible 10 begin to discuss the dactual mechanisim of mineral
prccnpnauou bulh belnw and on the ongmai ocean floor,

Conductive Coohng L o

‘ 'l he flutd dynumu_ modcl (an 4) indivates that smmg conducuvc covling may Do
) slan ‘within 200 m to 360 m of the scawaterfrock interface. This is the approximate .
maximum depth of the economicully exploitable 1 imni stockwork. Microthermormet-
nc examination of fluid inclusions in this stockwork shows that inferred trapping
temperatures have a well-defined symmetrical statistical distribution with a low coef-
' ficient of variation of unly 6% and an arithmetic mean of320°C (see Table H). This type
of distritution, which exhibits no negative skewness, is consistent with conductive
cooling without significant mixing with viriable quantities of cooler, overlying seawa-
ter. The information suggests, therefore, that the pripcipal factor in mineral precipita-
. tionin the deeper pans of stockwudm was samplc conduct:vc cooling.

Coolmg by M: i g S )

If the effcu of dlluuon on prgcnpn.auon is outwelghed by the effect of covling by b
mixing on solubility, then it is possible for tempgrature. decrease induced by mixing
with a cooter fluid to be an effective mechanistii for exceeding mincral sotubility
products. This can be demonstrated by using data on copper solubility in equilibrium
with the salphide assemblage chaicopyrite-pyrite-bormite at 350°C und 230°C, in near
neutral solutions of 1.0 molal chloride ion content (Crerar and Barnes, 1976j. Between
350°C and 250°C, the copper concentration of the solution drops by two orders of
magaitude, from about 1004 ppm (0 about 10 ppm. It is possible to lower the tempera-
ture of a fluid from 350°C 10 250°C by mixing with (FC scawater in the ratio of 1:0.4.
While dilution 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 of tcmperature
decrease on solubility far outweighs the counteracting effect of difution; therefove,

.cooling by mixing can be a very effective precipitation mechanism. It is worth noting
" that the temperatures discussed above are exactly those which fluid inclusion studies
. have shown to have vccurred during formation of the ophiolitic sulphide ore deposits
.of Cyprus.
“That this mechanism docs occur is shown by the fact that volcaniclastic sediments
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 fumaroles (Honnorez er af., 1973).
The recent observations on the chemistry and temperature of hot springs on the
Galapagos spreading ridge (Edmond, 1978) provide similar evidence of mixing. Al-
though measured discharge temperatures only rise as high as 17°C (15°C above am-
bient), it can be calculated from the point of intersection of the dissolved silicu
temperature dilution line with the quariz solubility curve that the end-member hy-
drothermal fluid was at 4 lemperature of at least 300°C. Two other important points in
this study are, firstly, that mixing with overlying seawater can occur below the ocean
floor in hot spring regions and, secondly, that despite the extreme dilution with
oxygenated ocean water, the warm water still contains dissolved reduced suiphur
species. The latrer are metabolized by sulphide oxidizing bucteria wirich form the base
of a complex ocean-bottom food chmn ‘with esaenuauy ne votmectioas 1o the photic
zone (Corliss and Ballard, 1977).

Microthermometsic determination of ﬂuut inctusion ﬁlhng xcmperamrc:, and
freczing points in maleml lmmcdl.nely below massive sulphide ore indicates that
shallow sub-surface mixing also occurred during formation of ophiolitic sulphide
deposits. In the Mathiali deposit (Cyprus), the distribution of fluid inclusion fdling
_emperatures shows a pronounced negative skewness (Pearson measure of skewness
" derived from data in Table t is - 0.55). with vaiues as low as 212°Crelative to a modal
value of 298°C. A similar relationship, combiaed with a drop in salinity from high
"values produced by boiling, has also been detected- unmcduuely below massive sul-
phide ore in the Lasail deposit, Oman (Spooner, in prep.).

Hence, cooling caused by mixing of hot hydrotbermal Buid with cold seawater
combined with pH increase caused precipitation lmmeduuely beneath the onginal
seawaler/basalt interface, in the upper parts. of slov.kworks and, cspccully dunng
dnscharge into ovcrlymg seawaler. '

~ SPECULATIONS ON THE IMPLICATIONS OF SUBDUCTION OF
COMPOSITIONALLY MODIFIED OCEANIC CRUST WITH RESPECT TO THE
ORIGIN OF CALC-ALKALINE IGNEOLUS ROCKS AND SPATIALLY
ASSOCIATED PORPHYRY CU = Mo = Au DEPOSITS

The geochemical effects of subduction of compoxitionally modified, in particular
hydmted and 87 Sr-enriched, oceanic crust (Spooner, 1976: 1978) are just beginning to
be detected and appreciated. It is possible that the phenomena of hydrothermal

" metamorphism and mineralization of oceanic crust could be quantitatively important

aspects of the geochemical evolution of the crust and the mantle. The various possible
connectlions 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 (Hawkesworth cr of., 1977, 1979) may be pointing towards a resolution
of the problem. For andesitic lavas associated with subduction zones in the Scotia Arc,

.Ecuador, Chile, the Marianas and the Lesser Antilles, *7Sr/¥*Sr ratios have been
"determined which are anomalously high relative to the well-defined '**Nd/"**Nd -
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. recyclcd through the mantle in about 1.8 x 10° yr.

. with hydroxyl and chioride, could be added to the. oceanic crust during seawater/rock

‘ .Zones may cause wet melting of mamle material, as suggcstcd by the arguments of
Hawkesworth et al. (1979), and could produce volatile rich uhccous magmas enriched

" amounts of magmaucally released water, chlorine and sulphur required for the forma- .
- tion of porphyry Cu = Au deposits. Wateris needed as the transport mediun,
.. chloride for ‘metal wmplexmg and sulphur for ﬁxmg the meuls as solid phases

- extent is then returned 10 the active mantle where it may become mvolvcd in subse-
. quent ocean ridge and other melting events in the slow conumlous cycle of mamh,
. LOI’IVCL(IOII and partial lusaon.

'2)  How much of the modified maierial returned 1o the mantle during subduction is

' 4) How much of the mantle is, and has becn, involved?

‘ “ing J. Tuzo Wilson, that the Earth is 4 rather complex dynamic system.
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.wt.%. These data compare with a mean water content for fresh deep-sea basaltic
matenal of about 0.30 wt.% (Moore 1970), and suggest an increase in water content of

If this figure is representative, then at the prescnt rate-of subduulon ofhydmlcd
oceanic crust (about 4 x 1018 g/yr Spooner, l976) the'total oceun mass couid be

A closely relaied 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 composition of contained sulphur suggests that the ore
sulphide is.mainly of reduccd scawater sulphate origin (Bachinski, 1977, Spooner,
1977 Heaton and Sheppard, 1977). Hence, large quantities of sulphide, in association

interaction at ridges (Fig. 5). Release of water from the descending slab at subduction

in chiorine and sulphur (Fig. 5). Such a simple : ‘model could ‘begin to explain the

(Spooncr. 1978).
" "An oceanic crusi depleted in volatiles And associated ciemems to an unknown

4 f

LONLLUSIONb R

Further 1mphmnors of the subduction of chcmxcally and nsompually modified
oceanic crust remain 1o be evaluated. Many difficult geochemical problems are en-
countered, pamcularl y if semi-quantitative modcls are altempted Some examplcs are
given below:

1) . What is the bulk average change in the chermcal composmon of the upper par of
- the oceanic crust aftected by scawater circulation?,

returned irreversidly to the continental crust by the processcs which occurin and

above subduction zones”? '

3) How much of the modlf'c.d material is, therefore,. (.omplelel/ returned to the
" - mantle?

