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FOREWORD

This volume, “The Geology of the Arabian Peninsula,” is a logical consequence of the
geographic and geologic mapping project of the Arabian Peninsula, a cooperative venture
between the Kingdom of Saudi Arabia and the Government of the United States. The Arabian-
American Oil Co. and the U.S. Geological Survey did the fieldwork within the Kingdom of
Saudi Arabia, and, with the approval of the governments of neighboring countries, a number of
other oil companies contributed additional mapping to complete the coverage of the whole of
the Arabian Peninsula. So far as we are aware, this is a unique experiment in geological
cooperation among several governments, petroleum companies, and individuals.

The plan for a cooperative mapping project was originally conceived in July 1953 by the
late William E. Wrather, then Director of the U.S. Geological Survey, the late James Terry
Duce, then Vice President of Aramco, and the late E. L. deGolyer. George Wadsworth, then
U.S. Ambassador to Saudi Arabia, and Sheikh Abdullah Sulaiman, then Minister of Finance
of the Government of Saudi Arabia, lent their support to the plan. In November of the follow-
ing year, 1954, Director Wrather approved the U.S. Geological Survey’s participation and
designated G. F. Brown responsible for the western Arabian shield region in which he had
previously worked under U.S. foreign-aid programs. In January 1955 F. A. Davies, Chairman,
Board of Directors, Arabian-American Oil Co., approved Arameco’s participation and appointed
the late R. A. Bramkamp, chief geologist, responsible for compilation of the area within the
Kingdom where the sediments crop out. This responsibility fell to L. F. Ramirez following
the death of R. A. Bramkamp in September 1958.

R. A. Bramkamp and G. F. Brown met in New York in February 1955 and planned the
program, including scales of maps, areas of responsibility, types of terrain representation,
and bilingual names. Thus there was established a cooperative agreement between the King-
dom of Saudi Arabia, the U.S. Department of State, and the Arabian-American Oil Co. to
make available the basic areal geology as mapped by Aramco and the U.S. Geological Survey.

The agreement specified publication of a series of 21 maps on a scale of 1:500,000, each
map covering an area 3° of longitude and 4° of latitude. Separate geologic and geographic
versions were to be printed for each of the quadrangles; both versions were to be bilingual—in
Arabic and English. A peninsular geologic map on a scale of 1:2,000,000 was to conclude the
project.

High-altitude photography, on a scale of 1:60,000, of the Kingdom of Saudi Arabia was
initiated during 1949 by the Aero Service Corp. and completed in 1959. Both third-order
vertical and horizontal control and shoran were utilized in compiling the photography. This
controlled photography resulted in highly accurate geographic maps at the publication scale
which then served as a base for the geologic overlay. The topography of the sedimentary
areas was depicted by hachuring and that of the shield region by shaded relief utilizing the
airbrush technique.

The first geographic quadrangle was published in July 1956 and the last in September
1962. While preparation of the geographic sheets was in progress, a need arose for early
publication of a 1:2,000,000-scale peninsular geographic map. Consequently, a preliminary
edition was compiled and published in both English and Arabic in 1958. The second edition,
containing additional photography and considerable new topographic and cultural data, was
published in 1963. The first of the geologic map series was published in July 1956 and the
final sheet in early 1964. The cooperative map project was completed in October 1963 with
the publication of the 1:2,000,000-scale “Geologic Map of the Arabian Peninsula” (Miscel-
laneous Geologic Investigations Map 1-270 A).
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v FOREWORD

As work on the quadrangles progressed, geologists, companies, and governments working
in areas adjacent to the Kingdom of Saudi Arabia were consulted by Aramco and invited
to participate in the mapping project. The number of cooperating participants was expanded
to 11, which included the operating oil companies in the peninsula and which are identified
elsewhere in this text; the Overseas Geological Surveys, London; the Government of Jordan;
F. Geukens, who had worked in Yemen; and Z. R. Beydoun, who had studied the Eastern
Aden Protectorate. With the close cooperation of the authors, the new data were added to
data already plotted on the base map of the Arabian Peninsula.

As the geological coverage of the peninsular map grew, the need for a text to accompany
the map became apparent to both the U.S. Geological Survey and the Aramco geologists.
Exploratory conversations were begun by Aramco with companies working in the other countries
of the Arabian Peninsula for their participation in the preparation of a monograph on the
geology of the Arabian Peninsula. Each author prepared a description of the geology of the
area for which he was responsible, as shown in the sources of geologic compilation diagram
on the peninsular map. The U.S. Geological Survey undertook the publishing of the volume
as a professional paper, and the Government of Saudi Arabia was to finance its printing.
It was early agreed that there would be no effort to confine the contributions to a standard
format and that no attempt would be made to work out an overall correlation chart other
than shown on the “Geologic Map of the Arabian Peninsula.” Thus, the individual style
of authors of several nationalities is preserved.

Cooperation and relations have been of the highest order in all phases of the work. The
project would not have been possible without the full support of the U.S. Department of State,
the Kingdom of Saudi Arabia, and all contributors. In fact, the funds which made publi-
cation of this volume possible were contributed by the Saudi Arabian Government.

The data provided by the maps and in the professional paper provide information for
an orderly scientific and economic development of a subcontinent.

0. A. SEAGER,
Arabian-American Oil Co. (Retired).

48 Jotects).

Former Chief, Foreign Geology Branch,
U.8. Geological Survey.
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GEOLOGY OF THE ARABIAN PENINSULA

ADEN PROTECTORATE

By J. E. G. W. Greenwoop and D. BLEACKLEY !

ABSTRACT

This account of the geology of Western Aden Protectorate
and of major basement rock groups of Eastern Aden Protectorate
is based on photogeological interpretation and on data from a
field survey during November 1961 to February 1962. Atten-
tion is concentrated mainly upon igneous and metamorphic rocks.

An assemblage of metamorphosed sedimentary and mafic
igneous rocks, to which the term ‘“Aden Metamorphic Group”
is assigned, rests upon older gneiss and is invaded by syntectonic
granite with associated zones of metasomatism and migmatiza-
tion. Subsequent to the main period of regional metamorphism
but prior to a later period of stress, plutonic intrusions of dioritie
and gabbroic rock occurred; these were followed after a short
interval by intrusions of granite. Older voleanic rocks of the
Eastern Aden Protectorate are regarded as approximately con-
temporaneous with mafic intrusions of this phase. Slightly
metamorphosed sedimentary rocks of Wadi Ghabar, Eastern
Protectorate, are thought to represent uppermost basement
rocks. Posttectonic granites of early Paleozoic age and mafic
plutonic rocks of possibly similar age are described. Rare in-
trusions of alkaline granite are thought to be of Tertiary age.

An early phase of regional (dynamothermal) metamorphism
is distinguished from a later phase of essentially dynamic type.
The highest grade of metamorphism recorded is that of the
almandine-amphibolite facies. The effect of syntectonic granite
invasion upon metamorphic grade is considered.

A synopsis of the geology of basement rocks is given, and
regional correlation of basement rocks made, in which the Aden
Metamorphic Group is tentatively correlated with the main part
of the Medina Series, and the Ghabar Group of the Eastern
Protectorate with the Fatima Series of Saudi Arabia.

A section on the Aden Trap Series includes petrographic ex-
amples and a discussion of relations with surrounding rocks and
of the probable history of this phase of vuleanism. The age of
the series is considered to be Late Cretaceous to Tertiary.

Dike rocks of three ages are present.

A relatively brief account of sedimentary rocks is largely based
on the work of Beydoun in Eastern Aden Protectorate. Fossils
collected from these rocks are listed.

An account is given of the Aden Volcanic Series, which consists
mainly of basaltic lava flows of late Miocene, or Pliocene, to
Recent age.

The structure of the Western Protectorate is considered in
conjunction with that of the Eastern Protectorate. Basement

1 Of the Overseas Geological Surveys, London.

strike trends, hitherto not known in detail, are discussed and
an account of folding and foliation is given. Since at least
Jurassic times the region has suffered intermittent epeirogenic
uplift accompanied by faulting. A major phase of uplift of the
main basement block of the Western Protectorate, associated
with faulting principally along Red Sea trends, dates from late
Cretaceous or early Tertiary times. A dominant feature in the
Eastern Protectorate is the development of the Tertiary Hadh-
ramut arch. Faulting of four main trends is described and a
correspondence between these fault directions and those of the
worldwide regmatic shear pattern is noted. Faulting in any
one trend was not confined to a single period, and re-activation
of ancient fault lines is suggested. A main phase of faulting of
the Red Sea trend apparently occurred from Late Cretaceous
until late Eocene times. A main phase of faulting of the Gulf
of Aden trend dates from Miocene times. A general commentary
on structure is given, in which it is suggested that the basement
structural pattern results from the translation of a primary east-
west stress by transcurrent movements along ancient shear lines.

In a section on economic geology the results of geochemical
prospecting and of concentrate analysis are interpreted and dis-
cussed; occurrences of economic minerals are described. No
deposits of any great commercial interest have been found.

A section on water resources completes the account.

A discussion of age determination results by Dr. N. J. Snelling
appears as an appendix.

INTRODUCTION
PURPOSE AND SCOPE

The 1:2,000,000-scale geologic map of the Arabian
Peninsula—prepared as an Arabian American Oil Com-
pany-United States Geological Survey project under
the joint sponsorship of the Kingdom of Saudi Arabia,
Ministry of Petroleum and Mineral Resources, and the
U.S. Department of State—incorporates the Overseas
Geological Surveys’ 1:500,000 unpublished ‘“Photoge-
ological Map of the Aden Protectorate.” The present
report describes the geology of that part of the Arabian
Peninsula which was mapped by the Overseas Geolog-
ical Surveys (hereafter alternatively referred to as
0.G.S.). The scope of the contribution, however, ex-
tends further than the explanation of geology shown on
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the map of the Arabian Peninsula. For example, the
scale of the map precludes the portrayal of basement
strike trends, which is a significant feature of the O.G.S.
Photogeological Map. These structural lines are shown
on illustrations accompanying this report. In brief,
this account presents an outline of the more important
findings of recent O.G.S. fieldwork in the Western Aden
Protectorate, hereafter alternatively referred to as
W.AP.

Geological data from the O.G.S. Photogeological
Map were necessarily presented for incorporation in the
Arabian Peninsula geologic map before the results of
the 1961-62 Aden field survey could be analyzed and
collated. Thus, although amendments have been ef-
fected as much as possible in the Arabian Peninsula
map, considerable amplification and changes are re-
flected in the present account. In particular, base-
ment rock units have been further subdivided. Divi-
sions shown in the geologic explanation of the Arabian
Peninsula map and those of this account are equated in
table 1, to which descriptive notes are added.

TABLE 1.—Rock units of Western Aden Protectorate and corres-
ponding symbols on map of the Arabian Peninsula

Age Unit name used in this report Map symbol

Eolian (dune sands) Qe
Pliocene and
Pleistocene

Superficial deposits, including allu-

to Recent vium, loess, silt, sand, gravel, and | Qu
terrace and raised beach deposits
Late Miocene or Aden Voleanic Series Qa
Pliocene to Recent
Rus Formation Tr
Early Eocene
Jeza Formation Ti
Paleocene Umm er Radhuma Formation Tu
Late Cretaceous Alkaline granite Included in Pzp€g.
to Tertiary
Aden Trap Series Tkt
Cretaceous Tawilah Group Kt
Unconformity
Jurassic Amran Group and Kohlan Forma- | Ju

tion

Major unconformity

Early Paleozoic(?)

Later mafic intrusions

Included in dr.

Early Paleozoic

Posttectonic calc-alkaline granite

Intertectonic calc-alkaline granite

Included in Pzp€g.

Intertectonic intermediate mafic

Included in dr.

plutonic intrusions

Precambrian Syntectonic granite Included mainly in gh

and hr; also In part

in Pzp€g.
Aden Metamorphic Group mr
Not shown.

l Older gneiss

The geological work by O.G.S. in Aden Protectorate
has been primarily concerned with igneous and meta-
morphic rocks; during the recent field survey, work on
sedimentary rocks, which are sparse in W.A.P., was
mainly in connection with possible economic mineral
deposits. The relatively brief account of sedimentary
rocks contained in this report is based largely on the
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divisions given by Beydoun (1960, 1961) in his descrip-
tions of the sedimentary strata of Eastern Aden Pro-
tectorate, hereafter alternatively referred to as E.A.P.

The area covered by this report is largely included
within the Western Protectorate, but in order to deal
with all major basement-rock groups of the Protector-
ate, coastal areas of E.A.P. as far east as the longitude
of Al Mukalld (about 49°08’ E.) are included. Similar-
ly, the structure of W.A.P. cannot be considered in
isolation, and for this reason also, there is some overlap
into E.A.P.

PREVIOUS WORK

Volcanic rocks of the southwestern region of the
Protectorate have been the subject of investigation
since McMahon (1883) recorded his observations about
the lavas of Aden. Lloyd (1910) reported on volcanic
(and sedimentary) rocks seen on a journey from Aden
to Ad Dali‘. Lamare (1930) referred to the younger
volcanic rocks of both W.A.P. and E.A.P. in his discus-
sion of post-Cretaceous vulcanism of the Red Sea and
bordering countries. Recently, Irving and Tarling
(1961) gave a limited description of samples of volcanic
rocks from Aden Peninsula, taken in connection with
paleomagnetic work.

The early studies of volcanic rocks are not matched
in work on the geology as a whole. The main contri-
butions to the geology of the Protectorate are as follows.

Little (1925) made a geological survey of the Al
Mukalla area of E.A.P. during 6 months in 1919-20.
In his account he included sections on stratigraphy and
economic geology, and he very briefly described crys-
talline (basement) rocks. The account was accompa-
nied by a 1:250,000-scale geological map of the area
extending westward to the Wadi Hajr.

Lamare (1936) made some reference to the geology
of W.A.P. in his “Structure Geologique de 1’Arabie.”
His generalized geological map, at a scale of 1:
11,000,000, is in need of considerable revision insofar
as it applies to W.A.P. This work has greater value
with reference to Yemen, although it appears that
Lamare made a journey from the Yemen border to
Aden via Ad Dali‘.

Wissmann, accompanied by Meulen, made notable
expeditions in E.A.P. and W.A.P. in 1931 and 1939,
the results of which were published in 1932 and 1942.
In the present report reference is made to some obser-
vations (Wissmann and others, 1942) on the crystalline
(basement) rocks of W.A.P. No attempt was made to
present a comprehensive description of basement rocks;
and some general conclusions regarding the distribution
of psammitic and metacalcareous rocks seem to have
been based on too localized observations. Many sig-
nificant observations on the structure of the Protector-
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ate and surrounding regions were made, together with
a small-scale geological map showing structural lines.
The map represented a valuable advance on previous
knowledge, but, as may be expected, was not accurate
in detail.

Jaques, working for the Colonial Geological Surveys
(now 0.G.S.) made a number of traverses in W.A.P. and
E.A.P. during some 18 months’ work in 1951 and 1952.
Economic mineral deposits were investigated, but ap-
parently nothing of commercial interest was found.
Little systematic mapping was done; nevertheless, a
geological reconnaissance map (scale 1:1,000,000) was
prepared from observations made in the course of travel.
This constituted a valuable provisional map of W.A.P—
a region little known geologically. The map shows
broad geological divisions but does not show structural
lines or subdivision of basement rocks.

Most of the results of Jaques’ work are embodied in
unpublished notes. A very brief account of the geology
of the Protectorate was published in 1954 (Jaques,
1954). Jaques observed that granitic rocks appear to

be largely the result of granitization. His Cambrian
and Ordovician rocks were not recognized in the recent
survey.

By far the most comprehensive and detailed account
of E.A.P. geology is that by Beydoun, whose work also
overlapsinto W.A.P. Beydoun made geological surveys
of E.A.P. during six field seasons between 1953 and
1959, working for Iraq Petroleum Company and as-
sociated companies. Some of the results of this work,
including geological maps, were published (Beydoun,
1960, 1964), or appeared in thesis form (Beydoun, 1961).

Much of Beydoun’s work is on the stratigraphy of
sedimentary rocks and on structure, but he has made
a considerable contribution to the geology of the base-
ment rocks of E.A.P. Some of the views tentatively
expressed, in particular with regard to the relation of
his Ghabar Group to the rocks of Wadi Gharish and
the relation of Tha’lab Group volcanic rocks to both of
these, do not accord with the views formed by the
present authors. In this connection, it is emphasized
that the reconnaissance nature of the work done does
not permit categoric conclusions to be drawn.

Some account of E.A.P. basement rocks is contained
in a paper discussing the correlation of various basement
rock groups of this region with those of former Somali-
land Protectorate (Greenwood, 1961).

PRESENT INVESTIGATIONS

Following photogeological mapping and fieldwork in
basement areas of former Somaliland Protectorate, the
Photogeological Division of O.G.S. was assigned the
work of producing a reconnaissance map of the western
part of Aden Protectorate. This region was little
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known geologically, and apart from the small-scale
provisional map prepared by Jaques, no geological maps
were available. Through the cooperation of Iraq Pe-
troleum Company, J. E. G. W. Greenwood of the
Photogeological Division visited E.A.P. for about ten
days at the end of 1958 and examined representative
outcrops under the guidance of Z. R. Beydoun.

Photogeological interpretation started toward the end
of 1959 and resulted in the production of a map covering
approximately 31,000 square miles, including about
12,000 square miles of exposed igneous and metamorphic
rocks. This map was completed in 1960, after some
18 months’ work by one geologist.

PHOTOGEOLOGICAL SURVEY

The main object of the mapping was the delineation
and subdivision of areas of igneous and metamorphic
rocks in W.A.P., and also the plotting of major struc-
tural lines. The work was extended to cover the
basement areas and associated sedimentary rocks of
E.A.P. Interpretation was facilitated by previous
knowledge of very similar rock types on the southern
side of the Gulf of Aden, and by a preview of repre-
sentative rocks in E.A.P.

Base maps were prepared from rectified photomosaics,
from uncontrolled print laydowns, and from 1:100,000-
scale topographic maps where these were available
(Directorate of Overseas Surveys (D.O.S.) 554, Ser.
K667). The aerial photographs interpreted were taken
by the Royal Air Force mainly between 1955-57, at a
flying height of about 40,000 feet, the resulting scale
being approximately 1:80,000. These were supple-
mented by larger scale photographs flown by the
Royal Air Force in 1952. Geological maps were
initially produced at a scale of 1:250,000 and subse-
quently compiled at 1:500,000.

Tt was possible to distinguish between intrusive
granite and granitized rock; and also to differentiate
between extrusive rocks of various ages. The final
scale of the map precluded the detailed differentiation
of the complex metamorphic rocks; major sedimentary
divisions were plotted.

FIELD SURVEY

During the months of November 1961 to February
1962 a field survey was made in W.A.P. and the
coastal areas of E.A.P. as far east as Al Mukalla,
about one-quarter of the period being spent in the
latter region. The survey party comprised the authors
accompanied by local staff.

The object of the survey was to appraise the economic
mineral potential of the region and to check and
amplify the photogeological mapping. Prior to field-
work, traverses covering critical geological areas and
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likely sites for mineral investigations were selected
from the photogeological map. Both map and aerial
photographs were used in the field.

During the survey an itinerary of some 3,300 miles
was covered by Land Rover, and numerous foot
traverses were made. Of some 300 rock specimens
collected for intensive examination, about half have
received detailed petrographic study. More than 300
samples were taken for geochemical analysis, and
about 100 concentrate samples were obtained by
panning material from selected wadis and beach sands.
Specimens of economic minerals, including material
potentially suitable for portland cement production,
were taken for chemical analysis and assay, and large
samples, mainly of granitic rock, were obtained for
radiometric determination. A dionic water tester was
used to ascertain the quality of water in springs and
wells. A ratemeter was used during the survey without,
however, any significant anomalies being detected.

GENERAL

It is apparent that geological knowledge of W.A.P
stems to a considerable extent {rom photogeological
work. Where tested in the field the photogeological
map was found to be substantially correct, within the
fairly broad framework adopted. Thus, further extra-
polation on aerial photographs from the areas traversed
1s thought to be justified. Following concentrate
examination and the collation of field observations
and of results of petrographic study, data extracted
from aerial photographs have been considerably
amplified.
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GEOGRAPHY
AREA, LOCATION, AND POPULATION

The total area of the Aden Protectorate is about
112,000 square miles. The area of the Western Pro-
tectorate has been estimated at some 19,000 square
miles, but figures vary greatly since its boundaries are
not all demarcated. The Western Protectorate is
bounded to the west by Yemen, to the north by Yemen
and the Rub‘ al Khali, and to the south by the Gulf
of Aden and the small area of Aden Colony.?

No census has ever been taken in the Aden Protec-
torate and figures are conjectural. The most recent
estimate * puts the population of the Western Pro-
tectorate at 350,000.

TRANSPORTATION AND COMMUNICATIONS

Surveys began in 1940 with a view to improving
communications within the Western Protectorate, and
a start was made on the three main trade routes leading
from Yemen to Aden via Mufalis, Ta‘izz and Ad
Dali’, while at the same time improvements were
made to the Aden-Lahj and Shuqrah-Ahwar roads.
Roads have now been constructed from Shuqrah to
Lawdar, extending to Mukalla in the Eastern Pro-
tectorate along the coast, and inland to the Al ‘Awa liq
al ‘Ulya District and Bayhan. Recently, new roads
have been opened from Aden to Al Kirsh, from Ad
Dali‘ to ‘Awabil, and from Lawdar to Mukayras, via

2 The relatively recently formed Federation of South Arabia includes former Aden
Colony and the Al Wahidi States (formerly of the Eastern Protectorate) and covers
about 35,000 square miles.

3 Aden report for the years 1957 and 1958, London, H.M. Stationery Office, 1961.
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the Thirah pass. Bituminized roads cover 110 miles
in Aden Colony, and in the Abyan area gravel roads
link the main centers of population.

Away from the coastal towns no road is of good
quality, and the cost of maintenance of motor vehicles
is excessive, owing to the nature of the surface of the
roads and their commonly steep gradients. In many
places it is possible to use dry wadi beds as motorways,
although vehicles with four-wheel drive are highly
desirable. In the gravel desert of, for example, Jaww
Kudayf, motoring in any direction is feasible, and in
sand deserts such as the Ramlat as Sab‘atayn, routes
can usually be found around and between dune chains.
The motor route across the Ramlat as Sab‘atayn from
Nasr to Jabal ath Thaniyah continues to Mar'ib in
Yemen, and probably coincides with the old incense-
caravan road.

The camel caravan is the principal method of trans-
port and a considerable proportion of the population is
engaged for its livelihood in the carrying trade.
Donkeys are used for carrying such articles as fire-
wood and fodder, and are more generally used for riding.
All settlements in the Protectorate are linked by
caravan tracks: the most important routes are those
leading from Aden to Yemen through As Subayhi,
Al ‘Abdali, Al Hawashib, and Al Amirl territories,
and those used by caravans from the Yafi’ Mountains,
the Kawr al ‘Awaliq, the Kawr al ‘Awadhil, and the
coastal route connecting Aden with Shuqrah, Ahwar,
and Mukalla.

The Royal Air Force maintains a large airbase at
Khormaksar (Aden) that is also used by the local
Aden Airways Ltd., which provides a regular schedule
of flights to a number of towns and intermittent or
charter service to others.

CLIMATE

The Protectorate experiences temperatures in the
higher range, the extremes being accentuated by the
variety of its physical features. There is less range of
temperature in the coastal areas than in the interior,
but the former have a humid atmosphere and are
liable to heavy dews and morning mists. The high-
lands have a wide range of temperatures between
summer and winter, and the diurnal range may be
great.

The hottest months are May to September; the
peak is in June and July, when temperatures of more
than 100 °F are frequent. Temperatures of 130 °F
are reached in some localities. During the winter
months low temperatures of 34 °F were measured
in the interior by the authors, and frost has been
reported; along the coast however, nothing less than
60 °F has been recorded. (See table 2.)

TaBLE 2.—Temperature and ratnfall records

[Temperatures recorded at Aden. Period 1881-1943)

C5

Temperature (°F) Mean rainfall (in.)
Month Khormaksar |Bayhén, 3,800, Ad Daili‘,
(Aden), 123 feet| feet above 4,575 feet
Iighest | Lowest above mean mean sea above mean
sea level level (3—4 yr sea level
(6-yr period) period) (6-yr period)
January_. ______. 92 65 0.2 0.2 0.6
February_ _______ 91 61 Less than .1 .3 .3
March____.______ 98 67 .2 .4 .4
April______ . . 101 69 Less than .1 117 .7
102 70 Less than .1 .1 121
109 7 Less than .1 .1 .8
109 70 .2 .2 3.9
107 63 .1 121 4.7
102 71 Less than .1 .1 2.1
October__ . 101 70 Less than .1 0 .2
November______ 97 68 Less than .1 0 .2
December___.._. 93 63 .2 0 .2
Total .|| _ 5.2 16,2

1In 1 year up to 5 in. fell in this month.

The prevailing winter wind in the Gulf of Aden is the
easterly monsoon which swings southeasterly in the
straits of Bab al Mandab; in May the humidity some-
times rises and the winds are variable. From June to
September they blow steadily from the west into the
main current of the southwest monsoon in the Arabian
Sea and bring occasional violent storms. In the interior
the winds are to some extent affected by the hot center
of the Arabian peninsula (see p. C9). A dry north-
erly wind which is known in Aden as the kaw: (hot iron)
blows occasionally in the Gulf of Aden during the south-
west monsoon; in the interior this wind is called kharif
or habub and usually occurs in the afternoons.

On the coastal plains and in the desert areas, sand-
storms are fairly frequent and dust devils and mirages
are common. Mists and haze are usual in the summer
months, so visibility is poor.

Rainfall is irregular but more frequent in the winter
months, except in the hilly interior. The total annual
rainfall probably reaches 20 inches in parts of the inte-
rior, but owing to the very high rate of evaporation,
added to the heavy demands for irrigation, only one
perennial river reaches the coast (Wadi Hajr in the East-
ern Protectorate). In the coastal areas the average
annual rainfall is less than 2 inches; in exceptional years
it has exceeded 5 inches, but much of this may fall in
a single storm. (See table 2.)

VEGETATION

Data presented in this section are drawn largely from
British Naval Intelligence Division’s Geographical
Handbook B.R. 527, titled “Western Arabia and the
Red Sea,” published by H.M. Stationery Office in 1946.

The plant distribution is conditioned by the incidence
of rainfall and by the geology, topography, and drain-
age. The geographical range is more affected by rain-
fall than by temperature. On a smaller scale the micro-
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climate is of great significance and again is largely
controlled by orographic factors such as relief and
whether slopes are of north or south aspect, the temper-
atures of south-facing slopes being consistently higher
than those facing north.

The vegetation of the coastal plain is largely deter-
mined by the topography because at many points,
particularly in the Eastern Protectorate, the mountains
reach the sea. The inner coastal plain carries a vegeta-
tion of open orchard type dominated by the long-
thorned acacia (Acacia spirocarpa). This is a deep-
rooting tree which taps perennial ground water and is
largely independent of the local rainfall. Its green
foliage persists throughout the year but may be reduced
in the drier months.

In the hollows and silty pans between sand dunes,
tussock grass (Panicum turgidum) and Cassiurus hirsutus
are the dominant grasses. Halophytic vegetation marks
the beach fringe and the sporadic saltpans. The
coconut palm is found in a narrow strip near the coast,
from a point west of Aden to about the mouth of
wadi Al Masilah in the Eastern Protectorate. There is &
particularly luxuriant growth of doum palms (Hyphaene
thebaica) and Suaeda on the sand dunes between Ash
Shaykh ‘Uthman and Aden Colony, particularly on the
north shore of the Bay of Aden, and at Khormaksar.
The commonest plant at Aden is a large kind of mi-
gnonette (Reseda amblycarpa), and the most conspic-
uous, a bushy green caper (Capparis galeata); next
commonest are a large herbaceous spiderwort (Cleome
brachycarpa) and the acacia (Acacia Edgeworthis).