5) How is the mantle changing in composition now as a result of these processes?
6) What sort of elemental and lsotopu. hgtcrogencmes may be’ produced in the’
mantle?
7) 1fthe combination of processes is impununt now, then how much more 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 seveiul people, includ-
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I. Geologic Setting of‘Northern Oman

The Semail ophiolite complex forms a 400-km long, arcuate belt with an exposed
cross sectional width of up to 80 km coincident with the Oman Mountains. Areal
exposure of ophiolitic rocks encompasses 20,000 kmz, thus representing one of
the largest sections of intact on-land oceanic crust {Coleman, 1977). This slab
of oceanic crust reached its present position by thrusting in a southwestern
direction over the northeast part of the Arabian continental margin. (Carry and
Welland, 1974; Stonely, 1975). The Semail ophiolite 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 ophiolites are believed to have
formed at a fast-spreading ridge system where 130 to 150 km of new ocean crust

~was produced within two million years (Tilton, 1981). The direction of the

former spreading axis is defined by the sheeted dike ccmplrx and runs N20OW
250 along the entire.length of the Oman Mountains.

. The six major elements of the Semail oph1o]1te ‘complex recognized-énd mépped

from the lowermost member up are: (1) the mantle sequence of harzburgite and
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dunite; (2) the cumulative intrusives of gabbro and peridotite, (3) the high- 1eve1
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 commercfal Cu-In 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 § is. particularly
essential for the exploration for these deposits. The most attractive stratigraphic
scheme 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 ho]d in principle. . “ , :

- Three distinct mappable units termed, in order of eruption the Geotimes, 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 montmorillonite, 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 .
prec1p1tat1on within saucer-shaped depressions on the sea floor.

_ The Lasail Unit (thickness 1000 m) consists of a dlfferentiated 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 facies. Rhyolites of the Alley Unit
form small domes and volcanic centers 0.5-1.0 km¥ 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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Alley Unit volcanics are particularly well-developed inbetween "seamount" areas
which are interpreted as faulted depressions or grabens. This unit, therefore,
is considered to have erupted in a post-seamount rifting environment, One massive
sulfide deposit is associated with the Alley Unit. g :

- II. Volcanic-Hosted Cu-Zn Massive Sulfide Deposits of Northern Oman

1, Characteristics of the Deposits

Three substantial massive sulfide deposits--the Lasail, Bayda and Aarja--
occur in the volcanic part of the northern Oman ophiolite terrain. A
number of major gossans and about 150 sulfide occurrences are also known
in the area or are undergoing exploration:

The Lasail deposit has reserves of 12 million tons of 2.4% Cu. The ore-
body is elongated and disk-shaped, and is 450 m Tong and 280 m wide. It
dips at a shallow angle and is cross-cut and displaced by small faults.

The deposit has the basalts of the Geotimes Unit as a footwall and basaltic
pillow lavas.of the Lasail Unit as a hanging wall. There is an underlying
stockwork of silicified, chloritized and. brecciated rocks which is restric-
ted to the Geotimes Unit. In the stockwork pyrite and chalcopyrite occur
as stringers, bands and blebs. The orebody lies within 30 meters of the
surface. ' S S ,

The Bayda deposit with 1 million ton reserves has a simiIar strotigraphio
position. Pyrite-chalcopyr1te sphalerite mineralizstIOn is found in two
pipes, the first 1 km? in area and the second 500 m

The Aarja deposit, 3 million tons of reserves, also has the Geotimes
" basalts as a footwall but the hanging wall is formed by zolitically
WA\ altered basalts of the Alley Unit. Mineralization i{s found as a pipe-
“Q?bllike mass 70 m by 40 m in area. Some gold (0.018 oz/t, 700 ppb) and
silver (0.10 oz/t, 3.4 ppm) are found at Aarja.

- A1l the above deposits exhibit the main features of Cyprus-type massive
sulfide mineralization: (1) pyrite and chalcopyrite as predom1nant sulfide
minerals with minor sphalerite and negligible galena in both massive ore

&( and vertically extensive stringer zones; (2) an underlying quartz-chloride-
sulfide stockwork; (3) abundant Fe and Ti oxide inclusions in pyrite; and
(4) orebodies which are pipeline or mushroom-shaped are generally massive.

Similar to Cyprus, most of the Omani deposits and prospects lie within the
pillow lava sequence of the ophiolite affinity. Many of the orebodies sit
immediately adjacent to steep normal fau\ts,- : _

‘Massive sulfide deposits of northern Oman are poorly zoned because they
are copper-rich, have only minor zinc, and are deficient in lead. From
very limited data it appears that sphalerite-rich pods are distributed
erratically within the massive ore and the Cu/Zn ratio therefore does not
decrease upward as in other deposits
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At Aarja and Lasail gold and silver constitute minor byproducts. There
is no indication that the deposits. carry s1gn1f1cant1y higher proportlons
of gold re]atlve 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, Phi]ippines; Oxec district in Guatemala; the
Island Mountain deposit, California; Lokken district, Norway; and Sevan-
Akeron mining district, Armenia, USSR. The geology of thesé deposits has
been described by Hutch1nson, 1973, and Franklin et al., 1981.

Hydrothermal Alteration

r ‘ "
he northern Oman Cu-Zn deposits typically conta1n three alteration assem-.
blages--a gossan or an ochre horizon capping the massive ore, a basal zone -

! of silicification, and an alteration pipe below the massive ore.

| The ochre horizon may serve as an exploration guide. The Zuka prospect in
-the Wadi Salhi block was discovered due to a brilliantly colored massive

ochre. Ochres were recognized at Rakah; Lasail, Bayda and Aarja deposits.
The ochre horizons are composed predominant]y of brown and orange-yellow,
massive or layered sediment containing goethite and silica (quartz) with
some il11ite and jarosite and also some corroded fragments of pyrite (Bear,
1963). They are interpreted as the accumulated product of submarine oxid-

ative 1each1ng of the sulfide ore that was exposed on the sea floor Ochres

are rich in iron and poor in manganese.

Ochres as ore-re]ated alteration must be distinguished from manganese-rich
umbers which indicate hydrothermal activity on the ocean floor not neces-
sarily related to sulfide mineralization. Umbers are sedimentary deposits

" of Fe-Mn oxides admixed with variable amounts of biogenic material. In

the Geotimes Unit umbers are minor, laminated, brown deposits. Most show
no spatial relationship with the sulfide mineralization. At the Lasail
deposit, however, umbers were mapped very close to mineralization. In the
Lasail and‘Alley units lenses of umber up to 5 m long and 1 m thick are
widespread. Fleet and Robertson (1981) describe them as finely laminated
and silicified sediments, which are underlain by altered lavas and some-
times are brecciated and cut by ferruginous veins. This indicates that
umbers form directly above the discharge zone of submarine hydrothermal

Vi
\\ vents and therefore mark the syn-eruptive fault zones.

.,/

Gossans are mentioned in all publications and exp]orat1on reports on
northern Oman, but very 1ittle information is given on their size, type,
mineralogy or geochemistry. Gossans, as is well known, are iron-rich,
weather cap rocks over massive sulfide bodies (Blain and Andrew, 1977).
Ideally, the orebody grades upwards into a more oxidized secondary sulfide
zone. This zone is overlain by an oxide zone, leached of ore metals,

which is capped by gossan at the surface. The enriched pyrite-chalcopyrite
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
'f\ in the form of goethite.and hematite. Most sulfide gossans are variably
.. & silicified. Iron sulfide gossans (and to some extent, ochres) derived
W?g\ from "barren" pyrite are difficult to distinguish in the field from base-
"metal gossans. It is felt that true gossans, ironstones, ochres and umbers
\{f have not been properiy distinguished and mapped by exploration geologists
‘ in northern Oman. It must be done in the course of a successful m1nera1
exploration program. :

Alteration pipes below Cu-Zn orebodies constitute another important
alteration type. 1In a typical Cyprus Cu-Zn deposit this alteration is
well defined and, in some cases, is very extensive vertically (1000 m and
(¢  more). There is no data on the vertical extent of alteration in Oman

\?J deposits. Alteration mainly consists of an Mg-rich chlorite core surrounded

%:4 by a sericite-quartz-rich halo (Lasail deposit). The central Mg-rich core

B - is expected to be depleted in silica, whereas the outer sericite zone may
be enriched in Si02. Another chemical feature of alteration in basalts
below the Cu-Zn mineralization is pervasive Nap0 and Ca0 depletion.

3. Genetic Model

These deposits are considered to be formed at or near the discharge vents
of submarine hydrothermal systems. The hydrothermal system is thought to
- be a convective cell which consists mainly of seawater (see review by
Franklin, Lydon and Sangsten, 1981). The driving energy of the convective
cell is believed to be either the oceanic crustal heat flow, especially
above the spreading ridges, or local intrusive bodies such as plagiogranite
plugs associated with the seamounts and the Lasail Unit. During its
descent in the convection cell, seawater becomes heated and modified in
chemical composition. The major chemical change is the reduction achieved
by reaction with Fe components of the basalt (activity of H20 is greater
than activity of S04). The net result of this heating and interaction is
.reduced, slightly alkaline saline solution that contains copper and zinc
leached from the basalt sequences along the flow path of the solutions.
Lead is immobile in alkaline solutions. The hydrothermal solution rises
along a fault or fracture zone carrying Cu and Zn as bisulfide complexes.
Initial precipitation takes place near the ocean floor surface forming

the alteration pipe and stringer zone ores and is characterized by mag-
nesium (chlorite) metasomatism and silicification. At the seawater-rock
interface, the precipitation is much more rapid and results in the accum-

~ulation of a sulfide mound around the vent. Most—efthe—depositsare -

Gharacteristicalty—zoned—with-the—Culianratio decreasing upward—ard-—outs
- ward. from-the centrat—part—ouf—the—meund- This can be explained as remob-
ilization of previously deposited sulfides by the action of continued
hydrothermal flow through the mound. An alternative explanation is that
ores with the highest Cu/Zn ratios were deposited at higher temperatures

and 1ower Pog than those with lower Cu/Zn ratios. -Barites—ifpresents—
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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 that
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
‘Jﬁﬁ convection cell 1-1.5 km deep, as calculated from the spacing of the de-
“f posits, he suggested that the main hydrothermal convection cell should
&{F/ have a diameter of about 10 km and a depth of about 3.5 km, i.e., the
between-group spac1ng That seems to be the case with the Lasail sea-
mounts.
{ The second consequence is that vo]canic hosted massive sulfide deposits
bp «$have very limited lateral extent and were deposited very close to the
d u exact site of discharge by a fault or a fracture zone. Therefore, boun-
r daries of fault blocks, circular features and fault intersections should
¢V)J be sought out in photo 1nterpretat1on and in the course of detailed
mapp1ng :

II1. 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 In geochem-
ical dispersion halos in wallrocks significantly enhances the chances of
exp]orat1on success in the genera] area of m1neralization As—the study—

0f the most commonly examined trace
elements, Cu, Zn, Cd, Pb, Mo and Ag are capable of showing enhancement
related to mass1ve su1f1de mineralization.

The basic rationa]e for use of rock geochemistry as an exploration tool
comes from the genetic model of Cu-Zn massive sulfide mineralization (see
Section II-4). These deposits are considered to have been formed as a result
of the activity of submarine hydrothermal systems. As the fluids involved

. percolate through the seafloor basalts, they alter the mineralogy and

&k bulk chemistry of the host rocks. This creates distinctive zones which

constitute much wider target areas in the search for m1nera11zation than

- the m1nera11zat1on 1tse1f
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One of the most significant conclusions which could be drawn fsom reg1ona1
rock geochemical studies is that on a regional scale (10-20 km¢) it {is the
L Jore elements, mainly Cu-and Zn, that give the most definitive patterns in
Mw' relation to_the distribution of sulfide deposits; whereas on the mine
ale (1 kml of the mineralization) the major elements, such as Nap0, MgO,
and Ca0, give the most well-defined halos.

Another 1mportant 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% 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 for
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) dlfferences as to thol-
eitic basalts, . andes1tes, 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 cou\d be planned in
these districts.

Rock samples along traverses may be taken at regular intervals of 20C m.
At each sample location several samples may. be requ1red 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 col]ected in this regional
geochemical survey. All samples should be analyzed for Cu, In 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 V.

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 of geology and mineral
belts, by photogeological interpretation of structural features and

color (alteration) anomalies, and by reconnaissance geological mapping.
These matters are outside the scope of this report. A regional geochem-
ical survey could.be of some help in locating target areas, supp]ement1ng
the above methods, but 1t should not be a principal tool.

4, Second Step - Detailed Rock Geochemical Surveys of the Target Areas

Once a target area is outlined it is recommended that detailed rock
geochemical sampling in conjunction with detailed geological mapping be
used as a potent method in the search for blind massive sulfide orebodies.
Two types of settings for Cu-Zn deposits are envisioned--exposed or thinly
concealed, and concealed by post-ore cover such as ophiolite-sedimentary
rocks, eolic sand or alluvium. OQutcrop samples are recommended for the
.- detailed geochemical prospecting. Desert soils are thin and alkaline,
with poorly developed profiles in which abundant, partly weathered frag-
ments of bedrock are common. On ridge crests and steep slopes where
outcrops and "float" are abundant, soil samples would not be as inform-
ative as bedrock samples. Therefore, soil samples should be used for
grid sampling in small areas of known or suspected mineralization.