A euphorbia (Euphorbia schimperi), the rummid of
the Arabs, forms leafless intricately branched shrubs
with pale-green fleshy branches. The fleshy trunks,
naked branches, and fragrant rosy flowers of the “adan’
bush (Adenium arabicum) make it conspicuous on the
crags around Aden. This plant also occurs as high as
3,300 feet and more in the mountains of the Western
Protectorate.

In the coastal wadis the acacia is the commonest
tree, being replaced in drier wadis by the nebq
(Zizyphus spina-christt); in sufficiently watered wadis
the date palm is found. Frankincense grows in some
of the smaller inland wadis, but the dominant tree is
the tamarisk (Selvadora persica), particularly in sandy
places. The ariata (Conocarpus erectus) is also found
in certain wadis; it is frequently a constitutent of
coastal mangrove formations.

The barren elevated jol of the Eastern Aden Pro-
tectorate carries little vegetation, but species of aloe
and the dragon’s blood tree (Dracaena serrulata) have
been noted. In mountainous areas, close to the Yemen
border, tall tamarisks are common; and in sufficiently
watered wadis, clumps of a dwarf date palm, reputed
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to be Phoeniz reclinata, and a low scrub of wild indigo
(Indigofera) occur. In moister rock clefts, ferus, a
horsetail, and selaginella have been reported.

Myrrh, as frankincense, is found in many parts of
the Western Protectorate. This is a gum produced
by stunted trees or shrubs of the genus Commiphora,
and more than 50 years ago was collected in Fadli
country, northeast of Aden.

The sand deserts, such as the Ramlat as Sab‘atayn,
are almost entirely devoid of trees and the vegetation
consists mainly of grasses, such as artd (Calligonum
comosum) and Aristida plumosa, with rare Cyperum
sp. After rain, the sedge, Fagomia glutinosa, is the
first to appear, followed by alab (Calligonum sp.),
and later Dipterygium glaucum and occasionally
Tribulus macropteris.

TOPOGRAPHY, MORPHOLOGY, AND DRAINAGE

The western part of Aden Protectorate comprises
four well-marked physiographic zones, which are,
from south to north:

1. The coastal plain.

2. The ramped plateaus composed of Cretaceous to
Eocene trap sheets in the west, and the crystallines
of the Kawr al‘Awadhil and Kawr al‘Awiliq in
the east.

3. In the north of the Protectorate, the sand desert
of the Ramlat as Sab‘atayn and the gravel plains
of the Jaww Kudayf and the Jaww Mulays.

4. In the extreme northeast, the plateau (jol) of Mes-
ozoic and Tertiary sediments which, north of the
Wadi Hadramawt, dip northward under the sands
of the Rub‘al Khali.

COASTAL PLAIN

The present coastal plain, bordering the Gulf of
Aden, is about 30 miles wide at its greatest extent
north of Aden. To the east it narrows, and at Ra’s
ar Rujaymah older volcanic rocks reach the sea. The
plain is a depositional feature superimposed on a marine
bench cut in Oligocene and Miocene sediments and
crystalline rocks subsequent to the last movements
of the rift fault blocks. The coastal plain has been
built up in stages from alluvial material brought by
innumerable short wadis which drain the ramped
mountain ranges of the hinterland, as well as by the
few major wadis, such as Wadi Tuban which rises in
Yemen, Wadi Bana, Wadi Hasan (which formed the
Abyan delta), Wadi Ahwar, and Wadi Mayfa‘ah.

The finer grades of alluvial material occurring toward
the seaward edge are redistributed by wind and sheet
wash. A sorting action results and particles of the
finest grade are washed into silty pans or removed by
wind; sand-size particles are built up into an extensive
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effect to the landscape in the Mukayras area. Well-
bedded limestones, capping fault blocks or flat-lying
in the jol, are distinctive on aerial photographs as
associations of level stripped surfaces.

To the north of the Kawr al ‘Awiliq and Kawr al
‘Awadhil the country falls away to the plains of the
Jaww Kudayf and the Ramlat Sabas‘atayn at about
3,000 feet above sea level. No active drainage exists,
the main physical features being the extensive system
of sand dunes.

SAND DESERT AND GRAVEL PLAIN

The center of the Arabian Peninsula is occupied by
a vast area of gravel plains, with sand arranged in a
variety of organized patterns as individual dunes, dune
chains, and massifs. The main sand region is the
famous Rub‘ al Khali, which covers almost a quarter
million square miles, extending from just north of the
16th parallel to about the 24th parallel and from
meridian 45° E. to almost 57° E.

South of the Rub‘ al Khali there is an extensive gravel
plain, on the order of 150,000 square miles in size, the
southern part of which lies in W.A.P. This is bounded
in the east by the limestone jol which runs north from
‘Ataq to Shabwah and Al ‘Abr and curves northeast
and east into Dhofar. In the south lie the Nisib-
Bayhan mountains, of mainly Precambrian rocks, which

swing round to the northwest and north into Yemen
and Saudi Arabia.
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The plain is divided into three regions by the dune
sands of the Ramlat as Sab‘atayn and by As Sawda’
scarp, which run west and north, respectively, from Al
‘Abr. To the north of the Ramlat as Sab‘atayn and
separating it from the Rub‘al Khali is the Jaww al
Mulays. Southeast of the Ramlat as Sab‘atayn, be-
tween it and the Nisab-Bayhan mountains, is the Jaww
Kudayf, and the smaller Jaww Hudhi lies to the east of
the As Sawda’ scarp (Bunker, 1953).

The routes from ‘Ataq to Nisab and from ‘Ataqto
Bayhan cross the Jaww Kudayf, which is level at about
3,000 feet above sea level. Surface particles in the size
range of fine to medium sand have been largely removed
by the wind; the resulting pavement is composed of
fine gravel and coarse sand, the grains averaging about
1 millimeter in diameter. Figure 2 shows the size dis-
tribution in the first inch of depth, the finer grains,
approaching 0.1 mm in diameter, coming from below
a depth of one-half inch. The microrelief includes low
parallel or subparallel ridges of coarser gravel which do
not appear to be continuous over long distances.
Associated with these are a few even coarser gravel
particles as much as 30 mm in diameter, some of which
show faceting, due to sandblast effect, and similar
orientation of the dreikanter, which points to a long
undisturbed period in situ. These gravels may have
originated through the sorting action of sheet wash on
alluvial material brought from the Yemen-Bayhan
mountains during a former wetter period (a Pleistocene
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pluvial?). Bunker (1953) described wadi channels, as
much as 2 miles wide and 20 feet deep, and heavy
alluvial gravels occurring in the northeastern part of
the Mulays plains.

On the eastern side of the Jaww Kudayf, isolated low
hills and mesas, such as An Nasr and Shabwah, stand
as outliers of Mesozoic rocks, together with the salt
domes of Milh Kharwah and ‘Iyadh. The hills of the
limestone jol are flanked by extensive rock pediments
which are covered with a thick veneer of limestone
boulders and coarse gravel, often lightly cemented into
fairly stable terrace selvages. Again, the present cycle
of erosion is not producing gravel deposits of this type,
which therefore probably belong to a former more
humid period. West-flowing wadis from the jol veer
northwest and north toward the Wadi Hadramawt on
entering the Jaww Kudayf, and it would be of interest
to confirm that there is in fact an underground flow of
water in this direction and to determine whether a per-
manent water table exists in this area (see ‘“Water
Resources” section, p. C82). It is possible that the
former hydraulic network has now ceased to function
and the control exercised by a universal base level is
lost and replaced by independent bolsons of centripetal
drainage.

The extremely level nature of the Mulays-Kudayf
plain suggests a pediplain and an origin by pedimenta-
tion—the few outcrops of Precambrian rocks, such as
Jabal ath Thaniyah, representing inselbergs. If this
is so the plain probably represents an exhumed surface,
as the basement rocks exposed beneath the Mesozoic
and Tertiary sedimentary rocks to the southeast of
‘Ataq were also base levelled in pre-Mesozoic times—
although not to the high degree now apparent in the
western plains. These sedimentary rocks at one time
overlapped onto Precambrian basement rocks in the
Yemen-western Saudi Arabia area, and the further
period of planation followed the stripping back of the
sedimentary cover. This process of eastward retreat
and the origin of the western plains have been variously
attributed to headwater erosion and river capture
(Bunker, 1953), and to uplift of the basement rocks in
the west associated with the Red Sea rift block faulting
(Wissmann and others, 1942).

At Al ‘Ubaylat, the Bayhan track enters the Ramlat
as Sab‘atayn, a sand-dune area lying south of the 16th
parallel. It is 50~70 miles wide at its western end near
the Yemen hills, and tapers to about 10 miles wide
where it enters the Wadi Hadramawt. Here the dunes
lose height and lateral extent, wedging out as isolated
patches of dunes some 3 miles in width near Shibam.
The Ramlat as Sab‘atayn comprises a series of mainly
parallel but sparsely convergent sand-dune chains (urq)
separated by narrow flats of gravel, silt, or gypsum
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(shuq). Many of the individual ridges persist for sev-
eral miles, their orientation swinging round from almost
east in the An Nasr area to north-northeast near An
Naqib, where Wadi Bayhan emerges from the moun-
tains. Near Shabwah and An Nasr, east-west routes
have been used to cross the northern side of the Ramlat
as Sab‘atayn, and the present camel track, which was
traversed by Land Rover as far as_Arayn and Jabal ath
Thaniyah, is probably one of the old incense routes
from the Hadramawt to Ma’ribin Yemen and to western
Saudi Arabia. Several wadis flow east from the Yemen
hills and disappear in the sands, but Wadi Bayhan
persists for about 45 miles out from the mountain front,
crossing the Ramlat as Sab‘atayn to emerge onto the
Jaww Kudayf Al ‘Ubaylat. It provides the only
motorable route into Bayhan.

Outcrops protrude through the dunes at numerous
points: a small cluster of Precambrian rocks occurs in
the Jabal ath Thaniyah area and Mesozoic rocks
appear at Arayan; also there is a salt dome some 40
miles northeast of An Nugqiib. Blocks of basalt and
pumice bombs were found occasionally in the interdune
flats, but their source is uncertain; they probably
originate from the Yemen mountains in the Ma'rib
area.

Apart from the few irregularities which are rapidly
being reduced by exfoliation to the general level of
the sand floor—where the rock is screened from the
great diurnal variations in temperature—bedrock relief
appears to be low. The orientation of the sand dunes
must therefore depend on the wind velocity, direction,
and frequency. Monsoon winds in the coastal areas
are southwesterly in summer and southeasterly in
winter, but local conditions within the peninsula of
Arabia must be expected to cause some modifications.
Heating up of the Rub‘ al Khali sands in early summer
may well cause an inflow of winds from the surrounding
mountains. This appears to have contributed to
purely local patterns in the dunes of the Ramlat
as Sab‘atayn, where the long axes of the dunes point
away from the landmass at Bayhan and near An
Nasr (fig. 3); such a direction is opposed to the general
Rub‘ al Khali trend (fig. 4). The general trend is
common to the other four great sand regions of the
world, namely, Australia, Egypt-Libya, and the two
ergs of the western Sahara. In all these the main dune
ridges are affected (1) by the westerly storm winds and
(2) by the trade winds. As the tropics are approached
the westerlies tend to decrease, and the trades begin to
dominate. The result is a 90° sweep round, so that
the dune ridges end by approaching the equator from
the northeast and southeast. Bagnold (oral commun.,
1964) has suggested that the Ramlat as Sab‘atayn
change of direction, in the opposite sense, might be
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explained by the effect of the Yemen mountains in
sheltering the area from the westerlies, this sheltering
being less to the north than in the south; at lat 15° N.
the northeast trade winds dominate, but farther north
the westerlies dominate.

During a brief visit to Jabal ath Thaniyah the fol-
lowing wind directions were noted on February 1, 1962:

7Tam____________ North-northwesterly
12noon_._______ __ South-southeasterly

4pm_______ —_-__ Easterly

Spm____________ Northerly

According to the local Bedouin the main wind direc-
tions are northerly in the mornings and southerly
later in the day. The northerly winds are evidently

the stronger since the slip faces were to the south or
southeast, but the effect of southerly winds would be
to check the lateral movement of the dune chains.

Bagnold (1938) stated that the sand-driving effect
of wind is a cube function of the wind strength, and
it is therefore not sufficient to know the relative number
of occasions on which the wind blows from each point
of the compass, since a few storms during the course
of the year may dominate the wind regime as it affects
dune formation and movement. The dune chains
may be orientated in the direction of the main sand
stream although this is at right angles to the two
commonest wind directions in the Jabal ath Thaniyah
area. In general, the northerly wind is the stronger
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METAMORPHOSED MAFIC IGNEOUS ROCKS

Metamorphosed mafic igneous rocks form a part of
the basement assemblage in many of the areas visited.
This section heading is apposite insofar as the bulk of
the rocks examined are of mafic type, but some de-
rivatives from intermediate igneous rocks are also
included.

The main rock types include amphibolite and plagio-
clase amphibolite, hornblende-plagioclase gneiss (some
diopside bearing), hornblende schist, and hornblendic
schist with chlorite and epidote, or epidote and ac-
tinolite. The feldspar in the samples ranges mostly
between andesine and labradorite, but may include
oligoclase and, in a few samples, albite. Some of the
rocks are garnetiferous. Metamorphism reaching
grades appropriate to that of the almandine-amphi-
bolite facies is indicated. Migmatites composed of
amphibolite impregnated and veined with granitic
material occur in several areas, such as in Wadi Banai,
and amphibolite bands in migmatitic gneiss are also
seen.

The original rock types involved in metamorphism
appear to have included gabbro and diorite although
some altered dolerites are recognized. Some of the
chloritic and actinolitic schists of both W.A.P. and
E.AP. represent altered volcanic rocks, but in places
this cannot be confirmed. Hornblende pyroxenite
of Wadi Gharish, E.A.P., is considered to represent an
ultramafic intrusion. Evidence for the occurrence of
ultramafic derivatives has not been obtained elsewhere
in the region, a fact which suggests that their distribu-
tion is very limited.

In the area southeast of Kirsh, diopside-plagioclase
gneiss occurs in basement rocks consisting mainly of
mafic and semipelitic schists, which have been affected
by later granite invasion with the production of
migmatitic rocks. The gneiss consists of pale-green
ferroan diopside associated with abundant green horn-
blende, which is in equilibrium with the diopside and
does not replace it. Plagioclase, between andesine
and labradorite in composition, is twinned but unzoned
and shows slight saussuritization. Sphene is the only
accessory. The rock has clearly been metamorphosed
in the almandine-amphibolite facies and has an as-
semblage indicating an original mafic igneous rock—
possibly a banded gabbro (specimen A36).

Additional rocks considered to represent metamor-
phosed gabbro crop out in the Jibal al Aswad area
where they form part of a belt of metamorphic rocks
in a dominantly granitic province. A specimen of
these rocks (A225) is a coarse-grained type in which
some ferromagnesian minerals have been converted to
pale-green actinolite associated with green biotite.
Plagioclase has been albitized. The high lime and
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alumina content indicated by the alteration products
of the feldspar suggest original labradorite, whereas
the large apatite crystals, altered ilmenite, and absence
of quartz all suggest that the parent rock was a gabbro.

A metamorphic rock probably derived from a
gabbroic or dioritic parent crops out north of Ji‘ar in
the Abyan district. This rock is a hornblende-plagio-
clase gneiss in which quartz and biotite are common.
Feéldspar is seriticized. Apatite, carbonate, granular
epidote, and garnet occur in small quantities. Anhedral
sphene is associated with the biotite.

Derivation from either a doleritic or gabbroic rock
is indicated for a hornblende schist from Wadi Milh,
southwest of Lawdar. The bulk of the rock consists of
a fine mosaic of albitized plagioclase, with epidote
green hornblende. The color index is high and quartz
is a minor constitutent.

Field examination of a number of mafic schists, which
contain actinolite, chlorite, and epidote and in which
inclusions of rock fragments were discerned, led to the
conclusion that the schists represent altered volcanic
rocks. Some confirmation is afforded by examination
of a specimen of fine-grained epidote-actinolite-horn-
blende schist from the west of the main ridge of Jabal
ath Thaniyah. In this specimen, epidote occurs in
granular form, and also forms composite porphyro-
blasts around which schistosity is deflected. These
porphyroblasts appear to be pseudomorphs of either
phenocrysts or amygdales. Interstitial quartz is pres-
ent, and some of the plagioclase may be of sodic type.
Carbonate minerals occur in bands and plates. The
rock may represent a metamorphosed andesite. Sim-
ilar rocks are recognized in Wadi Rufad (north of Jil‘ah),
E.A.P., and in alocality some 6 miles north of Yashbum,
where hornblende-chlorite-epidote schists are inter-
banded with psammitic rocks.

Conspicuous microcline and biotite in hornblende-
plagioclase schist from Wadi Bana, to the northwest of
Al Masani‘, suggest potassic metasomatism associated
with granitization. The high color index and mineral
assemblage indicate an original mafic igneous rock.
This schist forms part of a complex of mafic schists and
gneiss and of pelitic schists, interbanded with felsic
eneiss and cut by numerous feldspathic veins and dikes.

Polymetamorphism is indicated in porphyroblastic
hornblende-chlorite-epidote schist from some 5 miles
north of Yashbum. Hornblende in this rock appears
to be breaking down under deformative stress.

In the upper reaches of Wadi Gharish, Eastern Pro-
tectorate, rock identified as hornblende pyroxenite
(A232) is considered to represent an altered ultramafic
intrusion. The dominant mineral in this unusual rock
is a gray-green clinopyroxene—diopside or diopsidic
augite—which occurs in crystals several millimeters
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long and shows deformation effects. In places the
pyroxene is enclosed in euhedral hornblende. Clon-
spicuous feldspar consists of relic sodic plagioclase
enclosed in perthitic microcline. Red-brown biotite
occurs sporadically in bent laths. Sphene occurs in
irregular crystals. Certain outcrops of this rock show
very large pyroxene crystals and may be pegmatitic.
Hydrothermal alteration has affected the rock to a
variable extent; pyroxenes may be altered to amphibole
and talc, and from these serpentine has been produced,
so that specimens from the same intrusive body are
described as serpentinite with conspicuous areas of
proxene in antigorite(?). The serpentine shows defor-
mation effects and carbonate veining. Apart from
hydrothermal alteration, it is difficult to assess the
degree of metamorphism this rock has undergone. It
is possible that it was originally a peridotite, and in
some of the serpentinous patches the outlines of olivine
crystals can be seen. Under dynamothermal meta-
morphism the olivine may break down to tremolite
(tremolitic hornblende) and talc, and at a high stage of
metamorphism diopside may replace the amphibole.
1t is likely that the intrusion preceded the main stage
of tectonism and regional metamorphism, and that the
texture seen is of crystalloblastic type. The deforma-
tion shown may be attributed to a later period of
dynamic metamorphism that affected a rock denuded
of much of the superincumbent cover and thus at an
effectively higher level in the crust.

GRANITIC ROCKS

Data from field, photogeological, and petrographical
studies indicate that a mumber of phases of granitic
invasion occurred in the Aden Protectorate. It is
convenient to consider granitic rocks of various ages
under one heading, and also logical, as they are con-
sidered to be genetically related in a granite series.

Before the granitic rocks are described, brief comment
on the wider question of the origin of granite is per-
tinent, to provide a background to the interpretation
offered and to clarify the meaning of the term “gran-
itization” as used in the ensuing paragraphs.

Regarding the origin of various types of granite,
the concept of zoning dependent on depth, and thus
a]so dependent on temperature and pressure, is ad-
hered to. This concept follows ideas advanced by
Eskola (1933), by Read (1957), who stressed the factor
of time as well as place, and by others. The weight
of evidence appears to support the idea that granite
emplacement involves movement of a partly liquid
magma formed by differential fusion of mixed rock
in the deep-seated basement assemblage. Such magma,
which may be partly crystalline and perhaps more
akin to mobilized migmatite, is squeezed upward by
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earth movements to levels removed from the zone of
fusion.

Whatever the ultimate origin of the granitic bodies
exposed in the Protectorate may have been, it is clear
that some have gradational contacts with surrounding
rocks and that others are clearly crosscutting and
have distinet thermal aureoles. In the first group,
granitization by metasomatism is recognized insofar
as this refers to an exchange of material between the
main granitic body and the country rock. It is prob-
able that the introduction of ions through aqueous
and other fluids derived from crystallizing magma
is here an important process. This type of gran-
itization, with which sodium and potassium metasoma-
tism and injection phenomena are associated, is likely
to be most strongly developed where granitic material
is emplaced at the height of tectonic activity, during
periods of regional metamorphism. Activity is then
stimulated by high temperature, pressure, and con-
sequent mobility. The result of granitization is to
produce rocks which, in respect to minerals or texture,
are more like granite than they were before. The
term “granitization,” as here used, does not necessarily
imply production of completely granitic rocks.

Peralkaline intrusive granite occurs in two localities,
from one of which evidence for a Late Cretaceous to
Tertiary age was obtained. These rocks are referred
to as posttectonic alkaline granite.

The differentiation of granites of various types
has not been possible in all areas and is the more dif-
ficult because granitic invasion of two or more periods
may have occurred successively in the same general
area. Field observations show that emplacements
may be composite.

SYNTECTONIC GRANITE

Field reconnaissance and photogeological study
indicate that syntectonic granite is areally the most
extensive of the Protectorate granites.

Four main types of granite are recognized in the
Aden Protectorate. The oldest, syntectonic granite, is
associated with extensive granitization of surrounding
rocks and with zones of migmatization (fig. 9), and is
considered to have invaded rocks of the Aden Meta-
morphic Group broadly synchronously with the culmi-
nation of the main period of regional metamorphism,
although certain phases of the invasion may have been
prolonged beyond this time. The syntectonic granite
does not appear to result entirely from the conversion
in situ of existing rock, but rather to represent a par-
tially mobilized migma-magma mix. The criteria by
which this type of granite is recognized are given later
in this report.
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Yemen, are associated with volcanic rocks that com-
prise a large proportion of mafic lavas. These latest
granites may thus be of different origin from the
majority of Aden granites.

MAFIC INTRUSIVES
INTERTECTONIC MAFIC INTRUSIONS

A group of intermediate to mafic rocks show a mod-
erate degree of metamorphism, mainly of dynamic type,
resulting in shearing, deformation, and -cataclastic
effects. Their metamorphic state is not compatible
with their having undergone the regional metamorphism
responsible for the conversion of intrusive mafic igneous
rocks to reconstituted gneisses and schists of the Aden
Metamorphic Group. Thus they are considered to
have been emplaced between the main period of regional
metamorphism and a later period of dynamic meta-
morphism which also affected rocks of Wadi al Ghabar,
E.A.P., regarded as latest Precambrian in age. The
intertectonic mafic intrusives are generally nonfoliate
rocks. They appear to have predated, by a short
interval, the intertectonic granites; and by interaction
with the latter, contamination and hybridization re-
sulted. This is mentioned in the section “Intertectonic
granite.”

Rocks of this group are recognized mainly in an area
approximately bounded to the east by a line from a
point 5 miles west of Nisab extending southwestward
along Wadi Dura and continuing with some south-
eastward displacement along the escarpment of the
Kawr al ‘Awadhil to the locality of Mukayras. To
the west, the Yemen boundary limits observed ex-
posures. This area includes the towns of Mukayris
and Khawrah. Intertectonic rocks are here associated
with metamorphic rocks of the Aden Metamorphic
Group, and in the Khawrah district, with limited
exposures of syntectonic granite.

More limited occurrences of these rocks were recog-
nized in the Wadi al Jif’iyah area, 12 miles northeast of
Bayhan, and in Wadi Milh, 14 miles southwest of
Lawdar.

The rocks are mainly cf dioritic and gabbroic type;
quartz diorite, or tonalite, is also recorded.

The relation of intertectonic rocks to older rocks of
the Aden Metamorphic Group is illustrated in a number
of exposures in the Mukayras pass. Rocks exposed on
the Mukayras plateau consist of dioritic and granitic
plutonic intrusives cut by numerous dikes; toward the
southern edge of the plateau dioritic rocks contain
inclusions of hornblende schist. About 1% miles north
of the pass head is a belt of hornblende-plagioclase
gneiss interbanded with hornblende schist, and at the
top of the pass these metamorphic rocks are intruded
by nonfoliate dioritic rock containing inclusions of the
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older rocks; further descent of the pass proved alterna-
tions of intrusive and metamorphic rock, the proportion
of the latter increasing toward Thirah at the foot of the
pass. The rocks are much fractured, and shear zones
are common. Epidote is abundant, as streaks and
patches, in rocks of all types. Dikes of andesite-basalt
in this area contain inclusions of the intrusive dioritic
rock. The Mukayris pass section confirms the con-
clusion that dioritic (and granitic) rocks of the Mukay-
ris plateau belong to an intrusive phase post dating
the main regional metamorphic episode.

A specimen (A98) from the Mukayrds pass at an
altitude of 5,300 feet is a slightly metamorphosed
medium-grained diorite, in which turbid oligoclase is
the dominant feldspar. Prisms of amphibole occur,
together with more abundant actinolite. The rock
shows an epidote vein 1 mm thick. Shear lines and
schistose areas are conspicuous in thin section. Dark
fine-grained inclusions may be recrystallized basalt or
gabbro, possibly representing included mafic rock of the
Aden Metamorphic Group.

A specimen of altered quartz diorite, or tonalite
(A114), from the top of the Mukayrds pass, contains
quartz which invariably shows strain effects; allanite is
broken by deformation, and shear lines are present.

A rock (A97) consisting of epidote and albite, the
latter in turbid deformed crystals, occurs in the pass in
a zone of intense shearing and epidotization. This rock
could have been derived from metamorphism of an
anorthosite, and as the alteration shown is more intense,
it may possibly be a representative of an older meta-
morphic rock.

The Khawrah area consists largely of hornblendic
rocks, in which hornblende-plagioclase gneiss and horn-
blende schist are associated with nongneissose dioritic
rock containing inclusions of the metamorphic rocks.
Field relations suggest that nongneissose dioritic rock is
of later intrusive type. Tt was not established what
proportion, if any, of the gneissose diorite represents
the result of dynamic metamorphism upon later in-
trusive diorite. Certain altered dioritic rocks in this
locality (for example, A151, from 2 miles southeast of
Khawrah), which contain apparently recrystallized
quartz together with amphibole after pyroxene, may be
derived by metamorphism of older gabbro accompanied
by granitization. Other slightly altered dioritic rocks
showing marked deformation are more certainly of the
intertectonic group.

In the Wadi al Jif’iyah (Bayhan) district a restricted
outerop of mafic intrusive rock occurs in a predom-
inantly granitic area. A specimen of this unusual rock
(A204) consists almost entirely of bytownite and horn-
blende. The rock has clearly been subjected to some
defornmation, which has had little effect on the feldspar.
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Deformation cracks are marked by lines of finely
granular hornblende and recrystallized feldspar. The
rock is designated a deformed hornblende-gabbro.

Amphibole-plagioclase rock in Wadi Milh, which has
undergone a moderate degree of metamorphism, is
thought to belong to the intertectonic intrusive group.
Deformed amphibole crystals show cataclastic effects.
Mineralogy and texture suggest derivation from a
uralitized and albitized gabbro.

LATER MAFIC INTRUSIONS

Intrusions of mafic rock which appear to have under-
gone little or no metamorphism, were seen in two areas
of the Western Protectorate. These are considered to
represent a probably limited phase of intrusion later
than the dynamic metamorphism which affected the
intertectonic mafic intrusives and earlier rocks. Their
unmetamorphosed state suggests an age later than Pre-
cambrian, and possibly early Paleozoic.

On the west of the ‘Ataq road, about 6 miles south of
‘Ataq, are dark cone-shaped hills of gabbroic rock.
Petrographic examination proved uralitized gabbro,
which has a grain size of about 1 mm and in which
fresh unzoned labradorite is present. No deformation
effects were noted in this rock (A136). A mile or so
nearer ‘Ataq, more outcrops of this rock are flanked to
the east by chloritic schists and metacalcareous rocks.