In detailed prospecting for massive sulfide deposits, the following group
of elements is particularly serviceable: copper, zinc, lead, cadmium,
silver, molybdenum, and cobalt. 1In addition, the major oxides such as
Na20, K20,.Mg0 and Ca0 should be determined (see Section I1I-1), The
appraisal of proven geochem1ca1 anomalies may be facilitated occasionally
by the use of bismuth, arsenic and barium as supplementary indicator
elements.

Analyses for lead are especially necessary 1nthearéas where the acidic
volcanic rocks of the Lasail and Alley units are exposed as there is a
chance for discovery of Kuroko-style Cu-Zn-Pb deposits,

During the rock geochemical survey of the target area, some halos of
increased concentration of certain elements such as Zn and Ag or decreased
concentrations of Cu would be discovered. Such halos are more likely to
develop in the footwall of massive sulfide orebodies, and as previously
discussed, the halos could be several times larger than the orebodies.

In general, halos of large pyrite-chalcopyrite orebodies are broader and
longer than halos of small ones. Small orebodies are known to develop

a multitude of small halos. :

The main problem in the rock geochemical surveying of a target area for
a blind massive sulfide deposit is not the discovery and mapping of the
-Cu-Zn halos. The halos are. a considerable size and could be found easily.
The problem is the interpretation of the halos and estimation of the

. potential size and grade of the blind mineralization. The size of the
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halos is merely an indication of the span of massive sulfide mineral-
ization. Although proven criteria have not been fully developed to
differentiate 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-sericite-chlorite alteration.
High values of cobalt and molybdenum generally are found in basal silic-
ified zones.: Gossans and ochres are particularly indicative; in copper-
zinc gossans, a high Cu, Pb, Ba, Au and Ag-low Mn, Ni, Cr and Co assoc-
jation is diagnostic of economic mineralization. In some cases, small,
low-grade copper-zinc orebodies exhibit 10wer Ba and higher Zn and Mn,
contents in the gossans. e

One final comment is that in conducting rock geochem1ca1 samp]ing in
conjunction with detailed geological mapping, it is not mandatory to

~do it on a grid basis, Bedrock samples could be taken along mapping

traverses and from key outcrops where princ1pa1 stratigraphic units and
alteration assemblages are exposed.

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

Tithology should be mapped on every sample line.

Such a grid soil geochemical 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.

Use of Wadi Sediments for Geochemical Exploration

Hadi sediments could be used for geochemical exp]oratién 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. ’ R

The theory of epigenetic’geochemical mobility shows that ore minerals
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could be transported in the weathering environment e1ther by mechanical

dispersion (solid phase) or as a metal-salt soluble phase. In the desert
areas mechanical dispersion p]ays a far greater role than hydromorphic
dispersion (on a 20:1 ratio). It may follow from this that coarse frac-
tions of wadi sediments reflecting a mechanical dispersion should be more
indicative of mineralization than the traditional -80 mesh fraction.
Indeed, results obtained by Solovov. (1959) in the Kara-Kum desert, USSR;
Bugrov (1974) in the Eastern Desert, Egypt; Theobald, et al, (1979) in
the Sonora Desert, Mexico; and Theobald, et al. (1977) in the Rub-al-Hali
Desert, Saudi Arabia, demonstrate very clearly that geochemical data from
the conventional -80 mesh sediment showed no correlation with the geology
and mineralization. This reflects the inability of silt and argillaceous
materials in wadi alluvium-to 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,
relatively coarse detrital minerals contributed most of the anomalous
metals. The -30 mesh fraction had the added advantage of being easier.
and faster to collect than the conventional -80 mesh fraction.

It is recommended, therefore, that a coarse-fraction wadi sedlment survey
be utilized for district-level prospecting. Sample spacing and samp]e
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 geochem1stry data should be computer processed, using visual
display, statist1ca1 and graphic interpretation techniques,.

USSC has state-of-the-art computer programs combined into such packages as
STATPACK, SURFACE II, and PACKAGE FOR INTERPRETATION OF RECONNAISSANCE AND
PROPERTY EVALUATION DATA. The hardware configuration at U, S. Steel's explor-
ation office includes two Tektronix visual display termlnals. large digitizer,
minicomputer PDP—1123 and main frame computer CDC CYBER 175.

USSC has a staff of experienced geo]ogists 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 efficiently.

EIB/cwb

Edward I, Bloomstetn Ph. D
Senior Geo1oglst
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THE SEMAIL OPHIOLITE AND ASSOC'ATED MASSIVE
SULFIDE DEPOSITS SULTANATE OF OMAN

R. G. CoLEMAN', C. C. HusToN?, I. M. EL-BousHr’ ,
' K. M. AL-HinaP 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 Middlé 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

179



http://l_o.il

180

R. G. COLEMAN et al.

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 at 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 top are the largest. Some show association to 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 bornite and chalcocite occur in drill cores.

The low grade thermal metamorphism of the volcanics and the upper parts of the gabbro is probably related to
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 was 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 andfor 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, 2long 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 al., 1974; Glennie et al.,
1973; Reinhardt, 1969; Allemann and Peters, 1972).
Earlier reports on the Oman mountains were of



181

 SEMAIL OPHIOLITE

- Maastrichtian and Tertiary
Semail Oph/o//te

‘ Hawasina

Autochthonous Shelf .Sed/mcnt.s‘.
Pre-Permian Basement

Thrust Fault -

\o@oeo

ij km

. o - 50 = .
. IS, ) iles

B

—3-6000m |

" . INDEX MAP

SEA LEVEL .

FI1G. 1. General geologic setting of the Semail ophioli'teT in Oman.
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reconnaissance nature and provide only sparse in-
formation on the Semail ophiolite (Hudson et al.,
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.syste’matic
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).

(IT) Hawasina unit of deep water chert, shales,
and limestones deposited during the same time
span (Permlan to Cenomaman) 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 al., 1974). '

(IIT) 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 llmestones 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
al., 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 startmg from the bottom to
the top:

(1) Metamorphic 2zone 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 theu’ ‘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.

v
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. metamorphrc peridotite. . «

" pyroxene (FesMgssCau).

. gabbros.
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Harzburglte is the most lmportant orlgmal rock

type and consists of 60-80 ‘percent olivine. (Foy)

and 10-25 percent’ orthopyroxene (Enyg) with'
accessory chromite. The harzburgites show a faint
layering and, in-some instances, a“strong’ tectonic_

fabric can be seen. Discontinuous lenses and larger

(2-4km) discordant bodies of dunite .are present

-within the harzburgite, and chromite bodies are
found in these dunite masses. Orthdpyroxene 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 mternal struc-
tures of the peridotite, and it is difficult to estabhsh
between - cumulate . layermg

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 olrvme and clmopy--
. roxene, whereas the light bands consist of anor-
thosites, troctolites, gabbros, and norltes Below
~ this zone, extendmg 200 meters 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 (Fog;_gg) than found

" in the underlymg harzburgite, and the associated

plagloclase is very calcic (Ans. _92) as is the clino-

exhibits complex relationships with dikes of gab-

bro, anorthosite, or troctollte cuttmg the layered'

sequence.