Partly uralitized leucogabbro occurs at Jabal al
Munif, Al ‘Anad. A specimen (A31) shows labradorite
enclosed ophitically in colorless pyroxene which is partly
converted to pale-brown hornblende.

In order to include all basement-rock units of the
Protectorate, two further groups, which occur only in
E.A.P.,, must be considered.

OLDER VOLCANIC ROCKS

A series of volcanic rocks crops out over extensive
areas in the E.A.P., notably in the Zulm Ba Tha‘lab
locality, some 19 miles north-northeast of Bi'r ‘Ali; in
various areas along the coast and inland between Ra’s ar
Rujaymah and Buriim, and in Al Mukalla area. Bey-
doun (1961) described these rocks and named them the
Tha‘lab Group.

In summary, they comprise a thick series of volcanic
rocks including olivine basalt, porphyritic pyroxene
and hornblende andesite, keratophyres, and soda
rhyolites; trachytes are scarce. Associated with the
lavas are pyroclastic rocks, ranging from fine ash to
coarse tuffs of lithic, vitric, and crystal type. The
volcanics are predominantly of andesitic composition.

Rocks of this group were examined in several localities
during the O.G.S. field survey. Specimens collected
included altered volcanic tuff (A269), albitized olivine-
andesite (A239), and various porphyritic types. Ser-
pentinization and epidotization are common features,
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and amygdales infilled with epidote occur in many of
the lavas.

The older volecanic rocks have undergone intense
multidirectional cleavage and fracturing; although in
one locality, about 1 mile north of Ra’s Muwaysah,
schistose hornblende-chlorite rocks occur, these rocks in
general show the effects of dynamic rather than dyna-
mothermal metamorphism.

In Wadi Gharish, north of the port of Balhaf, meta-
morphic rocks, including staurolite-garnet-mica schist,
and schists showing polymetamorphism, occur some 15
miles from Zulm Ba Tha‘lab, where older volcanic
rock were examined. The older volcanic rocks prob-
ably also occur very much nearer to Wadi Gharish, as
suggested from photogeological mapping. To the
southeast of Ma‘bar, Wadi Hajr, quartzo-feldspathic
gneisses are contiguous to older volcanic rocks. It is
considered unlikely that the volcanic rocks cropping
out so near to regionally metamorphosed rocks could
have been exposed to the metamorphism which affected
the latter and yet remain so little altered. In this
connection it is noted that volcanic derivatives in base-
ment rocks (Aden Metamorphic Group) of Wadi
Gharish and of W.A.P., are reconstituted schistose
rocks. It is suggested that the older volcanic rocks
were extruded later than the main period of regional
metamorphism which produced the Aden Metamorphic
Group.

On the evidence of cleavage and intense fracturing,
the volcanic rocks predate a phase of dynamic meta-
morphism. This metamorphism affected metasedi-
mentary rocks of Wadi al Ghabar which, on the basis of
contained conglomerates with volcanic fragments, are
younger than the volcanic rocks and are thought to be
of latest Precambrian age. The age of the older vol-
canic rocks might thus be somewhere between the date
of the main regional metamorphism and a phase of
dynamic metamorphism, possibly in late Precambrian
times.

Tt is suggested that the older volcanic rocks of E.A.P.
may be broadly coeval with the intertectonic inter-
mediate to mafic plutonic intrusives of W.A.P., which
also appear to be later than the main regional meta-
morphism but which have suffered deformation and
cataclasis. The question is then raised as to the condi-
tions which resulted in extrusive activity in E.A.P.
concurrently with plutonic intrusion in W.A.P. In this
regard it is noted that the lightly metamorphosed sedi-
mentary rocks of E.A.P. are not recorded in W.A.P.
That these younger metasedimentary rocks have been
denuded from western areas, in what was a more ele-
vated part of the shield, and with them the equivalents
of E.A.P. extrusives seems a reasonable postulation.

It should be noted that Beydoun (1961) regarded the
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volcanic rocks as the oldest exposed rocks in south-
western Hadhramut. Although the view just advanced
is preferred, conclusions must be regarded as tentative.

GHABAR GROUP

Weakly metamorphosed sedimentary rocks exposed
in the Wadi al Ghabar area of E. A. P. have been de-
scribed by Beydoun (1960, 1961); he named them the
Ghabar Group, in which he also included rocks in
limited exposures in Wadi Minhamir (Wadi Hajr
basin, near Ma‘bar) and in Wadi Ba‘Aryat.

Rocks of Wadi al Ghabar were examined during
the O.G.S. survey. In summary, the succession
includes the following, described in ascending order:

At or near the base is a purple conglomerate con-
taining pebbles and fragments of tuff, andesitic vol-
canic rock, chert, porphyry, crystalline limestone,
and quartzitic rock. (Pebbles of pyroxenite, diorite,
dolomite, siltstone, mudstone, and rare granite were
also recorded by Beydoun, 1961.) The sedimentary
succession is considered to lie unconformably upon
older volecanic rocks, and volcanic pebbles contained
in the conglomerate appear to be identical with rocks
of this group exposed nearby.

Above the conglomerate are platy thin-bedded
limestones containing some gypsum, and chert layers
overlie the bedding. These are succeeded by a series
of dolomitic rocks, calcareous sandstones, and silt-
stones with interbedded dolomite and gypsum layers.
Overlying these are sandy dolomites, massive cal-
careous quartzites, thinly laminated shaly rocks of
phyllitic character alternating with quartzites, and
limestones.

No fossils have been recorded in these beds, and shale
samples tested palynologically were devoid of fossil
spores.

The rocks of Wadi al Ghabar are commonly steeply
dipping; isoclinal folding, and in places, overfolding,
is present. Intense cleavage and fracturing of ar-
enaceous strata are seen, but the rocks show no
evidence of any mineral reconstitution.

Concerning the age and relation of the Wadi al
Ghabar metasedimentary rocks to other basement-rock
groups, the following points are noted. The low
(dynamic) metamorphic grade of these rocks contrasts
strongly with regionally metamorphosed rocks of
Wadi Gharish, some 25 miles to the west, and with
gneissic rocks of the Wadi Hajr area some 6 miles to
the southwest. This difference could be due to depo-
sition of the Wadi al Ghabar rocks after the main
episode of regional metamorphism. Grounds for sug-
gesting that older volcanic rocks of E.A.P. were ex-
truded later than this period of regional metamorphism
have been noted previously. These volcanic rocks
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evidently predated, at least in part, the Wadi al
Ghabar rocks; they underwent prior denudation, and
voleanic material so derived is incorporated in con-
glomerates of the sedimentary series. As the older
volcanic extrusive period is tentatively equated with
intertectonic intrusive activity in the W.A.P., de-
position of Wadi al Ghabar sediments is assumed to
postdate this phase. The sedimentary rocks were
subsequently affected by the widespread dynamic
metamorphism which produced deformation and cata-
clasis in all the basement rocks of the region, excepting
only the posttectonic intrusive rocks. A granitic
representative of the posttectonic intrusive rocks,
exposed in Wadi al Ghabar, gives an apparent age of
562 m.y. This, together with the absence of any
recorded organic remains in Wadi al Ghabar rocks,
indicates a Precambrian age for the Wadi al Ghabar
rocks. To exactly which period of the Precambrian
they belong cannot be deduced. It is relevant, how-
ever, that age determinations on Saudi Arabian rocks
give no apparent age in excess of 1,000 m.y. (Brown
and Jackson, 1960). Determinations on basement
rocks from W.A.P. and the former Somaliland Pro-
tectorate, made by Snelling of the O.G.S. Age De-
termination Unit, have as yet yielded no apparent
ages in excess of some 620 m.y. (written commun.,
1964). (The last date may perhaps reflect the latest
period of metamorphism in the region.) While these
results do not provide direct evidence as to the age of
the exposed basement rocks of the Arabian shield,
they do suggest that the rocks are of later Precambrian
age. Since the Wadi al Ghabar rocks appear to belong
to the uppermost basement rocks of the Protectorate,
it may be inferred that they are probably of latest
Precambrian age. Further, on the grounds of meta-
morphic grade, lithology, and relation to (older)
basement metamorphic rocks, the Wadi al Ghabar
rocks may be tentatively correlated with the Fatima
Series of Saudi Arabia (Karpoff, 1957) and through
these with the Saramuj Series of former Trans-Jordan
(Quennell, 1951). This may also support the postula-
tion of a latest Precambrian age for the Wadi al Ghabar
metasedimentary rocks.

The structural relations of the Wadi al Ghabar
rocks suggest that these may be preserved in down-
faulted areas. These rocks have not been recorded
in W.A.P. It is possible that they were not deposited
there; alternatively, and perhaps more likely, they
may have been removed by denudation. The pres-
ence of spilites and keratophyres in the older vol-
canic rocks of E.A.P., possibly indicating formation
in a basinal environment, accords with the idea that
metasedimentary rocks of Wadi al Ghabar may have
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been deposited in a structural depression originating
during the same general period of downwarping.

According to the views expressed above, metamor-
phic rocks of Wadi Gharish are to be included in the
Aden Metamorphic Group that is widely exposed in
W.A.P. Older voleanic rocks of E.A.P. are considered
to be of later date and are correlated broadly with the
phase of intertectonic intrusive activity in W.A.P.
Rocks of Wadi al Ghabar (and associated members of
Beydoun’s Ghabar Group) are regarded as the latest
basement rocks of the area, and probably of youngest
Precambrian age.

This interpretation differs from that provisionally
advanced by Beydoun (1960, 1961), who suggested
that rocks of the Ghabar Group are to be correlated
with those of Wadi Gharish, a westward increase in
metamorphic grade being due to regional tectonic
factors. Because the older volcanic rocks (Tha‘lab
Group) predate Ghabar Group rocks, it would follow,
according to Beydoun’s views, that these are older
than Wadi Gharish rocks, and as noted, Beydoun
regarded the volcanic rocks as the oldest exposed rocks
of the area. On the basis of data obtained during
the recent O.G.S. survey, the interpretation advanced
in this report is preferred, but firm conclusions are
not justified.

METAMORPHISM

At least two major phases of metamorphism have
been recognized in basement rocks of the Aden Pro-
tectorate, substantiated by clear evidence of polyme-
tamorphism in petrographic specimens. The main
phase was of dynamothermal (regional) metamorphism,
the effects of which were significantly augmented by
extensive and broadly contemporaneous granitic in-
vasions concentrated at a number of focal points over
the territory. An important phase (or phases) of
mainly dynamic metamorphism occurred at a later
date. Local thermal or contact metamorphism is
recorded and is due mainly to later granite intrusion,
and to a lesser extent to dike intrusion.

Foliation is generally axial planar to isoclinal folds
and was caused by metamorphic recrystallization.
Strain-slip cleavage attributed to the later period of
stress is present both in older metamorphic rocks and
later members of the basement complex. In the older
rocks this cleavage does not obliterate previous struc-
tures, which are expressed in some places as contortions
of earlier schistosity.

DYNAMOTHERMAL METAMORPHISM

The effects of dynamothermal metamorphism of
mainly mesozonal type are expressed over a wide area
extending from southwestern Hadhramut to the vicin-
ity of Thawr al Baha in the west. The highest grade
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of metamorphism recorded is that represented by the
staurolite-almandine subfacies of the almandine-am-
phibolite facies, as indicated in pelitic schists. Pelitic
representatives of this grade were noted mainly in the
eastern region; wadi concentrates from here show a few
grains of kyanite. No sillimanite is recorded.

Apart from some of the earlier representatives of
syntectonic granite, which may have undergone recrys-
tallization during phases of renewal of the main re-
gional metamorphic episode, the rocks affected by
dynamothermal metamorphism constitute the Aden
Metamorphic Group. Pelitic rocks are exemplified by
garnet-muscovite-biotite schist from As Sufil, Wadi
Habban. This rock, in which garnet porphyroblasts
are common, shows polymetamorphism in the crumpling
of a previous schistosity, the presence of two genera-
tions of quartz and mica, and the bending of mica
microporphyroblasts. Garnet-staurolite schist of Wadi
Gharish, E.A.P., demonstrates relic bedding at a high
angle to schistosity. This is also seen at Al Musaymir
and elsewhere in the Protectorate.

Psammitic rocks interbanded with pelitic types show-
ing dynamothermal metamorphism include quartzo-
feldspathic schists and gneisses in which sericitization
is marked. Most of these are derived from quartzo-
feldspathic or arkosic sedimentary rocks; some may be
derived from altered granites. Other psammitic rocks
include widely occurring recrystallized quartzite, quartz
schists, and garnet granulites of sedimentary origin.
A banded garnetiferous muscovite psammite from the
Nisah area shows recumbent microfolds which indicate
that the banding results from pinched out similar folds.
Polymetamorphism is again shown by contortion of a
previous schistosity.

Rocks of calcareous type, including those derived
from impure siliceous and magnesian limestone, are rep-
resented by tremolite schists, plagioclase-diopside-
scapolite gneiss, phlogopite-tremolite marble, and widely
occurring crystalline limestone, many of which are dolo-
mitic. Quartz-hornblende-epidote-chlorite schist from
Wadi Gharish, E.A.P., represents metamorphosed im-
pure dolomite.

Amphibolitic schists and gneisses occur commonly
throughout the basement-rock areas and show a char-
acteristic hornblende-plagioclase assemblage, including
biotite and some garnet. These, together with horn-
blende schists, epidote-antinolite-hornblende schists,
and hornblende-chlorite-epidote schists, are considered
to result mainly from dynamothermal metamorphism
of mafic intrusive and voleanic rocks, but some altered
cale-argillaceous sedimentary rocks may be represented.
Polymetamorphic effects, such as the breakdown of
hornblende under deformation, are shown in many of
the rocks examined. A diopside-plagioclase gneiss
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from the Kirsh area shows an assemblage indicating
an original mafic igneous rock, probably a banded
gabbro. A hornblende pyroxenite from Wadi Gharish,
E.AP., is regarded as an altered ultramafic rock. This
rock shows deformation and hydrothermal alteration.

METAMORPHISM AND GRANITIZATION

The basement rocks are subject to abrupt variation
in metamorphic grade; within short distances, in some
places within half a mile, rocks of the lowest greenschist
facies may be replaced by those of the almandine-
amphibolite facies. This variation might be accounted
for by the assumption that part of the Aden Meta-
morphic Group is of later origin and was subjected to
metamorphism of epizonal type only; however, no
unconformities have as yet been recognized in the group
as at present defined. The observed variation could
alternatively be related to the incidence of syntectonic
granitic invasion, which, as noted, occurs at numerous
focal points.

Temperature elevation associated with granite inva-
sion is accepted as a major factor (if not the prime
cause) in metamorphism of higher grade, and in this
context it is immaterial whether emplacement is in the
form of magma or migma, or a combination of both.
There is evidence that metamorphism unaccompanied
by syntectonic granitization results in rocks showing
only a low (epizonal to lower mesozonal) grade of
alteration (see Read, 1957, p. 342-344).

Field observations show that syntectonic granites
form centers around which metasomatic alteration and
enhanced metamorphic effects form approximately
radial zones. Tt is suggested that the observed varia-
tion in metamorphism of the basement rocks was
largely controlled by the incidence of granite invasion,
which caused elevation of the grade of initially low-grade
metamorphosed geosynclinal sedimentary rocks and
associated mafic igneous rocks. Mletacalcareous rocks
occur commonly in the Aden Metamorphic Group, and
these, with similarly widely occurring quartzites, form
resistant bands in many granitic areas. These rocks
may have formed barriers to metasomatism and
granitization, thus contributing to the disparity in
metamorphic grade from one locality to another.

Polymetamorphic and deformational effects seen in
the rocks of the Aden Metamorphic Group are probably
largely the result of a later period of dynamic meta-
morphism. There is, however, nothing to preclude such
dislocation metamorphism being in part related to the
main regional metamorphic phase, which would then
embrace both dynamothermal and dynamic effects, the
dominance of one or the other being related to the
incidence of granitic invasion.
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for example, in certain pelitic rocks, it is suggested by
the breakdown of garnet that lacks crystal outlines and
is marginally altered to chlorite. Amphibolization of
diopside and other pyroxenes, epidotized pseudomorphs,
chloritized biotite, and possibly some serpentinization
may also be attributed to this process.

DYNAMIC METAMORPHISM

In rocks of the Aden Metamorphic Group a later
phase of metamorphism is shown by contortion of
previous schistosity and in other effects of deformation.
Petrographic study indicates that this later meta-
morphism was of epizonal type, of a grade appropriate
to the lower part of the greenschist facies.

By reference to the older metamorphic rocks alone,
it is possible to infer only that a renewal of stress oc-
curred, causing metamorphism mainly of dynamic type.
This might be attributed to a late phase of the main
regional metamorphic episode. 'The metamorphic state
of later rocks suggests, however, that dynamic meta-
morphism occurred at a separate and later period.
Thus dioritic rock in the Mukayras district contains
inclusions of older metamorphic rock and is clearly of
later intrusive origin. As opposed to dioritic and gab-
broic derivatives in the Aden Metamorphic Group,
which are now represented by hornblende-plagioclase
gneiss, hornblende schists, and similarly reconstituted
rocks, the later intrusive diorites and other intertectonic
rocks are characterized by deformation, cataclasis, and
shearing; they show no advanced regional metamor-
phism. Tt is clear that they were emplaced after the
regional metamorphism but were affected by later dy-
namic metamorphism. The dynamic metamorphism
has also affected rocks of Wadi al Ghabar in E.AP.,
causing isoclinal folding, intense cleavage and fracturing,
but no mineral reconstitution. The Wadi al Ghabar
rocks are considered to represent the uppermost base-
nient rocks of the Protectorate and to be of late Pre-
cambrian nge. It seems clear that a phase of dynamie
metamorphism oceurred toward the close of Precam-
brian times.

No evidence has yet been seen to support the assump-
tion of more than two main periods of folding. Tt is
possible therefore that the dynamic metamorphism
expressed in basement rocks over the whole area may
be attributed to a period of stress in late Precambrian
times. In this connection it is noted that age determi-
nations on metamorphic rocks of the Aden Metamor-
phie Group give no apparent ages greater than 620 m.y.
This may indicate a period of metamorphism at, or
shortly before, this date; that is, the apparent dating
may refer to the last main metamorphic phase.

Reference has already been made to the evidence of

There is some evidence of retrograde metamorphism; 1 dynamic metamorphism in rocks of the intertectonic
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intrusive group and in older volcanic rocks of E.A.P.
(see under relevant subsections of basement-rock units).

THERMAL METAMORPHISM

Thermal metamorphism connected with the intru-
sion of granite plutons and dike rocks is demonstrated
in many areas. A noteworthy example is the result
of posttectonic granite of the Buriim area which
intrudes andesitic volcanic rocks. A thermal aureole,
some 18 inches wide where examined, is marked by
andesite hornsfels showing no directional fabric.

Thermal metamorphism of calcareous rocks is
illustrated by the occurrence of idocrase-wollastonite
marble at Al‘Anad. Calc-silicate rocks and ophical-
cites are recorded from several areas, for example,
Wadi Milh southwest of Lawdar.

Thermal imposed upon dynamothermal metamor-
phism is indicated by such effects as biotite and other
porphyroblasts orientated across schistosity, as in
Wadi Ahwar and Wau, Guarish, E.A.P.

SYNOPSIS OF BASEMENT-ROCK GEOLOGY

In the following account, rock groups are treated
as far as possible in chronological order; some inter-
pretation of the probable geological history is included.
The main divisions of basement rocks are summarized
in table 3. The area of basement rocks in the Pro-
tectorate is about 8,500 square miles, excluding out-
crops of small extent at Ra’s Sharwayn. By far the
greater part is exposed in W.A.P. in two areas of
very unequal size. The main area is separated from
Jurassic and younger sedimentary rocks to the east
by a zone of faults that extend northwest from the
locality of ‘Irqah. It is bounded on its northern
sector by the Ramlat as Sab‘atayn and the Yemen
border, and on the west by the Aden Trap Series,
from which it is separated by a fault zone extending
northwest from a point in the coastal plain north of
Aden. The second and smaller area of basement rocks
lies to the northwest of Aden. It is flanked to the east
and west by volcanic rocks and on the south by the
coastal plain; it extends northward across the border
into Yemen.

Apart from relatively narrow, elongate outcrops of
Jurassic and Cretaceous sedimentary-rock that occur
in the coastal region, the main basement outcrop is
concealed over an extensive area by basalt flows
extending inland from the coast between Shuqrah and
Ahwar.

In the Eastern Protectorate the main basement out-
crops occur in the Jibal al Aswad to the northeast of
Mayfa‘ah, and in the general coastal area between the
longitudes of Balhaf and Al Mukalla.

GEOLOGY OF THE ARABIAN PENINSULA

TABLE 3.—Main divisions of the basement rocks

[In order to show all major plutonic intrusives, alkaline granite of post-Jurassic age is
included. Post-Jurassic extrusive igneous rocks are omitted]

Age W.A.P. E.AP.
L:
ate C;gtaceolls ALKALINE
Tertiary GRANITE

. Planation

DIKE }?ILOOKS

LATER MAFIC
INTRUSIONS

Age uncertain,
possibly
early Paleozoic

POSTTECTONIC CALC-ALKALINE
GRANITE

FEarly Paleozoic

GHABAR GROUP

Lightly metamorphosed
sedimentary rocks and
voleanic derivatives. In-
cludes conglomerate,
quartzite, sandstone, shale,
limestone, and tuffaceous
rocks.

Precambrian
(latest)

Planat. [on )
INTERTECTONIC IGNEOUS ROCKS

Dike rocks intruded mainly as a late phase of intertectonic
igneous activity
Calc-alkaline granite. Con-
taminated rocks of
Mukeiras area.
Intermediate mafic plutounic
intrusions.

Older voleanic rocks—
mainly andesites and
keratophyres with pyro-
clastic rocks.

SYNTECTONIC GRANITE

Subautochthonous concordant granite and granitized rock
approximately coeval with main phase of regiqnal meta-
morphism, Associated pegrr‘latites and feldspathic bands.

ADEN METAMORPHIC GROUP

Regionally metamorphosed sedimentary and mafic ignecus
rocks, including volcanic representatives.

)
Planatilon (6]

OLDER GNEISS

Orthogneiss of grmlxitic composition

Precambrian
(late)

Precambrian
(earlier)

Orthogneiss of granitic composition exposed near
Thawr al Baha and in the Sa‘ld and Nisab areas is
thought to represent the oldest rock in the Protectorate.
This older gneiss is apparently not associated with
surrounding rocks of the Aden Metamorphic Group,
and no inclusions of the latter have been found in the
gneiss. The older gneiss shows evidence of having
been invaded by later syntectonic granite. KEvidence
as to the status of the gneiss 1s not sufficient to support
firm conclusions. It is tentatively suggested that the
gneiss represents a deeper thoroughly reconstituted
autochthonous gneissose granite, which formed a
massive block resistant to later tectonic stress.

Metamorphic rocks of the Aden Metamorphic Group
are the most extensive of the basement groups in
W.A.P.; they also crop out in several areas of south-
western Hadhramut. The group includes metamor-
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phosed sedimentary and mafic igneous rocks, some being
voleanic representatives.

Original sedimentary rocks were of arenaceous, argil-
laceous, and calcareous type and were of varying
purity. The sequence of depositional phases has not
been worked out, but alternations seem to have been
relatively rapid. Arenaceous rocks occur commonly
as belts and bands throughout the group. They are
represented by pure recrystallized quartzite, quartz-
sericite schists, quartzo-felspathic schists and gneisses
derived from arkosic sandstone, and schistose grit.

Phases of calcareous deposition are indicated by
widely occurring metacalcareous rocks, including caleite
and dolomite marbles, ophicalcites and -calc-silicate
rocks, and epidosites. Tremolite schists and plagio-
clase-diopside-scapolite gneisses are recorded. Crystal-
line limestone or marble bands may vary greatly in
thickness; thus, an aggregate thickness of several
hundred feet of this limestone at Jabal ath Thaniyah
may be contrasted with bands 4 feet thick in the
Niusah area. Metamorphism of impure siliceous and
magnesian limestone is indicated.

Phases of argillaceous deposition are shown by the
widespread occurrence of pelitic rocks such as biotite
and muscovite-biotite schists. These commonly are
garnetiferous and may also contain staurolite, notably
in the eastern region.

Metamorphosed mafic igneous rocks, derived from
intrusions into the original sedimentary rocks, make
up a large part of the basement complex. Amphib-
olites, hornblende-plagioclase gneisses, and horn-
blende schists are widespread. Diopside, as well as
biotite and sparse garnet, is found in some of the
specimens examined. Metamorphism of gabbroic and
dioritic rocks is indicated. Altered ultramafic rocks
appear to be of very restricted occurrence; they are
represented by hornblende pyroxenite of Wadi Gharish,
E.AP.

Volcanic derivatives of mafic to intermediate compo-
sition are represented by epidote-actinolite-hornblende
schists, by hornblendic schists containing much epidote
and albitized plagioclase, and by chloritic green schists.
The altered volcanic rocks are apparently mainly of
andestic type, but altered spilites are also indicated.
Because distinction between metamorphosed mafic in-
trusives, volcanic derivatives, and impure calcareous
rocks is not often possible, the relative abundance of
these components is in doubt.

The thickness of the Aden Metamorphic Group, as
estimated from the photogeological map, ranges
between 30,000 and 40,000 feet. This estimate is an
average of a number of sections, to which correction
for dip has been applied, but in view of uncertainties
as to the affects of folding and faulting it must be
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regarded as little more than an informed guess.
Estimates for apparently comparable rock groups in
Saudi Arabia indicate thicknesses of as much as
37,000 (Brown and Jackson, 1960) or 50,000 meters
(Karpoff, 1960). For Egypt, Schurmann (1961) sug-
gested 7,000-12,000 meters (about 23,000-39,000 ft).

The metamorphic rocks are strongly folded, gen-
erally in isoclinal folds of similar type. Planes of
schistosity and foliation dip generally but not invari-
ably at high angles between 30° and 60°. Belts of
very steep to vertical dip have been mapped, such as
between ‘Ataq and As Sufal and parallel with Wadi
Dura in the region to the south of Khawrah. Com-
plicated fold structures, some involving overturning,
are present (these are referred to under ‘‘Structure’’).
Foliation commonly is parallel with the axial planes
of folds and with relic bedding, the latter being ex-
pressed by color banding or by mica- and garnet-rich
layers. In some places however, marked divergence
between relic bedding and foliation strike is seen, as in
Wadi Gharish and near Al Musaymir. The rocks
show clear evidence of polymetamorphism and were
evidently subjected to at least two metamorphic phases.
Of these, the main phase—of dynamothermal type—
resulted in grades reaching that represented by the
almandine-amphibolite facies, as shown by pelitic
rocks with garnet and staurolite. Marked variation
in metamorphic grade is seen, however, and in some
areas metamorphic rocks of the group are represented
by quartz-chlorite-epidote rocks of the low greenschist
facies. 'This variation is attributed mainly to the
incidence of syntectonic granite invasion, a relation
between foci of invasion and elevation of metamorphic
grade being demonstrated in a number of areas. A
later period of metamorphism, of essentially dynamic
type, resulted in rocks belonging to the lower greenschist
facies. The main period of regional metamorphism is
associated with Precambrian orogenic moves whereas
the later dislocation metamorphism is attributed to
directed stress in late Precambrian times, following
elevation and denudation.

Within the Aden Metamorphic Group as at present
defined, no unconformities have been recognized and
no great differences in overall composition are apparent
from one area to another. ‘The variation in meta-
morphic grade possibly suggests the presence of a
younger upper division characterized by low-grade
(epizonal) rocks. On the basis of present data no
major division of this kind could be upheld, however,
because variation in grade of metamorphism does not
provide a reliable criterion and is not necessarily related
to depth zoning.

The Aden Metamorphic Group is tentatively cor-
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related with the main part of the Medina Series of
Saudi Arabia (Karpoff, 1960).