The transitional zone grades gradually upward"

into layered gabbros and finally into massive gab-
bros exhibit’ing only rare layering. The main rock
types in this zone are plagloclase (Angs)-rich
gabbros containing various proportions of calcic
clinopyroxene, olivine (Fon.ss), .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-.
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 leuco-

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 minor horn-

blende. The plagiogranites form irregular.bodies
that cross-cut the massive and layered gabbr’os

“and, where extensive brecciation is present, this
same plagiogranite has mﬁltrated the gabbroxc

breccia.

and»

The transition zone’

~Semail
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: ‘":l'hecontact be'tween the gabbros and overlying

“sheeted diabase marks a major unconformity-in the

Semail ophlollte 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 w1despread folding of the
gabbros had taken. place -prior to dike emplace-
ment. The sheeted dikes of Semail ophlollte are

_ sub-parallel, ranging in. width from five centimeters

to several tneters, and exhibiting chilled ‘margins

“against one another. There are no country rock

screens yet reported from these dike swarms, and
both “asymmetric and symmetric chill zones are
présent, suggesting. a mechanism of emplacement -
similar to that postulated for Cyprus (Moores and.
Vine, 1971). The sheeted dikes are fine grained and
have ophmc texture developed by plagioclase
(Angg) and - clmopyroxene (FesMggssCayss)-

Generally, .the diabase shows an .overprint of

,greenschlst facies thermal metamorphlsm with

quartz, albite, actinolite,. epidote, and chlorite
replacmg the original mmerals Leucocratrc dikes
having compaositions srmllar to ‘the underlymg'
plagiogranites may have- extensive . development
within the dike swarms and locally predommate.
over the more mafic dikes. |

The volcanics of the* Semail 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 demonstrates ‘that they acted

as feeders for the pillow lavas. Nearly all of the
volcdnics exhibit pillow structures and contain in-
terpillow hyloclastites:: Where the attitude of the
pillows can be ascertained in relatlonshlp to the
strike - of “the sheeted dikes, the angle is ap-
proximately 90°. Thus, there seems to be no tec-
tonic break or unconformity between the pillows
and -diabase dike swarm. Near the top of the -
pillow lavas, interlayered ironstones
(umbers) are present in many areas and resemble
those described from.Cyprus (Robertson 1975).
Sediments in a normal sequence dbove the pillows

. are of Cenomanian and Coniacian age and provide
_a minimum age on the formations

of the Ophlollte

(Glenme et al., 1974).
"The volcanlcs have all undergone a thermal

‘metamorphism producmg zeollte and greenschlst

assemblages. " The preserved ‘textires are
dominantly intersertal with some, porphyrmc and

.. variolitic varieties. The feldspar is typically alb:te
-associated with chlorite, epidote; quartz, and un-
“altered augite - and

llmenomagneme Actinolite
replaces the pyroxene, and the vesicles contain
varymg proportions ‘of calcite; quartz, and lau--
montite. The degree of alter_anon 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 métamor-

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. Estimation
of temperature 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 Semail ophiolite formed within the
upper mantle. It seems most probable that the
Semail peridotite represents a refractory residue
formed during a partlal meltmg event in the
“mantle.

The overlying transitional and gabbro zones are .

- more obviously derived from a fractionating mafic
meélt. . Precipitation’ of cumulate olivine and
chromite signals the beginning of this fractionation.
Decreasing Mg/Mg + Fe ratios in the olivines of
the gabbros indicates a progressive trend;
however, sharp reversals in the cumulate sequence

‘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

deformation 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 c1rculat1ng 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
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widespie_ad copper deposits within the  hydro-
thermally altered Semail pillow lavas " further

- strengthens its analogy with Cyprus ophiolite and

associated massive sulfide deposits (Huston, 1975;
Balley and. Coleman, 1975). ’

OCCURRENCE OF COPPER IN THE ‘
: SEMAIL OPHIOLITE

Copper prospects occur throughout the vast
thickness of 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 zones 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 déposits 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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DIAGRAMMATIC COLUMN OF SEMAIL OPHIOLITE

F1G. 2. Diagram showing distribution and other features of 29 copper-iron sulfide deposits in the Semail ophiolite.
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F1G. 3. -Isometric diagram of the Lasail ore body.

strong solvents such as sulfuric acid and iron sul-
phate. The most important secondary minerals that
make up these gossans are goethite, jarosite,
hématite, 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,

v
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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 having 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 haveé 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 QF 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
values 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, but 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.

'Y
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TABLE 1. M]NERALOGICAL AND CHEMICAL COMPOSITION OF SELECTED DRILL CORE SAMPLES OF THE LASAIL AND AARJA MASSIVE

SULFIDES%
. o ‘ % : ppm
Sample Hole Depth . . - .
No. No. m Minerals' . -Cu Ti Mn Ag As Ba Co Cr Mo Ni Pb Sc’  Sr V Zn Cu:Zn Cu:Co Ni:Co
. Lasail l ) -
OM-1 2-2 89.0 Py,Cp 7.36 0.002 100 5 —_ 50 700 2 105 2 s — "2 2 70 105 10.5 0.003
OM-2 2-2 140.7 Py, Q 024 0.005 50 3 — 10 15600 3 — 7. 10 — 2 — 150 16 L6 0.005
.OM-3 2-2 2260 Py, Q 0.19 0.005 20 7 — 10 500 5 30 3 20 1 — 300 -6 38 0.006
OM-4 2-3 60.3 Py, Q,Cp 1.74 0100 70 3 — 300 1000 S — 7 10 S 3 30 200 . 87 17.4 - 0.007
OM-5 2-5 1475 Py,Cp 11.16° 0.002 300 15 . - 5 150 2 . — 15 30 — 2 -15 1000 111 7 740.0 .0.100
OM-6 2-6 94.0 - Ry, Q,Cp 0.7t 0.001 30 5 — 1S 1000 2" 300 2 20 — 2 7 200 36 7.1 0.002
OM-7 2-6 1270 Ry, Q 0.01 0.050 50 7 — 150 S00 3 — 3 7 — 3 10 — —_ 0.2 . 0.006
OM-8 2-7 520 Cp,Q, Gy 1430 0.100 700 2 — .30 3000 7 — 7 — 7 3 20 100 1430 48.0 0.002
OM9% = 29 167.6 Py, Cp, Q 12.30 0.005 100 30 — 300 70 3 70 2 30 — 3 50 5000 24 172.0 0.020
OM-10 29 3033 Py, Cp,Q 0.04 0.020 1000 — — S 1500 1 — 10 7 — 17 30 13 0.3 0.006
OM-11 29 3776 Py,Q.Cp,Gy 061 0.100 200 1 — 30 500 5 20 15 7 7 10 50 70 87 12.2 0.030
OM-12  2-10 ..99.0 Py,Cp,Q 240 0.002 50 15. — 3 200 3 20 7 S50 — 1 — 1000 24 120.0 0.035
N Aarja .
OM-13 10-2 664 Py, Cp,Q 1.57 0.020 300 150 700 30 20 7 — 5 150 3 2 30 2000 7.9 785.0 0.250
OM-14 10-3 1347 Py,Q . 0.41 0.002 150 10.0 1000 15 < 2 — 5 100 — 2 10 3000 1.4 — —
OM-15 109 ‘9.0 Py, Cp.Q - 550 0.002 200 30.0 1000 3 — 3 — 7 150 — 1 20 2000 275 — —
OM-16 10-10 9.0 Py,Cp.Q 1.14 0.010 50 10.0 1000 15 0 5 — s 150 — 2 20 3000 3.8 1140.0 0.500
OM-17 10-13 "123.1 Py, Q 003 0003 500 15 — 100 0.3 — 5 30 — 30 15 500 0.52 26.0 0.500

'Py = pyrite; Cp = chalcopyrite; Q = qual;tz; Gy = gypsum; determined by X-ray diffraction.
’Total Cu determined by M. Cremer, spectrographic analysges by C. Heropoulos, Menlo Park, CA
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TABLE2. DISTRIBUTION OF S, Cu, Ni,Co, ANDZn IN BASALTS, DIABASE, GABBRO IN OMAN
COMPARED TO SIMILAR ROCKS*.

Cu:Zn’

Samples S Cu Zn Co Ni Cu:Co Ni:Co
Oman

Pillow basalts (19) 180 23 87 28 35 0.26 082 - 1.25

Diabase dikes (42) 410 28 63 45 39 0.44 0.62 0.87

Gabbro (18) 210 70 39 43 164 1.8 1.63 3.78

. Cyprus-Pillow Lava'” "

Olivine basalts [V — 68 51 37 248 I.3 1.8 6.7

Basic basalts 11l - — 71 59 34 107 1.2 2.1 32

Basalts I1 —_ 64 56 29 52 1.1 2.2 1.8

Altered basalts | — 82 74 34 27 1.1 2.4 0.8

Red Sea®

Oceanic basalt (4) — 110 — 48 100 — 2.29 2.08
Mid-Atlantic Ridge® .

Basaltic glass (1) 910 100 — 68 193 — 1.47 2.8
Average Tholeiite”

Tholeiites — 127 — 39 84 — 3.25 2.2

*Number 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 zeolite 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 favas is probably less than [ km, and
- only rarely does the Brown Zone alteration extend
downward into the sheeted dikes which are about
2km 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 Na,O, 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 altération.

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 (Angs_¢) 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 + calcic  plagioclase are
probably in excess of 400°C. Miyashiro et al. (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 brinés developed during the

alteration of the upper 3 km of the Semail ophiolite

must then have had the potential of forming
metalliferous concentrations within the ophiolite or -
at the interface between ocean water and pomts of :

brine dlscharge

'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 al., 1974). Petrologi-
cal reconstruction of the Semail ophiolite indicates

that its formation was polygenetic and that thesé -

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

- Arabian p_latfqrm.

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 (wmbers) 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 hydrothermal brines

along favorable zones of movement (Smewing et
al., 1977). The source of the metals in the massive
sulfide deposits appears to be the surrounding
hydrothermally altered pl"OW basalts and diabase
dikes. v

- The field and geochemical evidence: so far
gathered on the Cu-bearing massive suliide
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- spreadmg
ridges and cannot be connected to subsequent in-
tracrustal hydrothermal replacements on

CEMANS-V.2—0

the

[

191

REFERENCES

ALLEMAN, F., and PETERS, T. 1972 The ophiolite-radiolarite
belt of the North Oman mountains. Eclogae Geol. Helv. 65,
657-697. ' -

BAILEY, E. H., and CoLEMAN, R. G..1975. Mineral deposns in
the Semail ophiolite of northern Oman Geol. Soc Am.
Abst. 1, 293.

‘B1BBY, G. 1969. Looking for Dilmun. Alfred Knopf, New York.

BRYAN, W. B., and MOORE, J. G. 1977. Compositional varia-
tions of young basalts in the Mid-Atlantic Ridge rift valley
near lat. 36°99'N. Geol. Soc. Am..Bull. 88, 556-570. .

CoLEMAN, ‘R. G. l977. Ophiolites. Springer-Verlag, Berlin,
229p.

COLEMAN, R. G., TaATsuMmoTO, M., COLES, D. G., HEDGE C.
E., and Mavs, R. E. 1974. Red Sea basalts. Am. Geophys.
Union Trans. 54, 1001-1002.

DonaTO, M. M., and COLEMAN, R. G. 1976. Sub-sea floor
metamorphism of Saudi Arabian and Omani ophiolite. Am.
Geophys. Union Trans. 57, 1022.

DukEg, N. A., and HUTCHINSON, R. W. 1974, Geological
relationships between massive sulfide bodies and ophiolitic™ .
volcanic rocks near York Harbour, Newfoundland. Can I
Earth Sci. 11, 53-69.

GASS 1. G., and SMEWING, J. D. 1973. Intrusion, extrusion and
metamorphism at constructive margins: evidence from the

. Troodos massif, Cyprus. Nature 242, 26-29.

GLENNIE, K. W., BOEUF, M. G. A., HUGHES-CLARKE, M." .
W., MooDY-STURAT, M., PILLAR, W. F. H., and REIN--
HARDT, B. M. 1973. Late Cretaceous Nappes in Oman
mountains and their geologic evolution. Am. Assoc.
Petroleum Geol. Bull. 57, 5-27.

GLENNIE, K. W,, BOEUF, M. G. A,, HUGHES-CLARKE, M.
W., MOODY-STURAT, M., PILLAR, W. F. H., and REIN-
HARDT, B. M. 1974. The geology of the Oman mountains.
Konink Nederlands Geol. Munbouwkundlg Genootschap.’
Verh., 423. '

GOVETT, G }. 8., and PaNTAZIS, M. 1971. Dlstnbutlon of Cu,
Zn, Ni, and Co in the Troodos Pillow Iava series. Inst. Min.
Met. Trans. 80, B, 27-46.

GREENWOOD, J.-E. G. W., and LONEY, P. E. 1968 Geology )
and mineral resources of _the Trucial Oman Range. Great
Britain Inst. Geol. Sci. Overseas Div., 108.

HupsoN, R. G. S. 1960. The Permian and Trias of the Oman
Peninsula, Arabia. Geol. Magazine, 97, 299-308.

Hubpson; R. G. S., and CHATTON, M. 1959. The Musandam
Limestone (Jurassic to Lower' Cretaceous) of Oman, -
Arabia. Paris Mus. Nat. d’Histoire Naturelle Notes et
Memoires Moyen-QOrient. 7, 69-93.

Hubson, R. G. S., McGUGAN, A., and MORTON, D. M. 1954.

" The structure of the Jebel Hagab area, Trucnal Oman. J.
Geol. Soc. Lond. 110, 121-152. -

HustoN, C. C. 1975. Canadian expertise sparks dlscovery of
three copper ore bodies in Oman. Northern Miner 61, 61.

MANSON, V. 1968. Geochemistry of basaltic rocks: Major

" elements. Pp 2-270 in The Poldervaart Treatise on Rocks of
Basaltic Composition. (eds. Hess, H., and POLDER
VAART, A.). Interscience, New York.