Syntectonic granite is in aggregate outcrop area the
most extensive of the Protectorate granites. It invaded
rocks of the Aden Metamorphic Group, giving rise to
granitization and other metasomatic changes and affect-
ing the grade of metamorphism over extensive zones
centered on focal points of invasion. In summary, the
granite appears to be intermediate between para-
autochthonous and true intrusive rock, representing
partly mobilized migma-magma bodies displaced up-
ward from katazonal levels. It is, in the main, foliated
or gneissose, but in part it is of homogeneous nonfoliate
type—the latter in the central zones. It is associated
with variably developed but generally relatively re-
stricted migmatitic areas. Extensive zones of feld-
spathization are a characteristic feature; these are
marked by feldspathic bands, which may show ptyg-
matic folding, and by feldspar porphyroblasts present
in country rock for considerable distances, commonly
several miles, from the center of invasion. Pegmatites,
bearing garnet and muscovite but apparently without
pneumatolytic ore deposits, are found in the inner zones;
quartz veins tend to occur mainly in the peripheral
zones.

Conclusions as to the origin of this granite are based
on the sum total of field relations, textural character-
istics, and petrography. The granite is considered to
have been formed approximately coevally with the
culmination of the main period of regional metamor-
phism, to the effects of which the granitic invasion
materially contributed.

Some major areas of this granite are 8 miles southeast
of Al Kirsh, 15 miles northwest of ‘Irqah, 8 miles south-
west of Lawdar, about 12 miles south of Nisdb, and also
in Wadi Bana and Wadi Ahwar.

Intertectonic igneous rocks are attributed to a phase
of igneous activity that occurred later than the main
period of regional metamorphism but prior to a period
of dynamic metamorphism which was probably of late
Precambrian date. The rocks are characterized by
cataclastic and other deformation effects but show
no evidence of higher grade dynamothermal
metamorphism.

In W.A.P.,, intrusion of intermediate and mafic
plutonic rock was followed, probably after only a short
interval, by granitic intrusion.

Mafic igneous plutonic rocks are represented by
altered dioritic and gabbroic rocks, generally without
foliation but showing a partial development of schis-
tosity in some localities. In the Mukayras area
unfoliated diorite is intrusive into hornblende-plagio-
clase gneiss and amphibolite of the Aden Metamorphic
Group and contains inclusions of these older rocks.

GEOLOGY OF THE ARABIAN

PENINSULA

The main outerops occur in a broad belt between
Mukayras and Khawrah. More limited exposures
were recognized some 12 miles northeast of Bayhin
and in Wadi Mill, 14 miles southwest of Lawdar.

Granitic rocks of the intertectonic period form most of
the Mukayrds granite area and include rocks described
as calc-alkaline granite and hornblende adamellite
(alkaline granite, probably of later date, has also been
found in the Mukayras area). That the intertectonic
granite of this area postdated mafic intrusions is shown
by the presence of dioritic inclusions in the granite,
and reaction between granitic material and somewhat
earlier mafic rock has resulted in contamination and
the production of hybrid rocks. On the southern
periphery of the Mukayras granite is some evidence
for progressive zonal changes, hornblende granite
passing through granodiorite to quartz diorite, or
tonalite, and finally to hornblende diorite. There is
also some indication that the central part of the granite
is more biotitic and less hornblendic than the peripheral
part. Further work is necessary to confirm this.

Intertectonic granitic rocks also occur in the Khawrah
district where nonfoliate hornblende granite contains
inclusions of dioritic rock, as at Mukayras. Deformed
syenite in this area is apparently intrusive through
diorites. Granodiorite cropping out near Jabal ath
Thaniyah is also thought to be of intertectonic type.

Both mafic and granitic intrusions of the intertectonic
period show the effect of dislocation metamorphism by
features such as deformed and bent crystals, deforma-
tion cracks, shattered and strained quartz, and shear
lines visible in thin section. Numerous zones of shear-
ing are seen in sections exposed in the locality of the
Mukayris pass.

Older volcanie rocks are exposed over extensive areas
in the KEastern Protectorate, notably at Zulm Ba
Tha‘lab, along the coast, and inland between Ra’s ar
Rujaymah and Buriin. These consist of a thick series
of lavas including andesites, keratophyres, soda rhyo-
lites, and less commonly, trachytes. Pyroclastic rocks
are associated with the lavas. The rocks have been
intensely cleaved and fractured, and are serpentinized
and epidotized. They show little evidence of any
higher grade dynamothermal metamorphism and in
this respect contrast with volcanic derivatives in the
Aden Metamorphic Group which are reconstituted
schistose rocks. At least in part, the older volcanic
rocks predate the sedimentary rocks of Wadi Ghabar
and are intruded by later granites that show no defor-
mation (posttectonic granites). They are considered to
represent an extrusive phase approximately contempo-
raneous with the intertectonic intermediate mafic in-
trusions of the W.A.P. The absence of these volcanic
rocks in W.A.P. (as also of metasedimentary rocks of
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Waiadi Ghabar type) may be due to denudation in
earlier early Paleozoic times.

Lightly metamorphosed sedimentary rocks exposed in
E.A.P. in Wadi al Ghabar and in Wadi Minhamir and
Wadi Ba ‘Aryat constitute the Ghabar Group of
Beydoun (1961). The composition of this group is
summarized on page (C31. Salient features include
(a) the presence of volcanic derivatives in conglomerates
at or near the base of the group and in interbedded
tuffaceous horizons and (b) the presence of platy lime-
stones with gypsum indicating shallow evaporitic con-
ditions. Arenaceous rocks make up a large part of the
sedimentary assemblage. The presence of volcanic
derivatives which can be matched in older volcanic
rocks of the area supports the conclusion that the
Ghabar Group was derived by denudation of older
basement rocks of the region and was deposited in one
or more relatively restricted basinal depressions. No
organic remains have been identified within the group,
and shales tested palynologically proved barren.

The rocks of the Ghabar Group are strongly—com-
monly isoclinally—folded ; over-folding and local thrust-
ing are recorded. Intense multidirectional cleavage is
present and arenaceous strata show marked fracturing,
but, with the possible exception of an isolated occurrence
of greenschists recorded by Beydoun in Wadi Ba ‘Aryat
and attributed by him to small-scale thrusting (Bey-
doun, 1961), the rocks show no sign of mineral
reconstitution.

The metasedimentary rocks of the Ghabar Group
appear to represent the uppermost basement rocks
of the region. On the evidence of age determinations
from undeformed and presumably later posttectonic
granite occurring in Wadi al Ghabar and elsewhere in
the same general area, and on the absence of organic
remains, it is probable that the metasedimentary rocks
are of latest Precambrian age. Their tentative cor-
relation with the Fatima Series of Saudi Arabia would
accord with this view. It also is probabie that the
dislocation metamorphism undergone by the Ghabar
Group reflects a widespread phase of dynamic meta-
morphism which affected all the basement rocks of
the Protectorate toward the end of Precambrian times
and which accompanied the final orogenic moves in
the region. Subsequent moves were epeirogenic.

Posttectonic granite of calc-alkaline type occurs in
W.AP. in the areas of Lawdar-Muadiyah, Jibilan
Jebel Nisiyin, Sa‘id, Nisab, Bayhan, and Wadi al
Kayfi (south-southwest of Al Musaymir) ; and in E.A.P.
at Burtm, Zulm Ash Shaybah, and Wadi al Ghabar.
These granites show no significant deformation or
cataclastic effects, and in a number of places form
discrete crosscutting intrusions with well-marked ther-
mal metamorphic aureoles, as at Buriim. These are
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clearly high-level plutons. At Burim, Wadi al Gha-
bar, and Midiyah the intrusions are composite, a
coarser gray granite preceding’a finer red type.

Determinations made on granite from Wadi al
Kayfi, Wadi al Ghabar, Burtim, and a locality some
10 miles northeast of Bayhan indicate an early Pale-
ozoic age.

Intrusions of mafic plutonic rock, which do not ap-
pear to have undergone significant metamorphism, in-
clude uralitized gabbro of the ‘Ataq area, and leuco-
gabbro of Jabal al Munif, Al ‘Anad. These rocks are
of uncertain age; they may perhaps be connected with
the phase of intrusive activity expressed mainly in
posttectonic granites. The rocks of this group are
referred to as later mafic intrusions.

Alkaline granite occurs at Jabal al Munif (Al ‘Anad)
and on the Mukayras plateau near Mukayris. At
Jabal al Munif aegirine-riebeckite granite is intrusive
into the volcanic rocks of the Aden Trap Series, of
Late Cretaceous or Tertiary age. The riebeckite
granite of Mukayras cannot be dated in this way, but
on petrogenetical grounds it is tentatively equated in
age with the Jabal al Munif intrusion.

Dikes of both silicic and mafic rocks cut rocks of
the Aden Metamorphic Group in many localities. The
dikes commonly show a moderate degree of meta-
morphism in which effects of deformation are prom-
inent. Typical of such rocks is a 30-foot-wide dike
of altered dolerite which cuts garnet-staurolite schist
in Wadi Gharish, E.A.P. Pyroxene in this rock is
largely uralitized and shows deformation, as do the
slightly bent feldspars.

In the Mukayras-Khawrah region dike rocks are very
common. They are of doleritic and andesitic composi-
tion, and occur with felsites and quartz-feldspar por-
phyries. The dike range in width from about 6 to 150
feet. An altered dolerite cutting granite some 2 miles
north-northeast of Mukayras has undergone incipient
greenschist metamorphism, and bent pyroxenes demon-
strate the effects of stress. A porphyritic granophyre
dike in the same area contains quartz full of shatter
cracks. Many of the dikes in the Mukayras area are
later than the dioritic and granitic intertectonic rocks
in which they occur, as shown by chilled margins
against the granite and by inclusions of dioritic rock in
andesite dikes of the Mukayras pass.

Dikes affected by moderate dynamic metamorphism
are considered to be of Precambrian age. They may
have been intruded at various periods, but the great
number of dikes associated with intertectonic rocks of
the Mukayras area suggests a major phase of dike em-
placement connected with, and probably representing,
a late phase of intertectonic igneous activity.

Dikes of microgranite and aplite, associated with
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areas of granite throughout the Protectorate, are con-
nected with one or another of the granitic invasive
phases.

In addition to dikes showing some degree of meta-
morphism, there are those in which no sign of altera-
tion can be detected. Apart from dikes associated with
the vulcanicity of the Aden Trap Series in the west of
the Protectorate, none of these dikes is seen to cut
Jurassic or later rocks. The undeformed dike rocks
may thus be dated as pre-Jurassic, and probably of
later than Precambrian age. These may be connected
with lower Paleozoic granite intrusion. Dikes cutting
the metasedimentary rocks of Wadi al Ghabar would
fall into this category.

With regard to the history of the basement rocks the
following interpretation is tentatively advanced.

The metamorphosed sedimentary rocks of the Aden
Metamorphic Group represent geosynclinal deposits
folded and metamorphosed during a Precambrian
orogeny that was accompanied by broadly contempo-
raneous Igneous activity. Interbedded metavoleanic
rocks indicate extrusion of mafic to intermediate lavas,
including some of spilitic type, during the geosynclinal
phase of tectonism. Partly synchronous with this, and
before the main period of regional metamorphism,
intrusion of mafic, and more rarely, of ultramafic
plutonic rocks occurred. This was followed by syn-
tectonic granite invasion and granitization during the
culminating and late phases of the main metamorphism.
A later phase of mafic to intermediate igneous activity,
represented by intertectonic igneous rocks, probably
accompanied, and in part followed, elevation of the
compressed zone. Mafic intrusions of this phase were
soon followed by granitic intrusions, giving rise to
contaminated or hybrid rocks in some areas. Follow-
ing the phase of intertectonic igneous activity. renewed
elevation of the compressed and metamorphosed
geosynclinal rocks took place. This uplift was ap-
parently intermittent, with periods of stillstand and
concomitant local downwarping. Sediments of the type
represented by the Ghabar Group were deposited at
this time, probably in more than one basinal area of
fairly restricted extent. No attempt can be made to
define the locale of basin development, but it is likely
that sediments of the Widi al Ghabar type were also
deposited in W.A.P. (as in other regions of Arabia and
Somaliland) and were subsequently removed by denu-
dation. Stress accompanying the last Precambrian
orogenic moves resulted in widespread metamorphism
of epizonal type which affected all Precambrian base-
ment rocks.

The peneplaned basement rocks of the Protectorate
are unconformably overlain by Jurassic and younger
rocks, beneath which the basement rocks are weathered
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to depths of at least 6 feet. Prior to the deposition of .
the sedimentary cover, the basement rocks underwent
one or more periods of planation, and it is clear, from
the metamorphic state of the basement rocks and the
presence of exposed intrusive rocks, that a cover of
considerable thickness has been removed. Regarding
the nature of this cover, in relation to older meta-
morphic and intrusive rocks, there is no difficulty in
inferring a cover of Precambrian rocks. However,
other conditions must be satisfied. The Ghabar Group
of metasedimentary rocks, representing the uppermost
basement rocks of the Protectorate and regarded as of
latest Precambrian age, are intruded by dike rocks.
This indicated the presence of a superincumbent cover,
since removed. Also, although in Aden Protectorate
posttectonic granites (dated as early Paleozoic by radio
active age determinations) do not cut the Ghabar
Group, in former Somaliland Protectorate granite of
similar age (Las Bar Granite) is intrusive into the Inda
Ad Series, which is probably to be correlated with the
Ghabar Group. It is likely that in Aden Protectorate,
cover rocks younger than the presently outcropping
Ghabar Group were present at the time of early
Paleozoic granite intrusion. It is possible that an
additional thickness of latest Precambrian rocks pro-
vided this cover, but the conditions under which the
Ghabar Group sedimentary rocks appear to have been
deposited do not suggest that the original thickness of
this group could have been sufficient. The possibility
of a cover of volcanic rocks must be considered. The
presence of Paleozoic sedimentary rocks in central
Arabia and Oman and the presence of presumed Cam-
brian sedimentary rocks upon the equivalent of the
Ghabar Group in Jordan (Saramuj Series), however
render it at least as likely that the Paleozoic sedi-
mentary strata extended over the Aden Protectorate.
This may be supported by some evidence from Yemen,
where Geukens records a small outcrop of apparently
Paleozoic metasedimentary rocks (Geukens, 1960,
p. 162). Epeirogenic elevation and tilting of the
Arabo-Nubian shield, with which posttectonic igneous
activity may be connected, would result in the denuda-
tion of this lower Paleozoic cover. The date of the
planation(s) of the basement rocks remains, however,
conjectural.

REGIONAL CORRELATION OF BASEMENT ROCKS
A review of the data on regions surrounding the

Protectorate reveals significant similarities in the com-
position and history of development of basement rocks.

YEMEN

Basement rocks occurring in southeast Yemen, which
comprise granite yucics, strongly folded mica schists,
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amphibolites, and quartzites, were referred to the Pre-
cambrian by Geukens (1960) and equated with Kar-
poff’s (1957) Medina Series of Saudi Arabia. In
northern Yemen, Geukens recorded at least two groups
of folded rocks separated by an unconformity. The
older more extensive group represents the Medina
Series, and the upper series, of folded conglomerates,
altered arkose, and quartzite, is the equivalent of
Karpoff’s Fatima Series.

Geukens concluded that the Medina Series underwent
regional metamorphism during which important granite
massifs were emplaced. These massifs were peneplaned
and covered by equivalents of the. Fatima Series.
Traces of these remain only in the northwest part of the
country. In contrast to the north strike of the older
basement, a less important east-striking folding was
imposed on these rocks.

Rocks of possible Paleozoic age were recorded by
Geukens in a locality east of Sa’da, where a limited
number of outcrops of slightly graphitic phyllitic rocks
are distinguished by their metamorphic state from
older basement rocks and from Jurassic rocks. Geukens
considered it probable that the Paleozoic (Cambrian to
Silurian?) transgression of Saudi Arabia extended into
Yemen.

Karrenberg (1956) recognized that many of the
granite and dioritic blocks of central and southern
Yemen are of younger intrusive origin, emplaced in
Upper Cretaceous to Tertiary volcanics. Most of these
are of alkalic type, although calc-alkaline rocks also
occur. Karrenberg concluded that the granitic in-
trusions are of Tertiary age, and being connected with
a graben zone, they are not to be regarded as genuine
plutonic rocks; rather, their occurrence under the same
structural conditions as give rise to vulcanism lead to
their being termed ‘volcano-plutons.” The granites
are said to be without mineral veins or zones, and were
not associated with tectonic movements. A causal
connection between the sinking of the Red Sea graben
and the development of silicic from initially mafic
magma is assumed, and it is thought that the granites
may have been formed at relatively shallow depths.
Alkaline granite of similar age occurs in W.A.P.

SAUDI ARABIA

Karpoff (1957, 1960) regarded the folded basement
rocks of the Arabian Peninsula as being everywhere of
Antecambrian age and he considered peneplanation to
have occurred well before a Cambrian transgression.
Basement rocks are divided into an older Medina
Series and a younger Fatima Series; the existence of a
third more ancient group is suggested by the presence
of pebbles of gneiss and granite in the Medina Series.

The Medina Series includes dark lavas, mainly of
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andesitic type, voleanic breccias, tuffs, and conglomer-
ates; original sedimentary rocks are represented by
various schists, amphibolites, marble, quartzite, and
conglomerate. Migmatite and gneiss were also re-
corded. Granites of various ages crop out in the series;
diorites, gabbros, and serpentines are of relatively
restricted occurrence.

Between Riyadh and Jiddah the Medina Series was
said to be possibly more than 50 kilometers thick. It
has undergone varied degrees of metamorphism re-
sulting in rock types ranging from chlorite schist to
migmatite. The folding was said to be mainly simple,
with schistosity parallel to stratification. Dominant
strike directions approximate northwest and northeast,
and this is also the general orientation of fold axes
although some folding on north-south axes was recorded.

The Fatima Series consists of volcanic rocks, striped
slates or schists, limestones, and abundant arkose and
conglomerate. In the type area of Wadi Fatima a
partial thickness of at least 500 m was recorded. The
series is separated from the underlying Median Series
by a major unconformity and the two groups are
further distinguished by a contrast in metamorphic
grade, which for the Fatima Series does not exceed
that appropriate to the lower greenschist facies. The
younger age of the Fatima Series is supported by the
presence of Stromatolites at three horizons in slightly
altered limestones. Folding is orientated from north
to east-southeast; northwest fold directions are not
known. The “schistosity’’ present in some of these
slightly altered beds is in places oblique to stratifica-
tion. The age of the series was said to be certainly
pre-Maestrichtian, and prooably Precambrian.

The following correlations were tentatively proposed
by Karpoff. The Medina Series was equated with
the Aqaba Granite Complex of Jordan, the Atalla-
Mitiq Series of Egypt-Sinai, and the Nafirdeib Series
of Sudan. The Fatima Series was correlated with the
Saramuj Series of Jordan, the Hammamat-Dokhan-
Ferani of Egypt-Sinai, and the Awat Series of Sudan.

The Saq Sandstone of northern Arabia was equated
with the Quweira Sandstone of Jordan, and both
were said to be of Cambrian age. (With reference to
the age of the Saq Sandstone, Steineke, Bramkamp,
and Sander (1958) recorded that Cruziana-like tracks
are present in the upper part, but no diagnostic fossils
have been found. They further stated that rocks of
Cambrian age occur in the Al‘Aqabah-Dead Sea area,
dated by fossils, and that the Saq Sandstone has not
yet been traced laterally into fossiliferous Cambrian
rocks. The Saq Sandstone was, however, considered
to represent the approximate lateral equivalent of
Quennell’s (1951) combined Quweira, Ram, and Um
Sahm Series; these in turn were considered by Quennell
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to include beds equivalent to the fossiliferous Cambrian
rocks.)

Brown and Jackson (1960), in describing the seg-
ment of the Arabian shield in the highlands of western
Saudi Arabia, noted gneissoid belts having no apparent
intrusive relations with adjoining beds, which may
represent the oldest rocks exposed (compare older
gneiss of W.A.P., p. C14). Most abundant of the
granitic rocks are granodioritic and adamellitic types,
mainly in synkinematic concordant batholiths. Age
determinations for synkinematic granodiorites and re-
lated rocks indicated an apparent age of 1,000 m.y.
Batholiths and stocks of calc-alkaline granite showing
both concordant and discordant features were dated
at about 710-750 m.y., and quartz diorite was dated
at about 820 m.y. Injection granite about 600-640
m.y. in age was recorded. Soda-rich granitic, syenitic,
and rhyolitic rocks occur as plugs, stocks, and ring
dikes; these rocks are apparently unmetamorphosed
and undeformed; a wide age span is suggested and
periods of vulcanism of middle Paleozoic and early
Tertiary date may possibly be represented. Small
intrusive rocks of younger diorite and gabbro were
reported in the foothills near the Red Sea rift zone
and were referred to as late mafic rocks. (Comments
on the age determination figures cited above are in-
cluded in the section on ‘“Age determination results.’’)

The Hali Schist Series, considered by Brown and
Jackson to include the oldest metamorphic rocks, ap-
pear to be lithologically comparable with members of
the Aden Metamorphic Group. The Baish Green-
stone and Lith Complex, including greenstone, meta-
diorite, metagabbro, and amphibolite, may correspond
to metamorphosed igneous rocks in the Aden Meta-
morphic Group. The Halaban Andesite Group of the
central and northern Arabian shield area consists of less
metamorphosed intermediate and silicic voleanic rocks
with intrusive intermediate and mafic rocks. These
appear to correspond to intertectonic igneous rocks of
Aden Protectorate. Brown and Jackson equated their
Fatima and Abla Formations with Karpoft’s Fatima
Series. These slightly metamorphosed beds, occurring
in isolated basins, were said to be gently folded, and
were referred to the Precambrian. They are separated
from underlying rocks by an obvious unconformity.

EGYPT

Schiirmann (1961) considered the Precambrian rocks
of the Red Sea region to belong to the youngest con-
solidated rim of the African cratonic shield. He com-
pared them with the Riphean of Russia (Schatsky,
1960), which in the Ukraine is dated as about 570-630
m.y. and lies beneath unconformable fossiliferous
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Lower Cambrian. Reviewing results of age deter-
minations, Schiirmann suggested that the rocks of the
Red Sea region are generally about 600 m.y. old and
thus contrast with the Precambrian (Archaean) of
the older parts of the African shield. He recognized in
western Saudi Arabia and the Eastern Desert of Egypt
two eugeosyneclines, or two parts of one larger geosyn-
cline, in which intense folding in the center gives way
to block faulting on the shallower rim. Granitiza-
tion and migmatization of katazonal sedimentary rocks
in the center of the trough were recorded.

From Schiirmann’s account of the older rocks of
Egypt, a tentative correlation with the Aden Protecto-
rate rocks may be attempted. This is summarized in
table 4. The Shaitian (syntectonic) Granites of Egypt
appear to be the counterpart of Aden syntectonic gran-
ites; similarly the older Gattarian of Egypt, composed of
granites and dioritic rocks, may perhaps be equated
with intertectonic intrusive rocks of the Protectorate.
The older Gattarian rocks are separated by an uncon-
formity from overlying Hammamat Series, which was
equated by Schiirmann with the Saramuj Series of
Jordan and with the Inda Ad Series of former Somali-
land Protectorate.

A general correspondence between the Precambrian
of Egypt and that of Aden Protectorate is also apparent
from Said’s (1962) account of Egyptian rocks, from
which may be noted the statement that regional
metamorphism of original sedimentary rocks was ac-
companied by metamorphism and granitization, result-
ing in Shaitian granites.

EASTERN ADEN PROTECTORATE

In an account of the stratigraphy and structure of
Eastern Aden Protectorate, Beydoun (1961) described
basement rocks cropping out mainly in southwestern
Hadramawt and also at Jabal ath Thaniyah near the
Yemen border. A group of older volcanic rocks, named
by Beydoun the Tha‘lab Group were considered by him
to represent the oldest exposed rocks in ELAP. A
series of sedimentary rocks with some volcanic rocks,
which have undergone regional metamorphism to the
albite-epidote-amphibolite facies reaching grades with
garnet and staurolite as index minerals, occurs in the
Gharish-Madbi area of E.A.P. This series represents
Beydoun’s Gharish Group, comprising various schists,
amphibolites, quartzites, and marbles. Beydoun sug-
cested that the Gharish Group may be equivalent to
virtually unmetamorphosed rocks of the Ghabar Group
that crop out some 40 km to the east. The transition
cannot be followed in the field but is attributed to in-
creasing metamorphism from east to west.
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Aden Protectorate

Age Saudi Arabia Yemen Former Somaliland Egypt Former Trans-
Proctorate Jordan
Western Eastern
Alkaline Granite. Representtives of Granitic intrusions Tertiary(?) pluto-
Late Alkalic Rocks mainly of alkalic nism (Higazy and
Tertiary (Brown and Jack- type (Karrenberg, El Ramly, cited
son, 1960). 1956). by Schiirmann,
1961).
Posttectonic calc-alkaline granites Posttectonic Granites | Certain intrusive Posttectonic ‘“Young- | Younger Gattarian
(Karpoff, 1960). Granites er” QGranites includ-| including granite
Representatives of (Geukens, 1960). ing Las Bar, Arar, (Schiirmann,
Early Late Alkalic Rocks, and (?) Daimoleh 1961).
Paleozoic including granite. Granites.
Shammer Rhyolite
(Brown and
Jackson, 1960).
Saq Sandstone Paleozoic(?) phyl- Quweira Series,
(Steineke, litie rock mainly arena-
Cambrian Bramkamp, and (Geukens, 1960). ceous and con-
Sander, 1958). glomeratic
(Quennell, 1951).
Ghabar Group Fatima Series Fatima Series Inda Ad Series. Hammamat Series | Saramuj Series
(Beydoun, 1961).|  (Karpoff, 1957, equivalents (Schiirmann, (Quennell, 1951).
Late 1960). Fatima and (Geukens, 1960). 1961).
Precambrian Abla Formations
(Brown and
Jackson, 1960).
Intertectonic igneous|Intertectonic igneous| Upper part of Medina | Components of Mafic Intermediate Older Gattarian— (?)Pink Granite of
rocks rocks Series (Karpoff, Medina Series intrusions followed granite and dio- Aqaba Granite
Intermediate Older volcanic rocks 1960). Calc-alkaline equivalents as de- by granite intru- ritic rock. Complex
mafic intru- (equal to Granite Series and scribed by sions (Mason and Dokhan Series (Quennell, 1951).
sions followed Tha’lab Group Halaban Andesite Geukens (1960). ‘Warden, 1956; (Schiirmann,
by granitic in- | of Beydoun, (Brown and Gellatly, 1960). 1961).
trusions. Hy- 1961). Jackson, 1960). Hybrid granite-
brid rocks of gabbro; Sheikh
Mukeiras- gabbro (Hunt,
Khawrah. 1960).
Syntectonic granite Syntectonic Granite | Granite massifs Synorogenic Granite | Shaitian Granite Gray Granite of
Concordant granites and granitized (Karpoft, 1957), emplaced during (Gellatly, 1960). Granodiorite, fo- Agaba Granite
rocks, approximately coeval with the (?)Syntectonic regional meta- Metasomatic liated in part Complex
Precambian main phase of regional metamor- granodioritic and morphism granite (Mason (Schiirmann, (Quennell, 1951).
phism. Pegmatites and feldspathic related rocks (Geukens, 1960). and Warden, 1956). 1961). Metaso-
bands associated with granitic rocks. (Brown and matised Older
Jackson, 1960). (Shaitian)
Granities (Said,
1962).
.1den Metamorphic Group The major part of Medina Series Metamorphic rocks 0Old Paraschists Metamorphic
Regionaly metamorphosed sedimen- Medina Series equivalents of the Basement including vol- rocks of the
tary and mafic igneous rocks, and (Karpoft, 1960). (Geukens, 1960). Complex—meta- canics. Atalla Aqaba Granite
volcanic representatives, including Hali Schist, and morphosed sedi- Series—metamor- Complex
Beydoun’s (1961) Gharish and Baish Greenstone mentary, voleanic, phosed sedimen- (Quennell, 1951).
Thaniya Groups. and Lith Complex and mafic igenous tary and volcanies
(Brown and rocks including rocks
Jackson, 1960). Kalaha, Hudiso (Schiirmann,
and Barkasan 1961).
Series (Funt, 1960).
Older Gneiss. (?)Evidence of Orthogneiss of Gneiss Older Granite Mitiq-Feiran
Older Gneiss in belts (Brown and Gneiss. Orthogneiss
Earlier derived Jackson, 1960). Daarbudugq Series, (Schiirmann,
Precambrian pebbles. mainly geneissic 1961).