MIYASHIRO, A., SHIDO, F., and EwINnGg, M. 1971, Metamor-
phism in the Mid-Atlantic Ridge near 24° and 30" . Phil.
Trans. R. Soc. Lond. A268, 589-603.

MOORES, E. ‘M and VINE, F. J. 1971. Troodos Massif, Cyprus
and other ophiolites. as oceanic crust: evaluation and im-
plications. Phil. Trans. R. Soc. Lond. A268, 443-466.

MoRrTON, D. M. 1959. The geology of Oman. 5th World
Petroleum Cong. Proc., New York. Sec. 1, 277-294, ‘

REINHARDT, B. M. 1969. On the genesis and emplacement of
ophiolites in the Oman mountains geosyncline. Schweiz.

. Min. Petrog. Mitt. 49, 1-30.
Ricou, L. E 1971 Le croissant ophlolmque per-Arabe, une

"



192 . * . R.G.COLEMAN et al.

ceinture de nappes mises en place au Crétace Supérieur.
Revue de Geographic Phys. Geol. Dyn. 13, 327-349.

- ROBERTSON, A. H. F. 1975. Cyprus umbers: basalt-sediment
relationships on a Mesozoic ocean ridge. J. Geol. Soc.
Lond. 131, 511-531. ' '

SEARLE, D. L. 1972. Mode of occurrence of the cupriferous
pyrite deposits of Cyprus. Inst. Min. Met. Trans: 81, B189-
B197. : :

SiLLITOE, R. H. 1972. Formation of certain massive sulphide
deposits at sites of sea-floor spreading. Inst. Min. -Met.
Trans. 81, 141-148. :

SiLLiTog, R H. 1973. ‘Environments of formation of vol-
canogenic massive sulfide deposits. Econ. Geology. 68,
1321-1336.

SMEWING, J. D., SimonNiaN, K. O., ErLBousHI, I. M., and
Gass, 1. G. 1977. Mineralized fault. zone parallel to the
Oman ophiolite spreading axis. Geology 5, 534-538.

SPOONER, E. T. C., BECKINSALE, R. D., FyFg, W. S., and
SMEWING, J. D. 1974. O"-enriched ophiolitic metabasic
rocks from E. Liguria (Italy), Pindos (Greece), and
Troodos (Cyprus). Contr. Mineral. Petrol. 47, 41-62.

SPOONER, E. T. C., and FyrFE, W. S. 1973." Sub-sea-floor
metamorphism, heat and mass transfer. Contr. Mineral.
Petrol. 42, 287-304. o

STOCKLIN, J. 1974. Possible anciént continental margins in
Iran. Pp 873-887 in The Geology of Continental Margins
(eds. Burk, C. A., and DRAKE, C. L.). Springer, New
York.

. TscHopP, R. H. 1967. The general geology of Oman. 7th World .

Petroleum Cong. Proc., Mexico. Sec. 2, 231-242,

WILSON, H. H. 1969. Late Cretaceous eugeosynclinal sedi-
mentation, gravity tectonics, and ophiolite emplacement in
Oman Mountains, southeast Arabia. Am. Assoc. Petroleum
Geol. Bull. 53, 626-671. :




DC\I&_L\JI ivitzi \l T

MELANO - PYXIS b OCT 41983

_Geophysical Equipment

3
S 1 R TN T e

Mr. John W. Tremaine, Sr Geo]og1st
U. S. STEEL CORPORATION

Resource Development

540 Arapeen Drive

Suite 201

Salt Lake City, Utah 84108

}RE:E, Our meet1ng on October 12, 1983 concern1ng geophy51ca] techniques

and equipment for use in a copper exploration program in the
northern part of the Oman Mounta1ns Oman

Dear John

" From our discussions at the meeting and from read1ng over a good
part of the technical literature, I have come up with the following .
recommendations on geophysical techn1ques 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- res1st1v1ty shou]d be a good tool to
+ use in Oman.

I wou]d 11ke to recommend the El1liot IP-resistivity equipment

t manufactured by the Melano-Pyxis Co. because of 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
i rock and over1y1ng sed1ments in the Oman area, I think you

i should use the best system available for reading low signals
{ within high noise that is typical in this k1nd of environment.

J

My recommendat1on would be:

'Zonge Engineering and Research. Organ1zat1on Inc.
3322 E. Fort Lowell Road

Tucson, Arizona 85716

(602)327 5501; Telex 165532 CEERHO TVC
Attention: Mr Van Reed

,Rece1ver Equipment: - GDP-12 Geophys1ca1 Data Processor

XMT-12 Transmitter Controller '7444“““j7/4 Jr
CAP-12 Cassette/Pr1nter :

179 EAST 2450 SOUTH o BOUNTIﬂJL, UTAH 84010 ¢ (801) 2924041
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ATransmltter Equipment:

They have a 5kw and a 20kw transmitter with assoc1ated engine-
generator sets. 1 believe the 5kw sy;tem (GGT- 5) would be

, sat1sfactory

. They can also supp]y you with ree]s wire, etc. 1f yon,don't

a]ready 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. 1In a discussion with Van Reed of their organization, he
stated that the frequency domain is better for reading through
no1se so I suggest this as the mode of operat1on

You m1ght want to consider do1ng a more soph1st1cated type of
survey termed "Complex Resistivity" by the Zonge organ1zat1onlb
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 se]ected known depos1ts
for a more thorough study of rock properties.

"Ground Magnetics

It doesn't. appear as if'magnetics.has been too he]pfu]'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.

, Thehe are seveka] good magnetometers onuthe 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 ava11ab111ty prob]em, however,
since it is so new. , ,

Sc1ntrex
Mr. Jack C. webster

1973 West North Temple

Salt Lake City, Utah 84116

‘(801)532 2448

W1th the Scintrex System you would want to use th1n base stat1on
record1ng magnetometer Mode1 MBS-2, .

I have heard one good report from f1e1d 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-400.. I understand it .is a little heav1er than

other comparab]e magnetometers.



Mr. John W. Tremaine = 'l e -3
- October 19, 1983 -~ o : :

' : EDA Instruments, Inc.
C 5151 Ward Road -
[-; ' ' : -« Wheat R1dge Colorado 80033
| I ‘ ' - (303)422- 9112 :
| ‘ .

Another consideration would be the Geometrics units. .This
would be their Model G-856 Proton Memory Magnetometer and their
_ Model G-866 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.