Granite (I{unt,
1960).
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Metamorphic rocks exposed in the area of Jabal ath
Thaniyah were named by Beydoun (1961) the Thaniya
Group. He noted that Thaniya and Gharish Group
rocks represent about the same grade of metamorphism
and suggested that the two may be lateral variants.
However, on the grounds that the thick-bedded cal-
careous rocks of Jabal ath Thaniyah are absent in Wadi
Gharish, he believed that the Thaniya Group may rep-
resent an older sedimentation that marked the start of
a sedimentary cycle later completed farther south in
E.AP. and W.A.P.

Slightly metamorphosed sedimentary rocks occurring
in Wadi al Ghabar and elsewhere in this locality were
named the Ghabar Group. These are described on
pages C31-C32. At Wadi Minhamir a basal formation
of the group, consisting mainly of pyroclastic material,
rests unconformably upon Tha‘lab Group volcanic
rocks. Isoclinal folding of the sedimentary rocks is not
accompanied by any mineral reconstitution.

Beydoun considered that formation of the volcanic
Tha‘lab Group mainly predated deposition of the
Gharish and Ghabar Groups, but suggested that
deposition of the Thaniya Group may have been initi-
ated before the extrusive activity and that deposition
and extrusion may have then proceeded concurrently.
Voleanic rocks in the upper part of the Thaniya Group
were thought possibly to relate to the same period of
vulcanicity as resulted in the Tha‘lab Group of south-
western Hadramaut.

The exposed basement rocks of E.A.P. are assumed
to rest upon an older metamorphic series exposed to the
west, which in turn overlies a more massive basement
assemblage thatis not exposed. A tentative correlation
of W.AP. basement metamorphic rocks with the
Medina Series (of Saudi Arabia) was suggested by
Beydoun (1961).

The tentative conclusions reached by Beydoun are
supported by further observations too numerous to
recount here. Following the study of the W.A.P.
basement rocks made in the recent survey, however,
the present authors are led to suggest alternative rela-
tionships for the E.A.P. basement groups. Reference
to the Tha‘lab Group voleanic rocks is made elsewhere
in this contribution (p. C40), where reasons are given for
dissenting from the view that these rocks predated
regionally metamorphosed rocks of the area, and for
suggesting their equivalence to the intertectonic igneous
rock of W.AP. The metamorphic rocks of Wadi
Gharish appear to be similar in all respects to those
exposed over wide areas of W.A.P.; they are therefore
included in the Aden Metamorphic Group. Although
the last is to be tentatively correlated with the Medina
Series (as remarked by Beydoun), the metasedimentary
rocks of the Ghabar Group are thought to be of latest
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Precambrian age and to be equivalent to the Fatima
Series of Saudi Arabia.

FORMER SOMALILAND PROTECTORATE

During the last decade, much work has been done on
the basement rocks of this region, most of which is
recorded in published and unpublished reports of the
former Somaliland Protectorate Geological Survey. No
generalized account has been seen, but a review of the
work of various authors discloses several points on
which a fair measure of agreement exists. The follow-
ing synthesis results from interpretation of their
reports.

Pre-Jurassic rocks may be initially divided into two
major classes, namely, an extensive series of igneous and
metamorphic rocks and a more restricted series of
lightly metamorphosed sedimentary rocks typified by
the Inda Ad Series of the northeast coastal area.
Reference to basement rocks in the following discussion
does not include the Inda Ad Series unless specifically
stated.

Basement rocks of former Somaliland Protectorate
contain a large proportion of metamorphosed sedi-
mentary rocks including psammites, pelitic rocks, and
metacalcareous rocks. Psammites appear to be domi-
nant, and observations in several areas suggest that
these may be basal to the metasedimentary succession,
being followed by pelitic or semipelitic rocks. At least
in some areas, metacalcareous rocks are sufficiently
concentrated at higher levels to warrant postulation of
an uppermost limestone series, for example, in the
Hargeisa District (J. L. Daniels, unpub. data, 1959).
However, marble and other metacalcareous rocks are
distributed throughout the succession.

The widespread occurrence of plagioclase amphibo-
lites in metamorphosed sedimentary rocks, notably in
the pelitic series, is fairly generally agreed to indicate
altered mafic intrusive rocks, and these for the most
part were intruded prior to regional metamorphism
(J. E. Mason, unpub. data, 1954). Representatives of
metamorphosed mafic volcanic rocks have been re-
corded in the pelitic series, and in the Borama District
Mason suggested that certain chlorite schists and
aphanitic amphibolites may be the products of con-
temporaneous submarine vulcanism. Metamorphosed
rhyolites appear to occur near the top of the basement
succession. W. C. White (unpub. data, 1955) recorded
sheared mafic volcanic rocks and rhyolites in the pelitic
series of the Western Borama District.

Synorogenic granite emplacement is substantiated in
numerous areas and granitic invasion in a number of
stages is recognized. References to migmatization and
to the development of granite in situ are numerous.
The latter is variously attributed to anatexis, meta-
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somatism, or granitization, and is particularly associ-
ated with psammitic rocks. White (unpub. data,
1955) stated that many of the rocks of Western Borama
District are the product of the admixture of granitic
fluids with sedimentary or mafic igneous rocks, and he
considered anatexis to mark a late stage of regional
metamorphism. Hunt (1958), reporting on the geology
of the Adadleh area, referred to granitized rocks of the
Daarbuduq Series and granitized psammites of the
Kalaha Series which are in places completely converted
to granite. A similar transition through granitoid
rocks to granite has been reported from many areas.
Feldspathization around granite centers has been re-
corded; for example, A. J. Warden (unpub. data,
1959, on basement rocks of areas in the Berbera Dis-
trict) referred to extensive feldspathization of metasedi-
mentary rocks surrounding a main granite mass. It
may be concluded that the development of granite or
granitic rock from metamorphosed sedimentary rocks
by the process generally described as granitization is a
major feature of the basement geology. The majority
of authors correlated the main phase of granite invasion
and granitization with the culminating or late stages of
regional metamorphism. Hunt (1958), however, rec-
ognized granitization at various stages in the history of
the basement rocks.

Mafic intrusions, including diorite and gabbro, appear
to have postdated the main syntectonic granites (see
Gellaty, 1960, p. 33, on the Las Dureh area). Mafic
rocks have been intruded by later granite, and marginal
hybridization or contamination has occurred, as re-
corded by Hunt (1958) near Sheikh; rock types so
produced include quartz diorite and syenodioritic rocks.

Posttectonic granites of clearly intrusive type are
known from a number of areas, for example the Las
Bar granite of the Elayu area (Greenwood, 1960).

Over much of the basement-rock area metamorphism
in the lowest subfacies of the almandine-amphibolite
facies seems to be dominant, but there is evidence for
advance to the granulite facies in certain areas. Meta-
morphism in the greenschist facies is shown in some
rocks that are possibly younger, including the Inda Ad
Series. Evidence supports the assumption of at least
two periods of metamorphism and folding, and some
data suggest that the later episode was basically of
stress metamorphism. Hunt (1958) suggested numer-
ous metamorphic phases.

Authors consulted generally referred the basement
rocks to the Archean, but with the changing usage of
this term it is difficult to know what is implied. Sev-
eral authors, however, considered the Somaliland rocks
to be younger than the older basement rocks of central
and east Africa and this is supported by recent age
determinations on rocks of the former Somaliland Pro-
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tectorate (N. J. Snelling, written commun., 1964)
which suggest that these are to be regarded as later
Precambrian.

The necessarily generalized interpretation given here
discloses points of striking similarity between the base-
ment rocks of former Somaliland Protectorate and
those of Aden Protectorate. This similarity is rein-
forced by more specific observations.

Mason and Warden (1956) in their report on an
area in the Erigavo District recorded plagioclase am-
phibolites in the older basement rocks, indicating in-
trusion of mafic igneous rocks into sedimentary rocks
prior to metamorphism. Metasomatic granite is re-
ported. Dioritic rocks containing xenoliths of metased-
imentary rocks appear to have been intruded at a
later stage in the history of the older basement develop-
ment (see intertectonic intrusions of W.A.P., p. C29).

In a report on the Las Dureh area of the Burao
District, Gellatly (1960 abstract) stated that basement
rocks consist of a series of psammitic, pelitic, and
calcareous sedimentary and associated volcanic rocks,
which have undergone metamorphism varying from
the greenschist facies to the granulite facies, with
accompanying folding, metasomatism, and synoro-
genic granite emplacement. Both plutonic and hypa-
byssal mafic intrusive rocks are present. At least two
periods of folding separated by a period of thrusting
are recognized in the basement rocks.

Concerning the Inda Ad Series, Mason and Warden
(1956) suggested that this rests unconformably upon
the basement complex, and they referred to conglom-
erates at the base of the Inda Ad succession. The
presence of a strictly basal conglomerate has been
questioned by Greenwood (1960, 1961) who discusses
alternative relationships between the Inda Ad Series
and other basement rocks. Recent work on Somali-
land rocks by Snelling of the O.G.S. Age Determination
Unit tends to support a younger age for the Inda Ad
Series, relative to that for the basement complex. No
firm conclusions regarding the age relations of these
rock groups are reached by Snelling, and all that can
be said is that a simple interpretation of available re-
sults, leaving aside complicating factors, suggests
metamorphism of the basemert complex before 602
m.y. and deposition and dynamic metamorphism of
the Inda Ad Series before 502 m.y. It cannot be
concluded that the dynamic metamorphism of the
Inda Ad Series was necessarily later than the most
recent phase of metamorphism of the basement complex.

Taking into account the absence of polymetamor-
phic effects in the Inda Ad Series and the similarity
of these rocks to latest Precambrian rocks of the Ara-
bian Peninsula, the balance of recent evidence suggests
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that the Inda Ad Series is younger than the basement
complex of former Somaliland Protectorate.

The equivalence of the older basement rocks (base-
ment complex) of former Somaliland Protectorate to
the basement rocks of Aden Protectorate is indicated
in the preceding review. On the basis of lithology, type
and grade of metamorphism, and relation to other
(older) basement rocks, the Inda Ad Series is tentatively
correlated by the authors with the Ghabar Group of
E.A.'P. A number of posttectonic granite intrusions in
both Somaliland and Aden Protectorate appear, on the
basis of age determination results, to have a comparable
early Paleozoic age. (See p. C93.)

SUMMARY

The suggested correlation between basement and
certain other rock groups of regions of Arabia and
bordering territories is summarized in table 4. This has
been prepared from a review of relevant literature and
from personal observations in Aden and former Somali-
land Protectorate. The correlations shown are tenta-
tive and approximate only.

It is likely that basement rocks exposed in eastern
Egypt, Jordan, Saudi Arabia, Yemen, Aden Protector-
ate, and former Somaliland Protectorate, and possibly
also in Sudan and Eritrea, represent an upper Pre-
cambrian section of the African basement complex
formed on the margin of the greater African Shield.
The original sediments of the lesser Arabo-Nubian
Shield were deposited in one or more extensive geo-
synclines. During later Precambrian times, events in
the region seem to have followed the usual sequence of
gvolution of an orogenic belt. Sedimentation and
igneous activity including vulcanism were followed by
co.mpression, regional metamorphism, granitization, and
migmatization. Uplift of the compressed zone alter-
pated with periods of stillstand during which igneous
Intrusive activity in some regions coincided with ex-
trusive activity elsewhere. The history of sedimenta-
tion and extrusive activity indicates oscillations of level
throughout later Precambrian times.

Marked shallowing or emergence, which occurred at
some time near the end of the Precambrian, is indicated
by unconformities, associated with conglomerates or
boulder beds, beneath the Fatima Series of Saudi
Arabia and its equivalents elsewhere. Unconformities
are not proved in all regions, and it is probable that
Fatima Series and equivalents were deposited in rela-
tively local basins formed on the uplifted older basement
rocks and that shallowing to the point of emergence was
attained in some regions but not in others. Sedimen-
tary rocks were derived from the exposed older basement
rocks.
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A later phase of renewed orogenic compression, of
diminished severity, caused folding of the latest Pre-
cambrian rocks and imposed cleavage and a varying,
but generally slight, degree of metamorphism. This
phase marked the last incidence of orogenic folding
recorded in rocks of the region. There followed epeiro-
genic uplift which has continued, with alternating
periods of stability and rejuvenation, until Recent

times.
ADEN TRAP SERIES

The term ‘“Trap Series” is applied to volcanic rocks
occurring exclusively in the southwestern part of the
Protectorate, which are considered to be of Late
Cretaceous or early Tertiary age and are distinguished
from later rocks of the Aden Volcanic Series. The
Aden Trap Series corresponds, at least in part, to the
voleanic rocks in Yemen referred to by Geukens (1960)
as ‘“Trappserie.”

The Aden Trap Series crops out over a total area of
about 1,400 square miles, in two main regions, namely:

1. To the north and northwest of Al ‘Anad, extending
to the Yemen border (and beyond) between
Sandh (north of Ad Dali‘ and Al Kirsh.

2. To the north and northwest of Jabal Kharaz, again
extending to the Yemen border.

Between these two regions of volcanic rocks, basement
rocks are exposed. The eastern area of volcanic rocks
is separated from basement rocks to the east by a zone
of faulting running roughly northwest to north-north-
west, east of a line between Ad Dali‘ and Al ‘Anad.

The rocks consist of a thick series of dominantly
basaltic lavas, with andesitic, trachytic, and rhyolitic
representatives. Interbedded with these are tuffs,
agglomeratic beds, and ash. The stratified series is
cut by numerous dikes of composition similar to that of
the lavas; many of these are porphyritic, and, in con-
trast with most dikes of basement-rock areas to the
east, are unmetamorphosed. Dikes of granitic com-
position in the volcanic rocks are associated with in-
trusive granite. Sills of mainly doleritic composition
are common, and certain possible laccolitic bodies of
similar type are recorded, for example, on the Yemen
border, north-northwest of Ash Shatt. The dikes and
sills are of variable thickness; many of those seen were
between 6 and 9 feet thick. They cut not only volcanic
rocks but also Jurassic and Cretaceous strata.

The thickness of the volcanic series has been esti-
mated from aerial photographs by the use of a parallax
bar. At Ad Dubiyat some 7 miles south of Ah Dali’,
quasi-horizontal volcanic strata exceed 2,600 feet in
thickness; in the Ad Dali¢ area a thickness of more than
3,000 feet is estimated. 'These figures must be regarded
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as very approximate, and the maximum thickness of
the volcanic rocks may well exceed 3,500 feet. In
many areas thicknesses cannot be estimated because of
repetition by strike faults.

Where undisturbed by faulting the stratiform vol-
canic rocks are quasi-horizontal. The rocks are,
however, much affected by faults, mainly trending
approximately northwest, which produce tilted blocks
in which the rocks dip at moderate angles to the
northeast or southwest; the resulting terrain is in the
form of a series of subparallel ridges. This strike
faulting is indicated on aerial photographs by the fact
that flows of differing composition (and hence of differ-
ing weathering resistance) and of differing tone are
thrown into juxtaposition. Numerous faultline scarps
are produced. Cross faults, generally minor, disrupt
the continuity of the ridges.

DISTRIBUTION OF ROCK TYPES

During the course of the survey, a general tendency
was noted for lavas of mafic type to underlie those of
more silicic composition. This also appears to be so in
comparable rocks of Ethiopia, where Lamare (1930)
cited Blanford as distinguishing a lower group of basalts
and dolerites and an upper group of trachytes(?), con-
sidered by Lamare to be rhyolites. In Aden Protec-
torate this twofold division is confused by the presence
of mafic layers in the more silicic rocks. Many of the
mafic layers are thought to represent sills.

Volcanic rocks in the Al‘Anad locality include olivine
basalts, rhyolites, tuffs, and agglomerate, with doleritic-
basaltic sills and dikes; porphyritic dike rocks occur.
A traverse by road from Al ‘Anad to Ad Dali‘, and
northward to Sanih on the Yemen border, shows that
the volcanic rocks are predominantly of basaltic lavas,
in which olivine and amygdaloidal calcite are conspic-
uous. Lavas are interbedded with agglomerates and
red ash. The stratiform appearance is accentuated by
the presence of doleritic sills which forms resistant
layers in lava.

In the Al Musaymir area, basaltic rocks are again
predominant, but representatives of trachytic lava
occur.

In Wadi Timnan, above Ash Shatt, olivine basalt is
interbedded with tuff and cut by dikes of silicic porphyry
and dolerite. Near the Yemen border, north-north-
west of Ash Shatt, banded rhyolites are common.

Aerial photographs of volcanic rocks exposed in Wadi
Tarbahah for some miles above Ghayl Barbar, in the
most western region of the Protectorate, indicate mainly
intermediate to silicic rocks, which form dissected ridges
in which fault-tilted flows strike northwest and north-
northwest and dip in a general southwest direction.
Field observations confirm this. A section immediately
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to the west of the wadi at Ghayl Barbar shows, in
descending order:

Thickness
(feet)

Capping of massive dense red cherty lava (rhyolitic) - __ 90
Shaly-weathering yellow-green tuff_____ . _____________ 120
Rhyolite. e 3
Vesicular basalt-andesite_____ - 20
Rhyolite_ __ 120
Yellow-green tuff. - __ - 10
Gray weathered trachyticlava_ . ... 3

Base of section not exposed.

The lavas have a stratiform appearance resulting from
flow layers generally 6-8 inches thick. Mafic and inter-
mediate dikes cut these rocks.

The dominance of silicic volcanic rocks in the Ghayl
Barbar area suggests that younger rocks of the series
are here exposed.

MORPHOLOGICAL EXPRESSION

The volcanic rocks form rough terrain dominated by
ridges trending northwest, formed from tilted elongate
fault blocks of relatively restricted width. This type
of terrain is interspersed with outcrops of nearly hori-
zontal stratiform rocks, the tabular expression of which
is emphasized by resistant layers of massive basaltic
lava or doleritic sills interlayered with more easily
weathering vesicular lava. Tuff and ash interbedded
with lavas form multicolored, shaly-weathering horizons
which also add to the stratiform appearance of the
rocks. In several areas, striking tiered buttelike masses
consist mainly of massive basalt, many with well-
developed columnar jointing. Above and below Al
Musaymir, plateau terraces of boulders and clay, spread
with voleanic pebbles, are deeply dissected by the Wadi
Tuban and its tributaries. In several areas, such as
near Ad Dali¢, cultivable soils are formed on the volcanic
rocks. Such flat areas are broken by dikes of the
voleanic series.

Dikes of mafic and silicic composition are very nu-
merous and impart a ribbed appearance to the country,
being generally more resistant than the extrusive and
pyroclastic rocks. This is well seen in the Al ‘Anad
area. Most resistant are dikes of porphyritic type.
In the Cretaceous sandstone of the ‘Awabil area, as
elsewhere, dolerite dikes form reduced negative features.

The rugged nature of the volcanic terrain is accen-
tuated by the occurrence of spinelike volcanic necks
and vents.

PETROGRAPHY

The petrographic characteristics of the Aden Trap
Series and associated dike rocks are illustrated in the
following examples.

Dominant among the lavas are basalts bearing olivine
and including calcite forming amygdaloidal fillings.
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These basalts may occur as massive rocks or as strati-
form flows of little thickness. Specimen A20, from 4
miles north of Ad Dali‘, is an unmetamorphosed olivine
basalt with partly serpentinized microphenocrysts of
olivine in a granular groundmass of pyroxene, plagi-
oclase, and iron ore.

A dike rock of ophitic olivine microgabbro or basalt,
1 mile north of Ad Dali‘, shows plates of augite, 2-3 mm
in length, which enclose turbid plagioclase laths and are
associated with serpentinous pseudomorphs after oli-
vine. Radiating aggregates of fibrous zeolite have
replaced part of the rock (A19).

In the Al Anad area a dike of porphyritic basalt cuts
Cretaceous sandstone. This rock (A2) shows pheno-
crysts of labradorite in a groundmass of calcic plagio-
clase, clinopyroxene, biotite, and iron oxide minerals.
Phenocrysts average 5 mm in diameter.

Andesitic rocks are represented by A47b, which is an
altered quartz-andesite from a dike of Wadi Jadin,
north-northeast of Jabal Kharaz. Abundant plagio-
clase laths occur in a turpid groundmass of brown glass,
quartz, iron oxide minerals, and flakes of mica. Plates
of a carbonate mineral and quartz appear to be second-
ary. Andesitic dike rock is also recorded from Ghayl
Barbar.

Trachyte from the roadcut 2% miles southeast of Al
Musaymir (A35) consists almost entirely of alkali
feldspar in small laths in parallel orientation. Scattered
patches of carbonate and minute octahedra of magne-
tite occur. Elongate stringers of quartz lie parallel to
the flow direction.

A dike about 6 miles north-northeast of Al ‘Anad is
composed of porphyritic flow-banded glassy trachyte,
in which rhombshaped phenocrysts of alkali feldspar,
2 mm in diameter, are commonly zoned and have cores
of altered plagioclase (A12).

Dacite-porphyry dike rock from Wadi Jadin (A47a)
shows rhombshaped phenocrysts of albitized plagioclase
2-3 mm in diameter in a holocrystalline groundmass of
quartz and plagioclase.

Spherulitic rhyolite from Al ‘Anad (A1) shows
spherulitic masses of epidote and granophyric ‘fans,”
as much as 7 mm in diameter, in very fine grained
granophyric material.

Vitric tuff from the Ghayl Barbar section, noted
above, consists of crystals of quartz and feldspar, with
fragments of earlier pumice, in a pumiceous matrix
containing abundant glassy shards (A56). A bedded
crystal pumice-Tuff with inclusions of volcanic glass
(obsidian?), is recorded 3 miles west of Dar Rahban.

RELATIONS WITH ADJOINING ROCKS

It has been noted that volcanic rocks of the Aden
Trap Series are separated from relatively elevated

GEOLOGY OF THE ARABIAN PENINSULA

basement rocks to the east by a fault zone east of the
Ad Dali“-Al ‘Anad line. Along this zone Jurassic and
Cretaceous sandstone is preserved in faulted blocks,
and the field relations indicate that the volcanic rocks
are underlain by Cretaceous sandstone over ’Fhe whole
region. This accords also with observations in Yemen
(Geukens, 1960).

In several localities—for example, northeast of Al
Kirsh and northwest of Ash Shatt—Cretaceous rocks
are associated with volcanic rocks over fairly limited
areas, and this appears to be due to faulting along
mainly northwest trends. In the west and southwest
of ‘Awabil, Cretaceous sandstone resting on basement
rocks is cut by doleritic dikes of the Trap Series, and
about 8 miles southwest of this center, volcanic rocks
are thrown down against sandstone by strike faults,
trending northwest, which result in complicated repe-
tition of the rock types. Similarly, about 2 miles
southeast of Al Musaymir, a tilted block of Cretaceous
quartzitic sandstone, in which beds dip east-northeast,
is displaced against volcanic rocks by a northwes.t—
trending fault along the Al Musaymir road. Volcanic
rocks on the northeast side of the road dip to the
west-southwest. Further to the west-southwest of Al
Musaymir, volcanic rocks rest upon Cretaceous sand-
stone, and both sedimentary and volcanic rf)cks are
affected by faulting, resulting in tilted blocks in which
dip is to the southwest. ) )

Owing to the prevalence of this faulted relationship
between Cretaceous sandstone and volcanic rocks,
evidence as to their original relation is difficult to obta.in.
It is possible that volcanic rocks are interbedded with
latest Cretaceous rocks, but data on this point are
equivocal. Thus, about 12 miles southeast of Al Kirsh,
on the southeastern margin of the Wadi al Kayfi
basement rocks, a small outcrop of Cretaceous sanq-
stone provides a section about 20 feet thick. 'IjhlS
section shows an uppermost few feet of purple-white-
mottled and baked-looking rock containing Vitre(‘)us
globules; this rock overlies a bed of red and Whl-te,
discolored, and baked-looking sandstone, below which
is volcanic rock, possibly trachytic. Similar sectiops
exposed in the wadi show apparently altered and dis-
colored sandstone beds between layers of volcanic rock.
There was opportunity for only a very brief inspection
of this occurrence, which may represent either Cre-
taceous sandstone altered by dikes of the Aden Trap
Series (the strata dip, so inclined dikes might give
rise to the section seen), or sandstone interbedded with
volcanic layers.

A rather similar relation between volcanic rocks and
Cretaceous sandstone was seen 8 miles north-northwest
of Ash Shatt, near the Yemen border. Here sandstoqe
and volcanic rocks form an apparently uniformly strati-
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fied series dipping 45° in a direction of 220°. Quart-
zitic sandstone grades downward into 3 feet of altered
purplish sandstone, which is followed by a 6-foot-thick
dike of silicic porphyry above a 20-foot-thick sandstone
horizon. Further unidentified volcanic rock underlies
the sandstone. Petrographic examination of speci-
mens of sandstone from near the contact with volcanic
rocks shows the sandstone to be partly recrystallized.
It is clear that at least some of the alteration of the
sandstone is due to dike intrusion, but volcanic rock at
the bottom of the series may represent lava. Faulting
again largely obscures the stratigraphic relationships in
this locality.

Aerial photographs of the Ash Shatt area show
Cretaceous sandstone resting unconformably upon
basement rocks and dipping about 15° SW. Strike
faulting has resulted in a series of small cuestas with
volcanic rocks covering lower slopes and valley bottoms.
It appears that volcanic layers may be interbedded
with Cretaceous sedimentary rocks but it is difficult to
verify that this appearance does not result from repeated
faulting. Sandstone and volcanic rocks are cut by
numerous dikes which in this locality are steeply
inclined nearly at right angles to the dip of the sedi-
ments.

In summary, field observations show that volcanic
rocks are underlain by the greater part of the Cretaceous
sedimentary succession, but it is possible that volcanic
rocks are interbedded with the uppermost Cretaceous
strata.

Some 5 miles to the north-northeast of Al ‘Anad,
Jurassic fossiliferous limestone is overlain by Cretaceous
sandstone, the beds striking northwest and dipping at
about 20° SW. The sedimentary rocks are separated
from dominantly basaltic downdropped volcanic rocks
to the northeast by a normal strike fault. To the
southwest, volcanic rocks overlie Cretaceous sand-
stones. In the locality of Jabal al Munif intrusive
granite, at least in part of peralkaline riebeckitic type,
appears to postdate both sedimentary and volcanic
rocks. This conclusion is based on field observations
and the study of aerial photographs. To the south-
southeast of Jabal al Munif, apophyses and bands of
granite are invasive into volcanic rocks, and numerous
granitic dikes extend into and cut the volcanic rocks.
The Jurassic limestone at a locality about 1% miles
north-northwest of Jabal al Munif is similarly pene-
trated by a band of granitic rock, and contact meta-
morphic effects are recognized. In the area to the south
and southwest of Jabal al Munif, granitic bands, be-
tween 15 and 60 feet thick, alternate with volcanic
rock. Many of the silicic bands are of light-colored
microgranite. The whole assemblage is cut by later
mafic and silicic dikes.
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The alkaline granite of Jabal al Munif is distinguished
from earlier granite exposed to the west of the Al
Musaymir road some 2-3 miles northwest of Al ‘Anad.
Here Cretaceous sandstone rests upon the granite.