.o : - EG&G Geometr1cs

; 395 Java Drive

’ ~ Sunnyvale, California 94086
- (408)734-4616 _

3. Ground EM _

Apparently 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 (Pu]se EM).
. A N I understand there has been considerable progress made in equipment -
i , ~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. ,

75 100
The system I recommend is the Geonics Mode] 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 DAS40 /2 /o0
Digital Data Acquisition Unit, a Data LPR16 tape recorder, a”ﬁ VD < 225
Hewlett Packard HP85 gesk top computer, and-a variety of Geom1cs
computer programs. M k’;wm,a%/aqée g,,u,s /,,7«, 422

. Geonics Limited _
. 1745 Meyerside Drive, Unlt 8

- g Mississanga, Ontario, Ca ada L5TiC5 :
ﬁ// ~ % @le)ers-ssk0
S )7 K o

4, "Dr111;Ho]e'Logg1ng

There are all kinds of logging techniques as you know but, I -
believe you would mainly want to be concerned with EM and IP-
res1st1v1ty '
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I would: recommend the Geonics Model BH43 Borehole Logg1ng au,

Attachment which works with the EM37 PEM System.. I believe
R with this system you can also determine anomaly bearing from

?JEQEJ;%QVé‘ | the drill hole.  Additional 1nqu1r1es with Geonics shou1d be
Frad 7 . done as to this feature.

pesks T 1

* Since you will already have a’5urface IP-resistivfty'system,
' all you need is the draw-works and cable. Scintrex has a

~
h_____,__P_ "___,_J Model DHIP-2 Drill Hole IP-resistivity Logging System that
S will probably do the job. You would not need their optimal
o - IP equipment since your surface equipment could be used.
They have three standard cable lengths of 250, 500, or 1,000
meters. Three sizes of winch are provided depend1ng on

cable length selected. ' It looks 1ike the maximum diameter
of the probe are the potentia] electrodes of 27 mm (1.06 in).

With this system you cannoton]y 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.

5. " 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
el wo Model G with the electronic readout option which aids in taking

{ readings. Ak a4 ppProk . 3)/r o/&ﬁd&?

éL LaCoste - & Romberg, Inc.
£ —=> | 6606 North Lamar
i Austin, Texas 78752

I Airborne Surveys

—— As we discussed, there is no need to consider additional airborne
surveys until the ex1st1ng input EM and magnet1c data has been
examined.

It should be mentioned that the U.S. Government is very 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.

1 wou]d suggeét the use of a magnetic susceptibility meter>for

L
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use in logging core and testing outcrop to support the
magnet]cs as well as to support the geology. The unit to use
is the one sold by Scintrex (or1g1na]]y designed and built by
the Elliot Geophys1ca1 Company).

S1ncere]y,

/’»@C@J

B. R. 0'Toole
Geophysicist

'BRO'Too]e:bsp
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APPLICATION OF GEOPHYSICS IN OMAN

General Discussion

About 350 gossans and/or mineral showing§ have been documeﬁted by
previous workers in the 0phiqtite sequehce that~is known to contain Cyprus-
type massive sulfide depbsits in Oman. Only about 100 of these showings>have
received detailed evaluation and only‘33 Were drill tested. More work would
have been doﬁe weré it ndt for time and perhaps financiaT constraints. We
therefore conclude that there is still substantial potential for'occurrence of

undiscovered orebodies in Oman.

. The geophysiqa] pfogram consisted of airborne INPUT EM surveying followed
by grouhd EM and gravity. Numerous problems apparently beéet this program,
mainly due to e]ectrica11y conductive ove;bUrden that limited the éffective
exploration depthaﬁf;ﬁhe electrical techniques. It was late in the program
~when measures were implemented to mitigate these problems, and presumably many
of tﬁe showings and/or INPUT anoma1ies‘foilowed up with ground geophysics

ear]ykin the program were incorrectly or incompletely evaluated. There is

thus ample room for improvement in the geophysical program.

Approach

In prospecting a large regfon such as the Cretaceous ophiotite sequence
one must be abie 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 pfesumab]y reliable methods of
fdentifying prospects using existing data, namely 1) location of known gossans
and 2) mapping INPUT anomalies. We ﬁropose to do an independant feview and
interpretation of’the available INPUT data to establish that all valid INPUT

‘anomalies have been Yocated. Simulaneously we will carry out the geological



fprogram described elsewhere in this proposal to make certafn that a]i gossans
“of interest have been 1ocated.' Once a complete list of such prosbects has

- been made it will be prioritized.fqr detailed app]ication of surface

| e*ploration methods then detailed éxplbration work will be carried out to
further prioritize these prospects for drill testing. The gossans will be
‘1n1tai11y ranked for §urface exp]oration by geological aﬁd geochemical means,
. discussed e1sewhere fn 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 wi]i be directed toward detecting and locating
sulfide mineralization using geology, geochemisfry and geophysics. Prospects
showing evidence of occurrence of sulfides in the ;subsurface will be drill
tested. Two primary geobhysical techniques will be used to rank prospects for
drill testing and to 1ocate‘appr8pfiate drill sites. These are the EM and 1P

'techniques, discussed separately.

EM Techniques

EM followup of gdssans and/or INPUT anomalies will require Qreat care, as
previous workers have dfscovered. A modern time-domain EM system such as the
Crone Pluse EM system or perhaps SIROTEM, which is being developed in
Australia for use in conditions of high surface conductivity, will be used.
Careful interprétation of data using the latest available computerAa1gorithms
and carefdl testing over areas of Known su]fide occurrence are proposed. We
anticipate that all electrical conductors except those in the overburden’will‘
be of interest because graphitic conductors'apparentTy do not exist (and would

not be expected) in the ophiolites. We further propose to do a computer-based



evaluation of all survey results to determine the effective'depth of EM
exploration. This will facilitate dec151ons on drill testing of areas which

have no EM anomaly but have 1nstead other ev1dence, such as geochemistry, that

drilling might be warranted.

Experienced geophysicsts will be used both for the fieid 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
1nterpreted in terms of conductivity-thickness and location (1nc1ud1ng depth)
of conductors.

Induced Polarization (IP) Techniques

Induced polarization is a method best known for its abiiity to detect
shal] quantities - of disseminated sulfide minerals in porphyry
c0pper/mo1yhdenum and similar deposits. It is not generally appreciated that
IP can be successfully used in massive sul fide exploration because, in the
general, case ground EM'foiiowup of airborne EM anomalies is the modus
| operandii and IP is not as often used in this way. However, massive so]fide
deposits do yield an IP response and in Oman the IP technique may well prove
to be very valuable in fo11owup of gossans and INPUT anomalies, espec1a11y
given the problems that past application of EM techniques have had. There
~probably wii] be no need to use both EM and IP in a routine manner on each
prospect, aithouoh for certain appiications 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 application.

Previous workers discarded the 1P technique, presumably after some



+

; testing, because of the conductive overburdén and highly varied landscape
| morphology. It is unlikely that Crone had IP equipment equal to the task in
- Oman.

In a hfgh]y conducting environment, electromagnetic (EM) coupiing effects
seriously contaminate IP measurements, and most conyentiona1.IP gear cannot
measure and eliminate these EM coupling effects. They look on the instrument
just 1ike valid IP effects. IP instrumentation specifically designed to
eliminate EM coupling does exist,'however,_and would be used in Oman in fhe
proposed exp]pration program. "In areas where EM coup]ing:is a serious
problem, one needs to make IP meaéurements at frequenéies as low.as possible
(prefer&b]y 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 aswwestern 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 fié1d 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

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 fo help 1ocaté drill sites.



Gravity
Although in a few select cases we may_want'tplemploy gravity, we do not
propose to maké'extgnsivé 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 field sdrveys. "The drill is a much surer way to test

conductorskfor_meta]-bearing‘sulfide minerals.