AGE AND ORIGIN

On the evidence available from the W.A.P., it is clear
that volcanic rocks of the Trap Series are younger than
the bulk of the Cretaceous sedimentary rocks of Nubian
type. In Yemen, rocks of the basaltic trap series were
stated to form interbedded layers in Cretaceous strata
in the Southern (and Western) Highland rim (Rathjens
in Wissmann and others, 1942). It is possible, there-
fore, that this is also true in W.A.P., where numerous
dikes associated with the Aden Trap Series cut Creta-
ceous beds. In Yemen, Geukens (1960) recorded
deposits interstratified with trap rocks, some of which
yield freshwater fossils of Tertiary age. No Tertialjy
deposits other than late terrace deposits are known in
W.A.P., but it is very probable that the bulk of the
Aden Trap Series is of early Tertiary (Paleocene?) age.
In summary, the Aden Trap Series is tentatively re-
garded as of Late Cretaceous to early Tertiary age.
The alkaline granite of Jabal al Munif, intrusive into
volcanic rocks, is considered to be of Tertiary age.

Aerial photographs of the Aden Trap Series show ash
cones and volcanic vents in several areas, for example,
between Al ‘Anad and Ad Dali‘. These have also been
seen in Yemen. In degree of weathering and reduction,
the vents and cones contrast with the fresher and more
clearly marked ash cones and craters of the later Aden
Voleanic Series. In Yemen Wissmann (in Wissmann
and others, 1942) recorded eruption fissures, many of
which are alined along directions parallel to the Red
Sea axis. In W.A.P., many of the dikes in the volcanic
rocks follow this direction, and some are apparently
intruded along fault planes. Thus, eruption fissures
may also have followed similar fracture planes.

GENERAL COMMENTARY

The Aden Trap Series exposed in the most western
region of the Aden Protectorate is part of an extensive
elongate outcrop of volcanic rocks associated with the
Red Sea and Abyssinian rifts. Evidence from the
Aden Protectorate and from neighboring regions sug-
gests that this mainly Tertiary vulcanism was initially
expressed in dominantly mafic basaltic lavas; sul?-
sequently the effusives became more silicic; trachytic
and rhyolitic flows resulted, with obsidian and rhyo-
litic obsidian, and interbedded tuff, as exemplified in
the Ghayl Barbar area of Aden. Basaltic rocks are
not, however, entirely absent in this assemblage. .

It is reasonable to suppose that the alkaline granite
intrusive at Jabal al Munif, Al ‘Anad, which appears to
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cut dominantly basaltic volcanic rocks, was emplaced
during this same phase of intermediate to silicic vul-
canism. As noted, granites of apparently comparable
age (Eocene?) have been reported in Yemen (Geukens,
1960); and in a postscript to his contribution Lamare
(1930) recorded that petrographic examination of rocks
from the area between Al Hudaydah and San‘a’,
Yemen, revealed sodic granite and sodic microgranite.

Following the phase of silicic effusion there occurred
a period of dike intrusion; the majority of the dikes
are of doleritic and basaltic composition. Dikes (of
this phase?) cut the alkali granite at Jabal al Munif,
and it may be that they are of later Tertiary age.

Although the volcanic rocks of the later Aden Vol-
canic Series are in appearance and in topographical
relations clearly distinguishable from the trap series,
they seem to be magmatically part of a continuous
series. The rhyolitic and trachytic rocks exposed in
Aden Colony, which seem to have preceded the basaltic
flows, may represent a continuation of the phase of
silicic vulcanism of the trap series. Thus there seems
to have occurred a cycle of effusions commencing and
ending with dominantly mafic magma.

The evidence from Aden Protectorate and neigh-
boring regions points to an alkalic olivine basalt
assoclation. Olivine basalts with alkalic affinities are
known from continental areas, including the east
African rifts, but in Aden Protectorate phonolites have
not been recognized. The conditions which tend to
be characteristic of the alkalic olivine basalt association,
that is, crustal stability and faulting rather than fold-
ing or orogeny, are satisfied in the Aden region. But
tholeiitic basalts are also characteristically found in
a nonorogenic continental environment, and the quasi-
horizontal extensive flows of Aden might well be identi-
fied with plateau or flood basalts. Against this,
however, it must be recalled that evidence for other
than fissure eruptions has been found and that regional
flooding of alkalic basalt is known in Palestine and
Syria.

In summary, such evidence as is available favors the
assumption of an alkalic olivine basalt association.

The dominance of olivine basalts in volcanic provinces
argues a magma of corresponding type as the parent of
derived rocks. This opinion may be said to be cur-
rently orthodox. A process of magmatic differentiation
involving fractional crystallization is also strongly
supported.

The association of vulcanicity with the east African
rift system, with the west Arabian (Red Sea) and
Levantine rifts, and with rifting in other regions is well
known. Although volecanic rocks are absent in certain
stretches, such as Lake Tanganyika, and the degree of
development is generally variable in other parts of the
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rifts, the causal relationship is clear. The mechanism
of rifting, connected with the basin-and-swell structure
of Africa as a whole (Dixey, 1956a) is the subject of
much discussion, but there is a large measure of agree-
ment that the linear tectonic features involved (geo-
sutures) are of great (primordial) age and great depth.
These extensive fracture zones were subject to a re-
crudescence of activity at intervals throughout
geological time.

Activation of the Red Sea-Ethiopian rift zone may
have been accompanied in the early stages by eruption
of basalt of deep-seated simatic origin. This suggests
activity along the fracture zone in at least early Tertiary
times. This dominantly basaltic effusion preceded
further movement along the rift zone, for rocks of the
Aden Trap Series were affected by faulting mainly of
northwest trend. Girdler (1958), basing his opinions
on gravity data, suggested that the intrusion of basaltic
material into a crack along the present center line of
the Red Sea caused subsurface movements which
originated rift faulting along the margins of the sea,
and that formation of the (present) wide fault trough is
a collapse effect ultimately due to movement of igneous
material into the fissure. He noted that stratigraphical
work in east Africa has shown that rift faulting has
repeatedly terminated periods of volcanic extrusion; he
included tensional effects in his account of possible
mechanisms.

It is possible that at a later date subsidence con-
tributory to the formation of the Red Sea trough
lowered crustal material to anatectic zones, and that
this, combined in some way with magmatic differentia-
tion, resulted in the eruption of alkali-rich volcanic and
granitic rock. Thus it may be that the alkali granite
exposed at Al ‘Anad and elsewhere does not form part
of a continuous granite series, but may be derived from
a relatively shallow magma basin. Eruption of this
alkali-rich phase may be of later Tertiary (Oligocene?)
age.

DIKE ROCKS

Dike rocks of three main classes are recognized in
the Protectorate, namely:

1. Dikes cutting basement rocks up to and including
the intertectonic igneous rocks. Dikes of this
class show a moderate degree of metamorphism
of mainly dynamic type. They were not involved
in the main period of regional (dynamothermal)
metamorphism. Their age is considered to be
later Precambrian.

2. Dikes showing no sign of deformation, which are
therefore considered to postdate the widespread
phase of dynamic metamorphism of late Pre-
cambrian date. Dikes of this class cut metasedi-
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mentary rocks of Wadi al Ghabar and posttec-
tonic plutonic intrusions, but they are not known
to cut Jurassic or later rocks. Their age is
tentatively regarded as early Paleozoic.

3. Dikes associated with the Aden Trap Series in the
southwest of the Protectorate. These are un-
metamorphosed. They may cut Jurassic and
Cretaceous sedimentary rocks, and lavas and
pyroclastic rocks of the trap series. They do not
cut postlower Miocene basalts. They are re-
ferred to as post-Jurassic dikes.

PRECAMBRIAN DIKES

Precambrian dikes cut rocks of the Aden Meta-
morphic Group and associated syntectonic granites in
many localities, for example, east of ‘Awabil and in
Waiadi Rayban, Wadi Ahwar, and Wadi Gharish.
Dikes of this class are particularly numerous in the
Mukayras-Khawrah region where they mainly post-
date mafic and granitic intrusions of the intertectonic
group; in several places they show chilled margins
against the granite. Andesitic dikes of the Mukayras
pass contain inclusions of intertectonic dioritic rock.

The obvious association of numerous dikes with the
plutonic intrusions of the Mukayras-Khawrah area,
where both plutonic and hypabyssal rocks show
conspicuous deformation effects, suggests a marked
phase of dike formation following intertectonic plu-
tonic intrusion. The presence of partly digested an-
desitic dikelike bodies in the Mukayras granite, which
form interrupted traces along a uniform strike direction
in the granite, may suggest a phase of dike intrusion
that followed mafic plutonic intrusion but preceded
granite intrusion. In general, dike intrusion probably
occurred intermittently in Precambrian times. Only
those rocks subsequent to the main regional meta-
morphism were recognized as dike rocks in the authors’
rapid reconnaissance. Many of the aplitic and micro-
granite dikes are thought to be associated with phases
of granitic invasion.

Precambrian dikes comprise varied lithological types
including basalt, dolerite, andesite and andesite porphy-
ry, mafic lamprophyre, quartz porphyry, porphyritic
granophyre, and felsite.

The thickness of the dikes ranges from 3 to 150 feet;
a 150-foot-thick doleritic dike cuts granite some 12
miles north-northeast of Mukayras. Data on strike
trends are given under ‘“‘Structure.’”” Dikes of peg-
matite and feldspathic rocks are referred to under
“Granitic rocks.”

The petrography of representative dike rocks is
illustrated in the following examples.

A specimen of altered dolerite from the Mukayris
locality (A102) is composed of augite, calcic plagioclase,
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and large plates of iron oxide minerals. Augite is
partly replaced by green fibrous amphibole transitional
to chlorite, and plagioclase is epidotized. The ophitic
relationship between augite and plagioclase laths is
clearly seen. Evidence of stress is provided by bent
pyroxenes. The rock appears to have been subjected
to incipient greenschist metamorphism.

A dike of altered gabbro from Thirah (Lawdar)
similarly shows incipient transition to a greenschist
assemblage. The original ophitic texture is partly
preserved, but pyroxene is converted to actinolitic
amphibole, and plagioclase is albitized (A96).

A specimen of altered porphyritic granophyre from a
dike 3 miles north of Mukayras (A104) shows pheno-
crysts of perthitic potassic feldspar, as much as 5 mm
long, and phenocrysts of epidotized plagioclase in a
groundmass of feldspar, quartz, epidote, and chlorite.
Quartz is full of shatter cracks. The groundmass may
possibly be recrystallized.

In the Khawrah district silicic and mafic dikes show-
ing moderate metamorphism include altered dolerite
and granophyric microadamellite.

A dike cutting schists of Wadi Gharish is composed
of slightly deformed uralitized dolerite or microgabbro,
and contains basic plagioclase laths as much as 4 mm
long. Much of the pyroxene is converted to uralite
showing deformation effects and passing marginally to
actinolite. Deformation is also seen in slightly bent
feldspars.

LOWER PALEOZOIC(?) DIKES

Dikes of dolerite, aplite, and microgranite which cut
metasedimentary rocks of Wadi al Ghabar and post-
tectonic granites at Nisab, Sa‘id, and Burim show no
sign of deformation, and where sedimentary rocks over-
lie granites cut by these dikes, the dikes do not penetrate
the Jurassic and later rocks. Dikes of this class appear
to represent the last phase of intrusive igneous activity
in the eastern part of the Protectorate. They are
clearly pre-Jurassic and their probable connection with
the later phases of igneous intrusive activity leads to
the suggestion of an early Paleozoic age. Posttectonic
granites of several areas have been dated by radio-
activity methods as being of this age.

POST-JURASSIC DIKES

Post-Jurassic dikes associated with the Aden Trap
Series, are described on page C44. Dikes of this
class have been recognized cutting basement rocks
in Wadi Dar, southeast of Al Kirsh, where they trend
west-northwest across basement foliation strike. It is
possible that dikes of unmetamorphosed andesite and
dolerite cutting metamorphosed basement rocks at
Jabal ath Thaniyah may also be of this class. In
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general, however, post-Jurassic dikes appear to be
restricted to the southwestern part of the Protectorate,
where they are commonly seen to cut Cretaceous sand-
stone, as at ‘Awabil. Dikes of varied composition also
cut the alkaline granite of Jabal al Munif, Al ‘Anad,
which is considered to be of Tertiary age.

SEDIMENTARY ROCKS

In the Western Protectorate, sedimentary rocks are
mainly confined to an east-northeast- to east-trending
belt, averaging 20 miles wide, between lines running
northward from Aden and from Ahwar: faulted sedi-
mentary rocks mark the western margin of the main
basement block, and restricted outliers occur at Al
Mahfid and elsewhere in the basement-rock areas.
Sedimentary rocks are also exposed in salt domes of the
Ramlat as Sab‘atayn.

JURASSIC

The oldest exposed sedimentary rocks are Jurassic in
age and rest with well-marked unconformity on the
weathered surface of the basement rocks. The se-
quence exposed includes the Upper Middle, and
possibly Lower Jurassic, and was first named by
Lamare (1930), as follows:

Upper Jurassic (Callovian to Ti-

thonian_ _____________________
Middle to Lower Jurassic(?)______

Amran Group
Kohlan Formation

KOHLAN FORMATION

The Kohlan Formation is lithologically rather uni-
form, comprising light-colored sands, sandstones, and
marls together with pebbly and conglomeratic basal
layers incorporating recognizable fragments of basement
rocks. There is a gradational contact with the Upper
Jurassic member, arenaceous beds passing through
sandy limestones and gritty marls to limestones of
Callovian to Oxfordian age. No fossils or plants have
been reported from the Kohlan Formation either in the
Yemen type section or in the Eastern Protectorate
where the formation is more extensively exposed.

AMRAN GROUP

The Amran Group has been subdivided (Beydoun,
1960), as follows:

Coastal area Salt domes
Naifa Formation__________ Naifa Formation
Madbi Formation_________ Sabatayn Formation

Ayadh Member
Layadim Member
Shabwa Member
Shugra Formation_ _______ Shuqra Formation(?) unexposed
The Amran Group is of variable facies and thickness,
the latter due partly to erosion. In coastal areas it is
a marine succession of limestones and marle, the neritic,
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shallow-water facies of the Shuqra Formation passing
upward into the more open sea deposits of the Madbi
Formation and terminating again in shallow-water
sandy beds of the Naifa Formation.

Inland, among Jurassic strata exposed in the various
salt domes, the Shuqra is not seen but is presumed to be
present, the lowest visible beds being evaporites of the
Sabatayn Formation, which is considered to be equiva-
lent to the coastal Madbi Formation.

The Naifa Formation is of similar facies throughout,
in both coastal and inland-sections, and represents the
northward spread of open-sea conditions.

A section of the Shuqra Formation capping the base-
ment rocks was examined at Al Masani‘, Abyan dis-
trict; it consisted of about 230 feet of well-bedded gray
limestones, veined with calcite, and thin marls.

Fossils identified by the British Museum (Natural
History) included the following: Gryphaea costellata
(Douville), Ceratomya sp. (possibly C. wimmisensis
(Gillieron)), Modiolus imbricatus (J. Sowerby), Brachi-
dontes (Arcomtilus) laitmairensis (de Loriol), Lima
(Plagiostoma) sp., Limatulas sp., Sphaeriola? sp. (pos-
sibly S. madridi (d’Archiac)), and Globularia cf. G.
chauviniana (d’Orbigny). On the basis of Gryphaea
costellata, the most useful species for correlation, a
Bathonian or Callovian age is assigned to this assem-
blage.

Other specimens taken from Al Masani‘ included:
Daghanirhynchia daghaniesis Muir-Wood and varieties,
Bihenithyris barrington: Muir-Wood and varieties, and
Bihenithyris weiri Muir-Wood. These species resemble
the fauna, described in 1935 by Muir-Wood, from the
former British Somaliland and are taken to be of
Callovian age.

At Bilh, near Al ‘Anad, a 230-foot section of well-
bedded dark gray limestones and thin marls, capping a
south-dipping basement block, yielded specimens of
Isastraea sp. This is a well characterized species that
appears to be new and to be allied to I. kosodeensts
Eguchi from the Upper Jurassic limestone of Japan.
According to the British Museumm (Natural History)
no definite age can be assigned to it, for the range of the
genus is Middle Jurassic and Cretaceous, but a Late
Jurassic age is probable. A more complete faunal as-
semblage from the Shuqra Formation has been described
by Hudson (1954), from a locality near the town of
Shugra.

The Madbi Formation succeeds the Shuqra Forma-
tion and occurs in all Jurassic sections unaffected by
erosion. It consists of a series of marls, many of which
are gypsiferous, with scattered beds of gypsum, and
thin rubbly fossiliferous limestones. Its lower contact
may be locally disconformable as in Wadi Gharish
(Beydoun, 1960) but the upper contact is conformable
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cordantly with intricately folded country rooks, provide
structural evidence for syntectonic granite invasion,
because the bands are associated with these granites.

Rocks showing evidence of polymetamorphism, which
have undergone at least two periods of stress, are those
classed as the Aden Metamorphic Group and the
associated syntectonic granites. A second class of
rocks shows mainly the effect of dislocation metamorph-
ism, such as deformation of mineral components,
cataclasis, and shearing. This class comprises the
intertectonic igneous rocks of W.A.P. and the older
voleanic and Wadi al Ghabar metasedimentary rocks
of E.AP. The later metamorphism which affected
these rocks operated at effectively higher levels, owing
probably to some denudation of cover rocks between
the time of the earlier mesozonal metamorphism and
the later epizonal effects. The latter resulted in the
imposition of strainslip cleavage upon basement rocks
over a wide region, extending from southwestern
Hadhramut to the western part of the Protectorate.
An example of this is seen in an eastern tributary to
Wadi Gharish, where platy quartzitic rock is inter-
bedded with more argillaceous sandstone. Fracture
cleavage making a high angle with bedding planes is
strong in the less competent member. Shear zones
present in a number of areas are exemplified by that
seen in the Mukayras pass where dioritic rock of the
intertectonic igneous phase is cut by shear planes at
steep angles, along which is phyllonitic rock.

To summarize, the available evidence indicates at
least two important stress periods. The earlier period
affected basement rocks in a partly plastic state and
resulted mainly in close isoclinal folding of similar type.
Axial planar foliation was developed due to metamor-
phic recrystallization. A later period of stress appears
to have caused some refolding of foliated basement rocks
and folding of the later Wadi al Ghabar metasedimen-
tary rocks. At this stage fracture cleavage was de-
veloped and is shown in the multidirectional cleavage
planes of the older volcanic rocks of E.A.P. and in many
of the W.A.P. basement rocks. This strainslip cleavage
does not appear to have progressed through recrystalli-
zation to the production of schistosity or gneissic
banding, and it does not obliterate older structures,
some of which are expressed as contortions of earlier
schistosity. Shearing and cataclastic deformation also
resulted from the later stress phase. Granitic intru-
sions of presumed early Paleozoic age have not been
similarly affected.

POSTBASEMENT STRUCTURE

The structural features associated with postbasement
rocks of the western part of the Protectorate must be
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considered in relation to the Eastern Protectorate where
by far the greater proportion of Jurassic and later rocks
are exposed. Beydoun (1961) gave a full account of
these rocks in E.A.P., from which data have been ex-
tracted and are included in the following discussions.
Reports of restricted occurrences of Paleozoic rocks in
W.A.P. (Jaques, unpublished data, 1952) have not been
confirmed in the recent survey.

Late Jurassic-Early Cretaceous structure.—Beydoun
reported faulting and local folding associated with
faulting in E.A.P. in late Jurassic or Early Cretaceous
times. He adduced evidence for movements at the end
of deposition of the Shuqra Formation (Lower Ox-
fordian), suggesting emergence and the rise of a barrier.
At the end of Shuqrah times this barrier was assumed to
have isolated an evaporitic inland basin in which the
Sabatayn Formation (correlated with the Medbi, over-
lying the Shuqra Formation) was deposited. Intra-
formational conglomerates in the Naifa Formation
[Upper Kimeridgian-Tithonian] indicate erosion of an
emergent barrier which was overcome to allow the
Naifa Formation to spread inland over the evaporitic
basin, and to overlie the Sabatayn Formation as it
overlies the Madbi Formation. The exact position of
the postulated Jurassic barrier is not known, but it may
have been alined westward to the south of the axial
region of the present south Hadramawt arch.

At the end of the Upper Jurassic, faulting took
place. According to Beydoun, this appears to have
been mainly block faulting, perhaps due to relaxation
from uplift. The fault direction is dominantly north,
but some east-trending fractures are also present.

Beydoun noted that the terminal Jurassic movements
divided the territory into major north-south highs and
lows, which were differentially eroded before the Cre-
taceous cover was laid down. The north-south features
extend across the whole territory and were thought to
be due to faulting along old trends in the basement
rocks. The most important uplift is the Mukalla high.
A subsidiary high was noted in the eastern part of
W.AP.

Over the western part of the Protectorate little in-
formation concerning Jurassic structural conditions can
be obtained, as Jurassic rocks in this region are pre-
served as faulted blocks and strips of fairly restricted
extent. Jurassic strata are preserved along the faulted
escarpment extending southwestward from near ‘Ataq
toward the coast and also in an area of complex faulting
to the south of Mayfa‘ah, Al Wahidi. From the
neighborhood of Al Mahfid west-southwestward to the
longitude of Aden, Jurassic together with Cretaceous
rocks on the basement rocks are preserved in places by
faulting in mainly east-northeast to east directions.



C62

Jurassic rocks also occur in an area of mainly northwest
faulting at and to the east of Al ‘Anad.

The salt domes of ‘Iyadh, Lai’adin (Ayadim) (about
38 miles N. 64° E. from An Nuqtb, Bayhin) and of
the Shabwah area are present in rocks of the Sabatayn
Formation. The Naifa Formation is represented in the
‘Iyadh dome.

Cretaceous structure. —Beydoun recorded no important
faulting or folding in the Eastern Protectorate during
the Cretaceous, but epeirogenic subsidence and local
uplift was thought to have occurred. He noted that
in Aden Protectorate and in the former Somaliland
Protectorate the overall trend of facies lines is north,
indicating new easterly tilt of the land surface and
transgressions from the east.

In the west-central subcoastal areas of the Aden
Protectorate, Cretaceous beds resting upon Jurassic
strata are preserved in faulted strips. To the east of a
line between Ad Dali‘ and Al ‘Anad, Cretaceous rocks
crop out at the margin of volcanic rocks of the Aden
Trap Series, which they appear to underlie in the south-
western areas of the Protectorate. Their relation to
the trap series is difficult to discern because in most
places the contact is one of faulting. The balance of
evidence suggests that volcanic rocks are later than
exposed Cretaceous strata. At ‘Awabil and Al ‘Anad,
Cretaceous sandstone rests directly upon basement
rocks. The evidence indicates marine transgressions
from a easterly direction, advancing up the slope of the
tilted Arabian shield and resulting in a diminishing
thickness of deposits from east to west. In the western-
most parts of the Protectorate, continental (and possibly
lagoonal) deposits replace the marine deposits of the
east.

Paleocene and FEocene structure—No faulting or
folding was recorded by Beydoun in the early (Paleo-
cene) stage of the Tertiary subsidence in E.A.P., but
in Paleocene and middle Eocene times the progressive
development of the biaxial Hadramawt arch began.
This feature attained its present form about the end of
the Eocene, but the collapsed south flank resulted
from faulting in the later Tertiary.

Beydoun noted that the structure is divided into
north and south arches by an intervening gentle
syncline, all the folds trending west-southwest in
Hadramawt, but swinging to the east in Al Mahrah.

The south Hadramawt arch is intersected in the
west by a zone of west-northwest faulting across its
axial line, and the arch loses its identity toward the
Western Protectorate border. The flanks of the folds
show very gentle dips amounting to about 1° overall,
but the southern flank of the south arch is in the form
of a broken scarp owing to extensive faulting associ-
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ated with the Gulf of Aden rifting. Beydoun regarded
the arching as due to warping rather than faulting.

Eocene sedimentary deposits are barely represented
in W.A.P., but the Eocene structural history of E.A.P.
is relevant to the study of the W.A.P. structure. The
Hadramawt folds discussed by Beydoun (1961) are
shown on plate 2. The fact that these die out in the
region of a major fault zone of northwest trend, which
throws strata to the east against western basement
rocks, reinforces stratigraphic evidence for thinning
of Eocene deposits to the west and suggests that the
fault zone referred to was active in Eocene times,
being associated with basement uplift and reduced
sedimentation. In view of the occurrence of Eocene
sedimentary rocks at Al Mahfid, west of the present-
day faulted escarpment, it cannot be postulated that
the fault zone referred to limited the westward ex-
tension of Eocene deposition. Nevertheless, it would
seem that this zone of faulting lies on or near the eastern
border of a regional uplift that resulted in the present
exposure of the main mass of basement rocks in W.A.P.
To the west of this fault zone all strata of Jurassic and
later age are in faulted relationship to basement rocks,
as opposed to forming an extensive cover, as is true to
the east. The near-complete absence of down-faulted
remnants of Eocene rocks over the western area strongly
suggests that these were not deposited over most of the
region.

It may be inferred that the elevation of the basement
rocks in the western part of the Protectorate formed a
barrier to the westward advance of Eocene transgres-
sions. This elevation was of epeirogenic type. It
is reasonable to correlate this uplift with the incidence
of voleanic activity of Late Cretaceous or early Terti-
ary age that occurred in the southwest. The original
eastward limit to the spread of these volcanic rocks of
the Aden Trap Series is not known but they are sepa-
rated from uplifted basement rocks by faulting, a major
zone of which trends north-northwest to the east of
a line between Ad Dali‘ and Al ‘Anad. The extension
of the eastern boundary of the volcanic rocks into
Yemen, as mapped by Geukens (1960), suggests that
the volcanic rocks are preserved in a depressed zone
flanked to the east by a tectonic ridge trending generally
north-northwest.

Oligocene and Miocene structure.—Beydoun stated
that subsidence and progressive marine ingression
from east to west occurred in the Gulf of Aden during
the Oligocene and Miocene times, and he considered
that during this phase of relaxation from compres-
sional uplift, associated with the development of the
Hadramawt arch, normal faulting parallel to the axis of
folding broke up the south flank of the (south) arch.
Coastal Oligocene and Miocene deposits (Shihr Group)
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Faulting in the Aden Trap Series.—The Red Sea
trend (s.l.) is dominant in faults cutting the Aden Trap
Series in the southwest of the Protectorate and many
of these faults follow the true northwest-southeast Red
Sea direction. The volcanic rocks were originally dis-
posed in subhorizontal sheets, but over much of the
area they are tilted by strike faults and dip generally
to either the northeast or southwest. In several areas,
for example, southwest of Al Musaymir and northwest
of Ghayl Barbar, Cretaceous sandstone is exposed in
the volcanic area by faults of Red Sea trend.

The ‘Iyadh fault zone.—In southwestern Haradmawt
a zone of faults trending west-northwest to northwest,
expressed largely in Eocene sedimentary rocks, can be
followed from ‘Iyadh to the locality of Neifa on Wadi
Hajr. Here the clear expression of this trend is lost in
complex faults that follow several directions. Against
this zone of faults of Red Sea trend (s.l.), the southern
anticlinal fold of the Hadramawt arch fades out. To
the east, faulting in the sedimentary cover trends dom-
inantly east or east-northeast. Although faulting on
west-northwest lines occurs in the Ra’s Sharwayn-Ra’s
Fartak area, it is likely that this differs from the ‘Tyadh
zone of faulting in origin and time of initiation. Bey-
doun (1961) suggested that some of the faulting on
west-northwest lines may have developed during the
culmination of geanticlinal warping as a form of ad-
justment to differential crustal shortening, and he sus-
pected that some transcurrent movements involving
the Gulf of Aden trend may be associated.

The zone of faults extending southeast from ‘Tyadh
is flanked at its southeastern end by an area of exposed
basement rock that extends eastward to Al Mukalla.
Beydoun (1961) recorded an old high of igneous base-
ment rocks in the Al Mukalla area. He suggested that
this feature was formed by uplift during post-Jurassic
faulting but that this movement could have been one
of rejuvenation. These observations support the sug-
gestion that the ‘Iyadh fault zone is the expression of a
reactivated ancient fault trend connected with the up-
lift of the Al Mukalld high and resulting in a comple-
mentary depressed area between this and the main
block of presently exposed W.A.P. basement rocks to
the west, the latter being also margined by the ‘Ataq
zone faults of Red Sea trend. In this depressed zone,
basement exposures are limited, although the elongate
basement range of Jibal al Aswad forms a prominent
feature flanked by west-northwest-trending faults paral-
lel with the foliation strike. The expression of reju-
venated(?) Red Sea trend faulting (s.l.) in the sedi-
mentary cover of the depressed zone, as contrasted
with the greatly reduced expression to the east, may
be related to the reduced thickness of Tertiary cover,
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which is also reflected in the fading of the Hadramawt
arch to the west. It is noted that in former Somaliland
Protectorate, faults of Red Sea trend (as other faults),
that extend inland from the sunken coastland (base-
ment) region die out as they penetrate the sedimentary
plateau (Somaliland Oil Exploration Company, Ltd.,
1954, p. 33-34).

Apart from the zones mentioned above, faults of
Red Sea trend (s.l.) occur over much of the basement-
rock region; they may cut across foliation strike
directions as in the Wadi Bana area southwest of
Mukayris, and in the Bayhan area. These faults may
throw to northeast or southwest. In Wadi Ahwar a
small reverse fault, striking northwest, dips steeply to
the northeast and throws down to the southwest.

FAULTING OF AUALITIC TREND

Faults following the northeast Aualitic trend, parallel
with the main Ethiopian rift direction, occur in the
western part of the Protectorate, as in Yemen, but
they are comparatively few. In the E.A.P. significant
faulting on this trend is apparently not recorded.
In common with faults of other classes, faults of Aualitic
trend may swing to follow other trends.

A major fault of this trend runs for some 25 miles
parallel with the fault scarp of the Kawr al ‘Awadhil
passing to the north of Lawdar. It is probable that
this fault, or a parallel fault, extends farther to the
northeast along the Wadi Duri. The fault follows
basement strike.

In the region to the east of the upper Wadi Bana,
faults of Aualitic trend are somewhat transverse to
basement-rock strike. The longest of these can be
traced for 25 miles before it swings to an east-northeast
direction in the southwest. Other faults of the same
trend cut basement rocks and Jurassic and Cretaceous
rocks northwest of Ar Rawdah, to the north of Aden,
and in the area south and southeast of Bayhan.

FAULTING OF GULF OF ADEN TREND

As noted, the Gulf of Aden trend strictly refers to
faults trending east-northeast. Many faults that
follow this direction over part of their course swing to
east or even west-northwest trends. These are all
included under Gulf of Aden trend (s.l.).

The distribution of Gulf of Aden faults in W.A.P. is
fairly uniform except that their expression is much
restricted in the Aden Trap Series in the southwest.
Few of the individual faults of this class are of great
length, but a nearly continuous line of faults some 28
miles long through Wadi Habban and Yashbum is
noted. Further extensive faults on the same trend
occur south and southwest of Al Mahfid.
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Faulting of the Gulf of Aden trend is mainly re-
sponsible for the preservation of elongate strips of
Jurassic and Cretaceous sedimentary rocks in the
basement-rock area in the coastal zone between the
longitudes of Aden and ‘Irqah. The width of these
faulted blocks generally does not exceed 4 miles and in
many places is less than 1 mile; in length a practically
continuous strip extends for some 80 miles. Traverses
inland in a north-south direction may cross four or
more of these faulted blocks with intervening basement
rock or basalts of the Aden Volcanic Series, as between
Shuqrah and Lawdar. The characteristics of many of
these faulted blocks is exemplified by that occurring
some 30 miles northwest of Ahwar. Here Jurassic
limestone is preserved by normal faults striking parallel
with, and dipping northward in the same direction as,
basement strata—that is, parallel with basement
bedding planes. The Jurassic beds of the tilted block
dip southward in the opposite sense to basement
foliation (and relic bedding) and rest upon basement
rocks to the north. Similar fault blocks occur to the
northwest of Shuqgrah and at the northern edge of the
coastal plain north of Aden; in these blocks tilted
sedimentary beds dip at about 25°-30° S. against
strike faults downthrown to the north. The dip of the
fault planes is about 50°. In some places the faults
throw sediments down against basement dip in the
opposite sense to basement foliation, as in the area
8 miles west of Nusah, where faults are downthrown
to the south.

Wissmann, Rathjens, and Kossmat (1942, p. 293)
recorded, near the foot of the Kawr al ‘Awadhil,
narrow ridges of basement rocks bearing nappes of
Jurassic limestone dipping south-southeast. These
form narrow fault blocks bounded by faults that
strike east-northeast and dip north-northwest. The
distance from fault to fault is estimated at2-3 km on
the horizontal, so that a “staircase’”’ of narrow fault
blocks is formed. The fault planes dip in the opposite
direction to the faulting responsible for the main scarp.
With respect to this main fault, the faulting of the
stepped blocks may be described as antithetic. The
fault planes of these blocks run parallel with the
(relic) bedding planes of the basement rocks which
form preferred directions for the downthrow faults.
Wissmann suggested that the tilt direction of the
faulted sedimentary blocks is inversely related to the
dip of the basement strata.

These observations accord with the relations seen in
many of the faulted sedimentary blocks in basement-
rock areas, but as noted above there appears to be no
constant relation between the direction of throw of
the faults, and hence tilt of the blocks, and dip direction
of the basement rocks.
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Although faults ot Gulf of Aden trend in several
areas, and particularly in the west-central part of
the Protectorate, run parallel with basement strike,
this coincidence is not universal.

A few faults of Gulf of Aden trend occur in basalts of
the Aden Volcanic Series, between Shugrah and Ahwar.

In E.A.P., faults trending east and east-northeast
are numerous, particularly on the south flank of the
Hadhramut arch, as noted by Beydoun (1961).

GENERAL

Faults in the Aden Protectorate are generally of
normal type, as expressed at the surface. Minor re-
verse faults occur in basement rocks, as in the Ahwar
district, and a small thrust fault involving Cretaceous
and Jurassic beds is recorded in the lower Wadi Hajr
of E.AP.

In some places the normal fault probably represents
the latest increment of movement along ancient shear
directions in which earlier deeper movements were of
transcurrent or wrench faulting. This seems particu-
larly likely for northwest- and northeast-trending
faults, which show long and straight traces and in which
the dip of the fault plane is high. Faulting on these
trends may occur as a complex zone, which is again a
common expression of deep wrench faulting. Con-
siderable variation in throw along the strike of these
faults is seen.

Although shear planes in basement rocks are widely
seen, no conclusive evidence for transcurrent faulting
can be presented. However, aerial photoraphs of
folded basement rocks in an area south of Al Mahfid
show long and straight faults on Gulf of Aden trends,
in which displacement of steeply dipping beds may be
as much as 800 yards (fig. 24). In E.A.P., faulting in
a west-northwest direction was suspected by Beydoun
(1961) of being related to transcurrent movement, and
he suggested tangential stress, due to horizontal com-
ponents of fault movement, as a factor in the develop-
ment of salt diapirism.

In former Somaliland Protectorate, in a similar tec-
tonic setting, faults of Red Sea trend (a) show high-
angle to vertical dip of fault planes; (b) frequently
attain a large throw and then die out abruptly; (c) may
occur as scissor faults; (d) are frequently arranged en
echelon; and (e) have generally straight courses. These
characteristics may be the surface expression of buried
wrench faults. It must be added, however, that
mylonitized zones were not recorded by Somaliland
Oil Exploration Company, Ltd. (1954).

For the present it must be enough to recognize that
a number of the major faults of Aden Protectorate may
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GENERAL COMMENTARY ON STRUCTURE

Many workers have made reference to the structural
history of the Gulf of Aden and surrounding region,
which is of particular interest insofar as it includes
the confluence of the tectonic features of the Red
Sea, Gulf of Aden, and Ethiopian rifts. Mention
may be made of the work of Gregory (1921), Krenkel
(1925), Lamare (1936), Picard (1937), Cloos (1939),
Wissmann, Rathjens, and Kossmat (1942), and Carey
(1958), although this by no means exhausts the list.
There is considerable divergence in the views expressed,
centering mainly on the relative importance of ten-
sional, compressional, and drifting mechanisms.

Hitherto few data have been available regarding
basement strike and faulting pattern in W.A.P. Of
the several main hypotheses that might be advanced
to explain the broad structural features of the region,
that based on the concept of the regmatic shear pattern
shows most promise of eventual reconciliation with
the facts. This concept has developed through the
work of Hobbs (1911), Vening Meinesz (1947), Moody
and Hill (1956), and others. The term ‘regmatic
shear pattern” was introduced by Sonder (1947).

According to this concept the earth’s crust is inter-
sected by major shear lines of worldwide distribution,
those directed northwest and northeast being primary
shear directions. The primary shear directions may
be associated with subsidiary directions trending north
and east, and in other directions orientated sym-
metrically with regard to the major primary stress.
The actual expression of shearing may depart from
the directions derived from purely theoretical con-
siderations. These shear lines are considered to be
of ancient—primordial—origin but are subject to
reactivation at various periods following renewal of
stress, which may result in further transcurrent shear-
ing, or in tension or compression. Stress acting upon a
segmented crust may result in differential movement
along margins of basement blocks, in block jostling,
and in complex movement of basement blocks beneath
a sedimentary cover. As noted before, transcurrent
or wrench faulting at depth may be translated into
essentially vertical movement at the surface.

It is beyond the scope of this paper to consider in
detail the evidence for the existence of these ancient
shear zones, but it is noted that Precambrian effects
associated with, and alined along, Jurassic and Tertiary
east African rifts include thrusting, shear zones, my-
lonitization, igneous intrusion, and migmatization.
Stocks’ (1941) chart of the Gulf of Aden shows a
series of submarine ridges and channels in the eastern
part of the Gulf which trend northeast along a primary
shear direction.
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Considered in terms of the regmatic shear pattern,
the fault pattern of the Protectorate may be resol.ved
into primary northwest and northeast shear directions
and subsidiary shear directions, among which the
Gulf of Aden east-northeast trend would be classed as
a second-order shear direction.

The major fold axes of the Protectorate basement
rocks trend in various directions, but this of itself
does not necessarily imply differing directions of
primary stress. Evidence on the earlier structural
history of the Protectorate clearly suggests a number
of major features trending generally north. In the
E.A.P. occurs the basement-rock high of Al Mukallg;
the main basement block of W.A.P. may represent a
swell trending generally north; terminal Jurassic
movements in E.A.P. are thought to have divided
the territory into major north-trending highs and lows.
Old north structural trends are known in several areas
in south Arabia and a system of meridional troughs
and swells may be suspected in this region. These
observations might suggest that stress affecting the
older rocks of the Protectorate involved a dominantly
east, rather than north, component, and this is sup-
ported by the fact that in the north part of the Pro-
tectorate, away from the influence of the Gulf of
Aden shear zone, the basement strike shows a strong
north component which is continued over much of
western Saudi Arabia and Yemen. (In Saudi Arabia
folds trend mainly north, northeast, and northwest.
In Yemen the older Wadi Medina Series strikes
generally north.)

It is probable, however, that most, if not all, of the
highs referred to were due to, or accentuated by,
faulting following regmatic shear directions. The
question arises as to the nature and orientation of the
stress causing these faults. There is no direct answer
to this, but the mechanism of uplift may have been
controlled by faulting along northwest-southeast lines
resulting from primary compressional stress in an
east-west sense. The main basement block is bounded
to the east and west by faulting on these lines; that
the elevation of Al Mukalla high is also due to such
faulting is to some extent supported by the fact that
the complementary depressed area to the west of Al
Mukalls is also bounded to the east by a fault zone
of Red Sea trend. That faulting of this trend was
originally of transcurrent type and was caused by
dominantly east-west stress is supported by evidence
from western Saudi Arabia. Here, Brown and Jackson
(1960) recorded a number of major northwest-trending
faults, of which the most prominent, the Nejd wrench
fault, apparently shows sinistral movement, as the
northern block, has moved westward with respect to
the southern block. The entire pattern was said to be
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that of a regional force couple. It was also noted that
slight movement is seen in the Cambrian and Ordo-
vician sandstone where the Nejd fault disappears
beneath the Paleozoic basin to the north but no evidence
of movement was seen beneath Permian limestone at
the southeastern extension. Indications that major
northwest-trending faults in the Protectorate may
have originated as transcurrent movements have been
noted elsewhere. In summary, it seems likely that
the general directon of stress causing these faults was
east-west.

It has been stated that the basement strike direction
swings from being alined roughly parallel with the
Gulf of Aden to becoming parallel with the northwest-
trending ‘Ataq-‘Irqah fault zone. This could result
from transcurrent movement along this zone and the
consequent drag effect on deeply buried basement rocks,
but the observed structure of the wider basement-rock
region could not result from movement along faults of
Red Sea trend only. The structure observed is, how-
ever, commensurate with movements reflected from
major northwest-trending fault zones (possibly repre-
sented by the ‘Ataq zone and its extension into Yemen,
and a zone alined along the Red Sea axis) in combination
with similar movements along a zone parallel with the
Gulf of Aden. The overall trend of basement strike
in the southern more coastal region of W.A.P. is
approximately parallel with the geosuture now marked
by the Gulf of Aden and provides an example of folding
and foliation parallel with the controlling fracture
belt. In the northern part of W.A.P., the influence
of the Gulf of Aden geosuture wanes as a controlling
factor in basement structure, and a more complicated
pattern results from the increased influence of shear
zones of other trends.

The preceding suggestions are necessarily specula-
tive, but it is considered that some such translation of
an east-west primary stress, transmitted through trans-
current movement along ancient shear zones, best fits
the observed structure. Relatively minor and local
variations in stress distribution is attributed to base-
ment block jostling.

The structure of the older basement rocks may, with
some confidence, be attributed to the interplay of
shearing movements along different trends and may be
ultimately related to a primary east-west stress. It is
somewhat difficult to explain in the same context the
more uniform approximately north strike of the Wadi
Ghabar metasedimentary rocks and their suggested
equivalents in former Somaliland Protectorate, the
Inda Ad Series. There is evidence from the Arabian
shield region, as elsewhere, that shearing and trans-
current movements at depth are commonly not re-
flected along the same fault zones at higher levels,
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where vertical movement is apparent. It is therefore
possible that with reference to the latest (uppermost)
Precambrian rocks of Wadi Ghabar and the Inda Ad
Series, no effective reorientation of the primary east-
west stress has occurred.

Postulation of east-west stress as the controlling
factor in basement tectonic rocks must be reconciled
with the later fold structures of E.A.P., where the folds
of the Hadramawt arch, expressed in Eocene sedimen-
tary strata, trend east-northeast to east. Beydoun
(1961) regarded this feature as due to warping and pos-
sibly resulting from regional compression connected
with some transcurrent movement along the Gulf of
Aden. The dips on the flanks of this arch are very
low—generally about 1°. It seems equally possible
that the arching is due to faulting and flexuring con-
nected with the Gulf of Aden graben, essentially as
outlined by Wissmann, Rathjens, and Kossmat (1942).
Certainly much of the normal faulting on Gulf of Aden
lines in W.A.P., which has led to the preservation of
tilted blocks of Jurassic and Cretaceous strata in base-
ment-rock areas, is attributed to tension accompanying
the later phases of the formation of the Gulf of Aden.

It seems clear that although the Gulf of Aden rift is
here considered to be alined along a compressional
shear zone of ancient origin, the latest manifestations
of rift formation are of tensional type. Since Oligocene
and Miocene times, and probably since Late Jurassic
times, movements in the Gulf of Aden have been
epeirogenic. In this movement, the fault zone of the
Gulf of Aden appears to have become depressed relative
to the intermittently rising plateau areas on either side
of the Gulf.

SUMMARY OF GEOLOGICAL HISTORY

The following sequence of events is suggested for
the western part of the Aden Protectorate:

1. Deposition of sediments, probably upon a planed
surface of older gneiss, accompanied by volcanic
activity.

. Intrusion of mafic igneous rocks.

. Folding and regional metamorphism of sedimentary
and mafic igneous rocks to form the Aden Meta-
morphic Group, accompanied by syntectonic
granite invasion, granitization, and migmatiza-
tion. The metamorphism was mainly of meso-
zonal type, reaching grades appropriate to the
almandine-amphibolite facies.

. Intermittent uplift of the region.

5. Intrusion of intermediate to mafic plutonic rocks,
mainly dioritic, followed after a short interval by
intrusion of calc-alkaline granite. Production of
contaminated rocks. (In E.A.P. approximately
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contemporaneous extrusion of andesitic volcanic
rocks occurred.)

6. Major phase of silicic and mafic dike intrusion.

7. Uplift and denudation of the region and deposition
of sediments so derived in fairly local basinal
areas. These deposits are represented by the
Ghabar Group of E.A.P., but apparently are
not preserved in W.A.P.

8. Widespread epizonal metamorphism mainly charac-
terized by deformation, shearing, cleavage, and
cataclasis.

9. Planation of basement rocks, followed by deposition
of lower Paleozoic sediments. (This stage is
particularly conjectural and based on data from
adjoining regions.)

10. Intrusion of posttectonic calc-alkaline granites,
some of which are dated by radioactivity methods
as of Cambrian age. Certain mafic plutonic
intrusions may have been emplaced at this stage.

11. Phase of mainly mafic dike intrusion.

12. Widespread pre-Jurassic denudation and planation.
The time or times of this planation cannot be
closely defined.

13. Deposition of Jurassic and Cretaceous sediments,
which are separated by an unconformity or dis-
conformity. Cretaceous rocks may rest directly
upon basement rocks.

14. Volcanic activity in the southwest of the region,
resulting in formation of the Aden Trap Series of
Late Cretaceous to Tertiary age. Intrusion of
alkalic granite and of silicic and mafic dikes.

15. Deposition of Paleocene to lower Eocene sediments
in the east of the region. A disconformity sepa-
rates these from underlying Cretaceous rocks.

16. Volcanic activity resulting in the Aden Volcanic
Series, of late Miocene or Pliocene to Recent age.

17. Formation of superficial deposits, terraces, raised
beaches, and dune sands, from Pliocene and
Pleistocene times onward.

Certainly since Mesozoic time and probably since the
end of the Precambrian, the region has undergone
intermittent epeirogenic movements, which continued
until Recent time and were associated with faulting.
Faulting is probably of ancient origin with repeated
rejuvenation along old trends. A phase of faulting in
the Red Sea trend dating from at least Late Cretaceous
until late Eocene time is recognized. A main phase of
faulting in the Gulf of Aden trend dates from early
Miocene time.

ECONOMIC GEOLOGY

GEOCHEMICAL PROSPECTING

Geochemical prospecting (as defined by Hawkes,
1957) is a method of mineral exploration based on
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systematic measurement of one or more chemical pro-
perties of a naturally occurring material, the purpose
of which is to define areas where the chemical
pattern, known as a geochemical anomaly, indicates the
presence of ore minerals. The chemical property
normally measured is the trace content of various
metallic elements and the naturally occurring material
may be rock, soil, wadi sediment or water.

Two kinds of geochemical anomalies are (a) primary,
of deep seated origin, resulting either from local vari-
ations in original rock composition or from impregnation
of rocks by mineralizing fluids, and (b) secondary, of
superficial origin, resulting from weathering of rocks
and ores in situ and of material dispersed from its
original source by gravity or running water. Anomalies
of the secondary type were sought during the 1961-62
survey, which involved sampling the finer fractions of
transported wadi sediments.

In the Protectorate, mechanical disintegration is
predominant, causing oxidized ore to be released slowly
as the rock weathers. Slope wash carries the metals,
along with other soil materials, into nearby wadis
where they are incorporated in the alluvium and moved
downstream by occasional floods. Owing to the soft
nature of most oxidized ore minerals, they are suscept-
ible to abrasion; sampling of the finer fractions of wadi
sediments thus offers the best prospects of detecting
metal concentrations, but a rapid fall off in values away
from an ore body may be anticipated in view of the
lack of running water. In an investigation of an out-
cropping copper ore in an arid part of the United
States (Lovering and others, 1950), anomalous values
could be detected in alluvium more than 1 mile below
the ore body, although the copper decreased from
6,500 ppm (parts per million) over the ore body to
650 ppm only 500 feet downstream.

SAMPLING

During the course of the 1961-62 survey, 308 samples
of —80 fraction material were collected from drainage
channels at fairly regular intervals along the route,
depending on the availability of suitable sampling sites.
Where the road crossed small wadis, these were sampled;
where it lay along the major wadis, as was frequent,
tributary wadis on either side were sampled. The
sampled wadis had in common a small catchment area
of a few square miles—which could be defined on the
aerial photographs—where the effects of possible out-
crops of mineral veins or ore bodies would not become
to diluted by the addition of large volumes of alluvial
material.

RESULTS

Values generally were low, indicating a weak dis-
persion of the elements; no samples showed very high
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values, but areas could be delimited showing a relatively
higher content of certain metals. Of particular in-
terest were the following areas which showed relatively
high values for a combination of elements:

Al ‘Anad area.
Minadi-Sanah area (north of Ad Dalif).

Copper, zine._________

Copper, nickel,
chromium.

Copper, zine_________

Copper, lead, zine_____

Nickel, chromium_____

South of Al Kirsh.

‘Ali ‘Abd Allah area.

Minadi-Sanah area; east of Mukayras,
and southeast of As Surr (near
Nisab).

Southeast of ‘Ataq.

Eastern branch of Wadi
(E.A.P.); west of Habban.

Wiadi Himam (E.A.P.).

Wadi, 10 miles west of ‘Irgah.

Wadi Dayqah (Ahwar).

Copper, zine_ _ _______

Nickel. ... _______ Huraybah

Copper, zine. . _______
Zine, nickel . _________
Nickel, chromium

INTERPRETATION OF RESULTS

One of the principal problems in interpreting the
data is to distinguish geochemical anomalies from dis-
persion patterns of no economic significance. Certain
empirical parameters can be applied which are helpful
in identifying and interpreting the anomalies. These
involve considerations of (a) the range of nonsignificant
variations in the background, (b) the threshold between
nonsignificant and anomalous values, and (¢) the homo-
geneity of the anomalous pattern. Unfortunately,
little work has been done on dispersion patterns under
an arid weathering regime such as prevails in the Aden
Protectorate, and guidance cannot be obtained from
experience elsewhere. Normally, geochemical data ob-
tained in areas where the equilibrium has not been
upset by the presence of a mineral deposit lie within
statistically well-defined limits; patterns of variations
may occur, but still lie within this background range.
In interpreting the geochemical pattern of an area
containing anomalies, it is usually possible to select a
certain limiting cutoff or threshold value below which
the variations represent background effects and above
which they may have significance in terms of possible
ore. No hard and fast rules concerning the threshold
value can be established, as the geochemical factors
may be different in each particular area. In the Aden
Protectorate, therefore, it is doubtful what values above
the average should be taken as being beyond the back-
ground variations and of significance in terms of ore
bodies. Copper content, for example, was normally in
the range 5-25 ppm: at four localities values of 45
ppm were obtained, at one locality a value of 50 ppm,
and at another, 65 ppm. For nickel, normal values
were 15-35 ppm: one locality showed 65 ppm; two, 75
ppm; and one, 175 ppm.

To set these figures in perspective, the copper content
of igneous rocks ranges between 10 and about 90 ppm.
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A workable copper ore would give values of about
10,000 ppm, which would be reduced to the order of a
few hundred parts per million in the soil cover. The
nickel content of igneous rocks ranges from about 4
ppm to more than 100 ppm; a nickel ore could give
values as high as 15,000 ppm, and typical values in the
soil cover might again be several hundred parts per
million, depending on the distance of the sampling
points from the source of the metal; in an arid environ-
ment, values generally would be expected to fall rapidly
with distance.

It was hoped that reconnaissance sampling might
give some indication of higher-than-average values for
certain metals associated with particular rock types or
suites of rocks, which could be interpreted as indicating
a metallogenic province. The results obtained did not
point to this, and where relatively high values were
obtained, it was not clear whether they were due to the
presence of a locally enriched metal facies or whether
an outcrop of small veins or ore bodies was responsible.

At this stage it is not possible to distinguish between
these possibilities with amy certainty. Seventy-nine
selected samples were reanalyzed in an attempt to
discover whether the metal values represented free ions
or ions adsorbed onto clay minerals, or alternatively,
whether the bisulfate method employed was releasing
metal ions held in the lattices of silicate minerals. The
method used was to shake the sample with an aqueous
buffer and dithizone; the color of the dithizone layer
was then compared with standards to give ‘“‘cold-
extractable” copper and zinc values.

The values in general were very low, and the back-
ground of less than 1 ppm. was not detectable. The
relatively higher values of 34 ppm actually obtained
generally endorsed the anomalies shown by the standard
method, which gave “total” metal. In one or two
samples, values for cold-extractable metal were ob-
tained when the total content was given as zero. This
is explained by the different limits of detection of the
two methods: in the total-content method, less than
5 ppm was reported as zero.

Experience has shown that values obtained by the
cold-extractable method may be expected to be about
10 percent of the total content, but in view of the low
overall total metal content, the fact that the cold-
extractable values are close to the limits of detection
renders any inference drawn from them a matter of
doubt. The cold-extractable results, however, repre-
sent free metal ions, or those adsorbed onto clays and
thus point to actual mineral outerops in the vicinity.
The geochemical results can therefore be said to point
out certain areas of metal interest which should receive
further detailed exploration combined with more in-
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tensive geochemical sampling, preferably on a grid
pattern.
WADI CONCENTRATES

Heavy-mineral concentrates were obtained from 111
samples of wadi sediment by panning, in water, approxi-
mately 1 cubic foot of material.

Under the climatic conditions obtaining in most of
the more humid parts of the world, a sorting action
occurs when rock debris is moved by running water,
and a separation of the particles takes place according
to their specific gravity. Heavier grain, which would
normally include minerals of economic interest, tend to
collect toward the base of the sedimentary column, in
pockets and stringers, close to the bedrock forming the
floors of the water channels. These are known as the
pay gravel or pay streak. Under the weathering regime
in the Aden Protectorate, soil and rock debris are swept
from the higher ground by torrential flash floods and
carried down the wadis by currents of such velocity
that little sorting action is able to take place. Further-
more, owing to the high permeability of the wadi sedi-
ments, surface water penetrates rapidly, with the result
that such floods are checked quickly, limiting the dis-
tance of travel and the facility for sorting.

In the field, the wadi sediments generally consisted
of a melange ranging in size from boulders up to 5 feet
in diameter down to fine sand and silt sizes. No defined
pay streak appeared to be developed; but pitting and
augering in this type of material presented practical
difficulties, and this point has not been thoroughly
investigated. Heavy minerals in the form of black sand
appeared to be associated with all grades of material,
but when concentrated in the sand-size fraction, this
was panned to provide a sample for laboratory exam-
ination.

The samples were examined in detail by the Mineral
Resources Division of Overseas Geological Surveys,
with the object of (a) ascertaining whether minerals of
economic value existed in the source area and (b)
assisting in interpreting the geology of the area.

The field concentrates were separated in a heavy
liquid (tetrabromethane) to obtain a sink fraction free
from coarse quartz and feldspar, as minerals of economic
interest are normally confined to the higher ranges of
specific gravity. The heavy-mineral fraction was
screened through 30, 60, and 120 British Standard sieves
to obtain a rough guide to the grain-size distribution
and to facilitate later examination with the binocular
microscope. The sized products were separated into
strongly, moderately, and weakly magnetic fractions to
aid mineral identification and to provide a basis for
semiquantitative estimates of the heavy-mineral con-
tent. This was determined by estimating the per-
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centage of every mineral in each of the four magnetic
fractions and then combining the results to obtain an
overall value. The fine-sand size fraction was normally
used for this as it was found to give an average compo-
sition for the sample as a whole. Although the analyses
were mainly concerned with the heavy minerals, a few
notes were added on the light fractions which invariably
contained a high proportion of fresh feldspar grains;
this is to be expected in arid climatic conditions.

HEAVY-MINERAL CONTENT

In general, the heavy-mineral fractions from the wadi
concentrates are silicate assemblages. Hornblende,
pyroxene, and magnetite are the principal constituents
and are usually accompanied by smaller amounts of
epidote and garnet, scarce sphene and apatite, and
traces of zircon, rutile, and tourmaline.

PRINCIPAL FERROMAGNESIAN MINERALS

With the exception of samples from the Ad Dali‘ area
from Cretaceous voleanic rocks and samples from Wadi
Hajar and other wadis to the east which drain areas of
older volcanic and sedimentary terrain, hornblende is
common to abundant in almost all the concentrates.
In general, it is a dark-green variety and shows prismatic
faces, but a brown hornblende commonly is associated
with the basaltic lavas. In some samples the horn-
blende is accompanied by pale-green to almost colorless
tremolite-actinolite, mostly in euhedral prismatic crys-
tals. The colorless type is most abundant southwest of
Lawdar, and smaller amounts occur north of Ahwar; it is
probably of metamorphic origin in most places, and, in
fact, occurs in samples with high contents of garnet.

Biotite occurs in many heavy-mineral fractions but
rarely in large amounts. Samples collected between
Lawdar and Al Mahfid and from Al Mahfid south to
Ahwar contain the highest concentrations. Muscovite
is noted in two samples only, and in both is associated
with kyanite; however, muscovite occurs widely in the
field. Pyroxene is common and is normally either
olive-green to brown augite or diopsidic augite, or
green to pale-green diopside. The augite commonly
ocecurs in fine-grained euhedral crystals, associated with
other materials from volcanic rocks, and is generally of
voleanic origin. Most of the diopside appears to be of
metamorphic origin but the opties of the two species
overlap. In the Al ‘Anad-Ad Dali’ area olive-
green to brown augite is as much as 60 percent of the
sample, and is present in the volcanic rocks around
Ghayl Barbar in the extreme west of the Western
Protectorate. It is scarce between Al Kirsh and Dar
Rahban and absent from the area east of Lawdar. In
the immediate vicinity of Midiyah, just east of Lawdar,
however, a pale-green to colorless diopside is the major
constituent. Pale- to dark-green augite is again fairly
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common in the Wadi Hajr-Wadi al Ghabar area and
scarce around Al Mukalla. In the wadis west of
‘Irgah, small amounts of pale-green to colorless diop-
side are present, and north of Ahwar augite is again
common. Aegirine is present in samples from the Al
‘Anad granite area. Orthopyroxene of about hyper-
sthene composition occurs in several samples, but only
in trace amounts except for two samples from near
Bayhan; clinopyroxene is generally absent in these
concentrates.

Olivine occurs in samples containing a more mafic
mineral assemblage and is commonly accompanied by
particles of voleanic origin, for example, grains of
olivine basalt, anorthoclase, bipyramidal quartz, and
composite grains of augite and magnetite. Traces of
colorless olivine are in samples from the Ad Dali‘-
Al Musaymir area, from Ghayl Barbar, and from the
Wadi Hajr area of older volcanic rocks; appreciable
amounts of augite are also present. Olivine is a major
constituent of a sample collected near the basalt flow
north of Ahwar and is a minor constituent throughout
Wadi Ahwar.

Magnetite and ilmenite are widespread and remark-
ably fresh in appearance, although the magnetite in
places shows alteration to martite. Ilmenite is usually
a minor constituent, but in euhedral or rounded grains,
and the two minerals are often difficult to distinguish
by eye. The magnetite commonly is titaniferous, and
the presence of hopper faces is a characteristic feature
of many of the grains.

Garnet occurs in most samples but commonly in
minor amounts. It varies from pink to orange, even
in the same concentrate. All grains examined in oils
proved to be almandine, index of refraction about 1.80,
and most were weakly to moderately magnetic; all the
garnet is probably of metamorphic origin. The only
concentrates containing considerable amounts of the
mineral come from Wadi Huraybah and its tributaries
and consist of a mixture of garnet and magnetite. A
few percent of garnet is recorded from Wadi Hasan,
between Miudiyah and Al Qulaytah, throughout the
‘Ataq-Bayhan area, and from the Wadi Ahwar-‘Irqah
area.

Epidote occurs in almost every sample and in
greatest amount in the eastern half of the area. West
of a line from Ad Dali‘ to Aden it is scarce or absent.
It is common to abundant between Wadi Hajr and
Buram, north of Al Mukalla, and in Wadi Ahwar.

Epidote is commonly well crystallized and in many
places occurs in deep green transparent euhedral grains,
but most samples contain pale-yellow to yellowish-
green granular particles which have the appearance of
epidotized feldspar. Some larger composite grains
represent epidosite.
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COMMON ACCESSORY MINERALS

Sphene and apatite are widespread, but usually in
scarce or trace amounts, and seldom comprise more
than 5 percent of the heavy-mineral concentrate.
There appears to be an antithetic relationship between
the two minerals and a sympathetic relationship with
the hornblende content.

The greatest concentration occurs in the Al Kirsh
area which contains a syenitic mineral assemblage.
Here, the sphene, which is generally the more abundant
of the two minerals, comprises as much as 15 percent
of the heavy-mineral concentrate. Samples from
the Al ‘Anad area which contain an alkalic syenite
assemblage are notably rich in apatite, as are the
hornblende-rich samples from Wadi Hasan and Wadi
Rayban, and from Wadi Ahwar.

The sphene generally occurs in flattened grains which
contain a large number of small inclusions but com-
monly show crystal faces. It may vary appreciably
from pale yellow or colorless to deep orange brown.
Much of the sphene may be of metamorphic origin,
in particular from metamorphosed igneous rocks.
This origin could also be true for the apatite, but
apatite in many places occurs in perfect hexagonal
prisms which may even show terminations.

Sphene concentrates, separated from samples in
which this mineral appeared in different associations
and in slightly different shades of color, were all found
to contain minor and somwhat variable amounts of
niobium and yttrium when examined by X-ray fluo-
rescence methods. A brown sphene from near Al
Qulaytah contained the most niobium and a yellow
type from Al Kirsh contained rather less, but the
differences were probably not sufficiently pronounced
to be of practical significance.

Zircon, tourmaline, and rutile are common accessory
minerals but vary greatly in type and amount and
cannot be directly related to any specific rock types.
They generally occur in euhedral crystals, but in
samples from sedimentary areas the grains are well
rounded, abundant, and accompanied by appreciable
amounts of rounded polished grains of leucoxene.

The characteristic cubic grains of goethite pseudo-
morphs after pyrite are common everywhere but
seldom in more than trace amounts. Fresh grains
were found east of Mukayras.

OTHER MINERALS

Most of the staurolite, occurring in pale-yellow
anhedral grains with distinct pleochroism, was found
in a belt trending west-northwest from Wadi Haraiba
to Ra’s ar Rujaymah. Neither staurolite nor kyanite
was found in sufficient quantity to suggest the occur-
rence of major kyanite or staurolite schists or gneisses.
(Staurolite schists were seen in the field.)
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Dolomite was found in samples from Wadi Dayqah,
north of Ahwar, and in trace amounts from a locality
14 miles east of Ag Surrah. The grains are well crys-
tallized and transparent and show a pronounced rhom-
bohedral cleavage.

Barite is present in some wadi concentrates. Itis a
minor constituent in samples from Wiadi al Ghabar
and, in larger amounts from north of Al Mukalla.
Celestite was found in four samples but is not likely to
be of economic interest. The mineral occurs in clusters
or radiating groups of fine needles or prismatic grains
which suggest either a product of subaerial weathering
or possibly low-temperature vein deposits.

Fluorite was identified in four concentrates from dif-
ferent areas. None of the more common accessory
minerals of fluorite-bearing veins was found: lepidolite,
topaz, amblygonite, and cassiterite were sought but
not detected.

Spinels (excluding magnetite) were present in several
samples, especially those containing olivine, but as a
very minor accessory. In four samples the mineral
proved to be chromite (see later discussion), and one
concentrate contained picotite or pleonaste.

The ilmenite in the wadi concentrates occurs in black
lustrous grains which are generally fresh and little
altered. Some samples, however, contain pale-yellow
to brown or buff-colored nonmagnetic grains which are
clearly alteration products of ilmenite and rich in
titanium. These have been reported as leucoxene, and
several grains examined with X-ray fluorescence show
a Ti/Fe ratio about 15 times higher than ordinary
ilmenite. The distinction may be significant as the
mineral occurs in rounded polished grains, generally
accompanying rounded grains of zircon, tourmaline,
and rutile, and it is thought that these may have come
from the heavy-mineral residues of former sedimentary
or metasedimentary rocks.

MINERALS OF POSSIBLE ECONOMIC INTEREST

With the exception of a few magnetite sands, of
negligible value in the localities recorded, the wadi
samples revealed little evidence of economic concen-
trations of minerals. In fact, under the climatic con-
ditions prevailing and those of the geologically recent
past, there has been little sorting action by the streams
and rivers, and it is unlikely that placer concentrations
will be found. Economic minerals released from rich
vein deposits are liable to be swamped by an influx of
barren material from neighboring rocks, or lost in the
general movement of waste down hill slopes and wadis.
Dispersion may be accelerated by wind action; also,
the sand fraction of most wadi concentrates is fine
grained. These conditions may account for the fact
that, although a variety of rocks was collected from
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outcrops throughout the area, the mineral assemblages
of samples collected from widely scattered localities
are remarkably similar; differentiating one sample from
another often depends on trace amounts of the less
common minerals. As an illustration of this, a con-
centrate was taken from a very small wadi at the foot
of a vein containing galena that cropped out in meta-
morphosed sedimentary rocks in the wadi side; the
mineral assemblage, however, consisted of the usual
fine-grained mixture including hornblende, magnetite,
epidote, pyroxene, sphene, and apatite, and no lead-
bearing minerals could be detected.

Minerals characteristic of mineralized granites are
practically absent and, with the possible exception of
fluorite, there seems to be no hydrothermal mineral
deposits. Barite, however, occurs in a number of
samples and appears to be widespread in the Wadi al
Ghabar area. Small amounts of pyrite are common-
place, but in the wadi concentrates these are com-
pletely altered to geothite.

The presence of fairly large grains of monazite at
Madiyah and of radioactive zircon from the granite
between Mukayrias and Marta‘ah indicates that a
further search for radioactive minerals in these areas
might be worthwhile.

Traces of chromite were identified in a few samples,
notably just east of Dar Rahbin, and its presence was
reflected in a relatively high chromium content of a
sample taken for geochemical analysis.

Garnet constitutes a large portion of two samples
from Wadi Gharish and if found in quantity this min-
eral would be of economic interest.

West of Lawdar and east of Muadiyah, well-formed
crystals of titaniferous magnetite, with hopper faces,
were found in abundance. They were probably de-
rived from metamorphic rocks and their source rocks
might prove of interest.

MINERAL RESOURCES

Apart from the minerals mentioned below, asbestos,
barite, kaolin, talc, and tourmaline were seen. That
none was of commercial interest is due to small extent
or poor quality. Lignite in E.A.P. was described by
Little (1925), who also recorded bauxite in E.A.P.
Little’s bauxite-bearing section at ‘Arf ad Dik was
examined, but no bauxite was recognized.

BEACH SANDS

Beach sands which on field tests appeared to be of
potential interest were sampled in two areas. Results
of laboratory analysis of a sample (A/B/8) from the
mouth of Wadi Hajr, E.A.P., are shown in table 5.
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TaBLE 5.-—Analysis of beach sand (sample A/B/8), Wadi Hajr,
Eastern Protectorate

Percent heavy-
mineral con-
tent (specific
gravity >2.96)

British standard mesh Screen analy-

sis, in percent

[T

_.
8. w88wo
< OO OW
< o0
= o

The composition of the total sample, based on grain
count, was:

Heavy minerals: Percent
Magnetite. - ______ 35
Ilmenite. __________ 26
Zircon____________._ 19
Rutile__.___._______ 4
Pyroxene_ _________ 3.4
Epidote_ .. ________ 1.3
Monazite. _________ .6
Garnet_ ___________ .5
Olivine____________ .2
Others_____________ 1.3

Total heavy
minerals_ ______ 91. 0
Light minerals._________ 90
Total. ____ ___ . 100. 0

The ilmenite and magnetite were not counted
separately, but the proportions of each were assessed
by an acid leaching test. This fraction also contained
a little hematite and secondary iron oxide or martite.
The other heavy minerals not listed above consisted
mainly of brown to blue tourmaline, with traces of
sphene and hornblende and an occasional grain of
staurolite.

The light fraction was mainly composed of about
equal amounts of calcite and quartz.

The composition of heavy-mineral fractions from the
total sample and from each screen size was shown in
table 6. The ilmenite content remains fairly constant,
and the magnetite content decreases with decreasing
grain size. The amount of +60 and —240 material
was almost negligible, and no analysis of these fractions
was attempted. It can be noted that zircon content
increases markedly in the finer sizes.

In summary, this material may be described as a
heavy-mineral beach sand containing more than 90
percent of heavy minerals, of which about 50 percent
are the useful minerals ilmenite, zircon, rutile, and
monazite. It is well graded, the grains are clean and
well rounded, and the content of ferromagnesian sili-
cate minerals is small. The intrinsic value of such a
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TaBLE 6.—Composition of heavy-mineral fractions in beach sand,
Wadi Hajr, Eastern Protectorate

Sereen fractions (British Standard mesh),
in percent
Heavy minerals Total
sample
—604-85 | —85+120 | —1204150 | —1504-240
72 72 63 41 66
7 12 28 51 22
3 4 5 5 4
10 6 1 Trace 3.7
4 2 .6 Trace 1.4
Trace Trace 1 3 1.4
1 .3 Trace .6
1 .4 Trace Trace .2
2 2 1 Trace W7
100 100 100 100 100

sand, however, is small, the principal salable constit-
uents being low-priced minerals. The contained
magnetite, which probably would not be salable, is
rather high, and the content of the more valuable
minerals, rutile and monazite, is low. Utilization of
such a sand could be considered only if large tonnages
(of the order of hundreds of thousands of tons) were
available.

A brief examination of the surrounding area did
not suggest that any such tonnage was present near
the Wadi Hajr mouth; however, the combined coastline
E.A.P. and W.A.P. approaches 700 miles in length,
and deposits of similar character but larger size may
well exist at other places. The coastal plain is of
varying width, and the winnowing effect of the monsoon
winds may have a significant effect in concentrating
the heavy-mineral fractions.

The second sample (A/B/10) was taken from a much
larger area of dune sands on the shore of Abyan at the
junction of the road from Zinjibar and the coast road
to Aden. It was a light-gray medium sand, with size

analysis as follows:
Percent

of total

British Standard mesh sample
4 60— 8.5

— 604+ 85 - 45.8

— 854120 o e 33.5

— 1204150 e 9.1

— 1504240 e 2.5

— 240 o .6
Total .. 100.0

The content of heavy minerals having specific
gravity greater than 2.96 was 27 percent distributed as
follows:

Hornblende.. - ________________

Clinopyroxene._ ... ____.______

Pyroxene-magnetite (com-
posite grains).

Abundant.
Common.
Fairly common.

Epidote. .- __________.__ Sparse.
Biotite_______ . __________ Scarce
Garnet___ .. Do
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Apatite .. ________________ Scarce.

Olivine_.__ . __________________ Trace.
Tremolite_.__________________ Do.
Magnetite_ _ _________________ Do.

Basaltic hornblende. __________ Occasional grain.
Muscovite.___________________ Do.

The light fraction consisted mainly of feldspar (mostly
plagioclase) with subordinate quartz and a little biotite,
calcite, and shell fragments. The grains were fresh
and showed little rounding. This sample, therefore,
contained only 27 percent of heavy minerals, and none
of any economic interest.

BUILDING STONE

Plentiful supplies of building stone are quarried from
the volcanic rock of Aden Colony. More decorative
types of building stone are available in the interior of
the Protectorate; some of these are of very pleasing
appearance, such as certain types of porphyritic
volcanic rocks, granitic rock, and blue, black, and
white marbles. The source nearest to Aden is north-
northwest of Lahj in the Al ‘Anad area, where rocks of
the types mentioned, together with others such as
basalt and sandstone, are available. To the east of
Aden, limestone is quarried at Khanfar, Abyan.

Other major centers in the Protectorate are within
reach of a varied assemblage of building stone and
road metal.

COPPER MINERALS

Occurrences of copper minerals were recorded as
follows:

‘Irgah.—At a locality 14 miles northwest of ‘Irqah,
approached by a major but apparently unnamed wadi,
small patches of copper carbonate, (malachite) were
found in calcite veins cutting granite and schistose
basement rocks. The occurrence is of no commercial
importance.

Zulm Ba Tha'lab.—In the northeast sector of
Zulm Ba Tha‘lab, some 8 miles west-northwest of
Ma‘bar, Hajr, malachite was found as encrustations
and small patches in serpentinized Precambrian volcanic
rocks. The copper mineral is associated with hematite.
Both copper and iron ore are in insignificant amounts.

Ma‘bar—About 1 mile south-southeast of the road
and wadi crossing at Ma‘bar, Hajr, copper associated
with hematite was found in serpentinized epidotic rock.
A sample submitted for analysis contained 8 percent of
copper. The hematite (specularite) forms nearly con-
tinuous lenses, generally 3—4 inches in width, in altered
calcitic-limonitic veins, 2-3 feet wide. In an area of
about 50 square yards, 5 such veins were recorded, all
striking within a few degrees of northwest. The veins
run transversely to, and are exposed in, steep sided
gulleys to a depth of 3-4 feet; their continuation in
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depth was not proved. The maximum exposed length
of the veins was 10 feet; weathered overburden conceals
their probable further extension. A greenish-blue
copper mineral, considered in the field to be mainly
malachite, forms encrustations upon and thin ramifying
veinlets within the hematite. Further traces of copper
impregnating hematite were seen over the area upon
hill slopes and in wadi beds.

Laboratory examination showed the predominant
gangue minerals to be andradite garnet, calcite, feld-
spar, and quartz. Copper minerals include fine-
grained black sulfides, which X-ray examination showed
to be intergrowth of chalcocite, digenite, and covellite,
with green and blue oxidation products which include
malachite, brochantite, and chrysocolla. The identity
of the copper minerals was established by X-ray
powder analysis. The abundance of andradite suggests
that the rock is a contact metamorphic skarn. The
copper sulfides are probably supergene, as are the
malachite, brochantite, and chrysocolla, and there is
no evidence as to the nature of the primary mineral
which presumably gave rise to the secondary enrichment
copper.

A representative portion (1 1b) of the specimen was
crushed and assayed for copper, iron, and precious
metals, with the following results:

Copper- .. _____. 8.86 percent

Iron._ . __ . ______ 24.03 percent

Silver_ . _ .. ____.___ 68  ppm or 2.2 troy ounces
per long ton

Gold_________ . _______ .2 ppm or 0.1 penny-

weight per long ton

The copper content is comparatively high, but this
should not be overrated since the specimen is from a
narrow vein: more fieldwork is required to ascertain
whether this sample is representative of the overall
tenor; the silver content, at current prices, would add
about 4 percent to the gross value of the ore. Other
constituents indicated by X-ray fluorescence, but of no
economic significance, include traces of manganese,
barium, strontium, and iodine, and a slight trace of
molybdenum.

Wadi al Ghabar.—At various localities in Wadi al
Ghabar, mainly within 3 miles north of the Wadi al
Ghabar-Mudhaniyah junction, malachite was found
encrusting pebbles in volcanic conglomerate and also
on quartz fragments. This locality is some 12 miles
southeast of Jabal ad Da‘liyah where Little (1925)
reported hematite with 5 percent of copper.

Geochemical analysis proved relatively high values
for copper in samples from Wadi Himam north of
Al Mukalla and from the Western Protectorate near
Sanah, Al Kirsh, and ‘Ali ‘Abd Allah. With the
exception of the Ma‘bar occurrence, which on results
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of chemical analysis merits further investigation, the
traces of copper mineralization are not important in
themselves. However, taken in conjunction with the
finds reported by Little (1925), they may suggest the
existence of worthwhile deposits, and copper would
appear to be one of the more interesting possibilities
in the Protectorate. On the basis of the number of
known occurrences, the areas between and adjacent to
Wadi Hajr and Wadi al Ghabar in the Eastern
Protectorate may be considered favorable for more
detailed examination, as possibly also the area between

Al Mukalla and Wadi Himam.
OTHER MINERALS

Feldspar.—Many of the numerous pegmatites which
occur in basement rocks are composed mainly of feld-
spar, commonly in large crystals as much as 8 inches in
diameter.
ciently free of other minerals (such as quartz and
muscovite) to be of economic interest occur in numerous
localities, but their extent is not such as to warrant
commercial exploitation.

Most of the coarser and more continuous outcrops are
of potassic feldspar. Fragments of amazonstone were
found in Wadi al Jahr, 15 miles east of As Surrah, but
their source could not be located.

Garnet—Garnet is common in many of the meta-
morphic rocks and in feldspathic pegmatites. The
variety most frequently seen is almandine, but andra-
dite and grossularite are also recorded. Garnets of
gem-stone quality were not found.

Gypsum-anhydrite.—Extensive deposits of gypsum-
anhydrite of the lower and middle Eocene Rus Forma-
tion occur in the eastern parts of the Protectorate. Of
these the most easily accessible is that exposed between
Mayfa ‘ah and Rudham on the west of Wadi Mayfa‘ah.
The formation consists of massive to bedded gypsum-
anhydrite interbedded with limestone. Earthy shaly
horizons and chert nodules occur. Thus, the deposit
is of variable quality.

Rocks of the Oligocene and Miocene Shihr Group,
outcropping near the coast to the east and west of Al
Mukalla, also contain horizons of gypsum, gypseous
marls, and dolomitic limestone, together with sandstone
and shales.

Experiences in Somaliland, where one of the world’s
largest high-grade gypsum-anhydrite deposits remains
unworked within 9 miles of Berbera port, do not en-
courage optimism concerning exploitation of material in
Aden. Itmay be noted that the Rudhiim deposit would
provide the small amount of gypsum required in any
production of portland cement.

Ilmenite—In a tributary to Wadi Dayqah, about 5
miles west-southwest of Nasah, small patches of nodules

Feldspathic bands and pegmatites suffi-
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of ilmenite were found in quartz veins cutting biotite
schists and gneisses. The ilmenite was too dissemi-
nated and the aggregate quantity too small to be of
importance.

Iron minerals.—Iron mineralization occurs at numer-
ous localities in quartz veins, feldspathic bands, and
pegmatite dikes cutting basement rocks. No large de-
posits of commercial interest were found. Localities in
which the more significant occurrences were seen include
Al Majil, southwest of Lawdar (magnetite); 10 miles
miles east of As Surrah (hematite nodules in wadi);
12 miles south of Nisab (magnetite); and 2 miles east-
southeast of Jabal ath Thaniyah (specular hematite in
quartz veins). Iron pyrites reported in Al Wahidi
State and Wadi Jirdan (‘Iyadh) is of interest only as
suggesting the presence of sulfide ores.

Lead.—About 13 miles north of Ahwar, galena occurs
as Impersistent veins, about 2 inches wide, in association
with partly brecciated quartz and calcite in a weathered-
out fault plane cutting basement rocks. It is likely
that the galena originated from low-temperature hydro-
thermal solutions of magmatic origin.

The fault or shear zone, which is 8-12 inches wide,
strikes north across the trend of basement rocks, which
here is east. Much of the more easily accessible galena
has been excavated by local inhabitants, but traces of
the mineral were seen over a distance of about 100 feet
where the fault plane is exposed on a steep slope above
a wadi bed.

The Mineral Resources Division report on a sample
is as follows:

The sample consists of coarse-grained galena, apparently from
a veinlet or rib from 3; to 14 inches in thickness, with only a
small proportion of gangue mineral, principally white calecite.
A representative portion (8 oz in weight) was crushed for analysis
and by a qualitative X-ray fluorescence examination was found
to consist of lead, predominantly, with traces of iron, silver,
copper, and zinc. Quantitative assays showed 70.8 percent of
lead and 8.6 troy ounces of silvel per ton of ore. These values
correspond to a galena content of approximately 82 percent and
12 ounces of silver per ton of lead. At current metal prices the
silver content adds only 7 percent to the gross value of the lead
in the ore.

A thin crust of alteration products on the surface of the galena,
largely cerussite and indeterminate ferruginous material, was
shown by X-ray fluorescence examination to contain the same
trace element suite as the assay sample and, in addition a trace
of molybdenum. The latter is presumably present as traces of
wulfenite and is probably an indication of molybdenum in the
country rock rather than a primary association of molybdenum
with lead.

In basement rocks of granite gneiss and schist 1 mile
south of Thirah, small quantities of galena have been
reported in quartz stringers and pods. These occur-
rences are too small to be of commercial importance.

Mica.—Muscovite is a ubiquitous constituent of the
pegmatites which occur in many areas of basement
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lie in or near the Ramlat as Sab‘atayn; the poor
communications to the coast; and the difficulties of
marketing exported salt.

PORTLAND AND OTHER CEMENTS

The raw mix for portland-cement manufacture
usually consists of about 3 parts of predominantly
calcareous material (chalk or limestone) and 1 part of
predominantly argillaceous material (clay, shale, or
river mud). The overriding factor is the bulk com-
position of the available raw materials, as it is essential
that these give a mix correctly balanced in terms of
CaO, Si0,, ALO;, and Fe;0;. An upper limit to the
MgO content is usually set at 5 percent, as an excess
may cause the formation of periclase which may result
in the failure of the concrete, through slow hydration.
Gypsum is normally added to the clinker at the grinding
stage, to control setting time.

To make an initial assessment of the general availabil-
ity of raw materials for cement manufacture, three
localities, selected for easy accessibility, were sampled ;
these were (a) Khanfar rock, near Ji‘ar, Abyan district
(sample A58), (b) South-southeast of Dirjaj, compass
bearing 40° to Khanfar rock (sample A267), and (c) Al
Mukalla, near road to Al Khalaf police station (sample
A262).

Khanfar rock: The sample was taken from a quarry
in Jurassic rocks. The exposed section was of bedded
dark-brown to gray crystalline limestone and por-
cellanous limestone, cut by numerous thin calcite
veins. The limestone was stained purple in part.
Interbedded with limestone were beds about 10 feet
thick of yellow-brown to gray paper shales, with
ironstone concretions and much fibrous gypsum.
The rocks were fractured and jointed.

Dirjaj locality: The sample was taken from
Jurassic beds dipping 40° in a direction of 160°, and
estimated visually as about 250 feet thick. The
series consists of fossiliferous beds of pink to brown
crystalline limestone, about 3 feet thick, interlayered
with rubbly, shaly limestone and with marly beds
about 1 foot thick. dJoint and fracture planes are
iron stained and numerous iron carbonate concretions
are present. The base of the series is sandy lime-
stone and calcareous sandstone, resting upon a
conglomeratic quartzose sandstone some 8-12 feet
thick, which in turn rests unconformably upon base-
ment rocks. The Jurassic rocks are considered to
be of the Kohlan Formation (Middle to Lower?
Jurassic), with upper beds possibly of the Shuqra
Formation (Upper Jurassic).

Al Mukalla: The sample was collected from
Cretaceous rocks exposed in a cliff face adjoining the
road from Al Mukallad to Ra’s Al Mukalla, in the
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vicinity of Al Khalaf police station. Cretaceous
rocks of the Qishn Formation (Barremian-Aptian)
here consist of variegated pink-red, yellow-brown,
and white, crystalline, porcellanous, and sandy lime-
stone. Field observation suggests that the limestone
is dolomitic, at least in part. The rock is iron
stained. The Cretaceous beds unconformably upon
basement rocks and are overlain by Paleocene lime-
stones.

Results of chemical analysis of the samples from the

three localities are shown in table 7.

TABLE 7.—Composition of limestones, in percent
[n.d., not detected]

Doloinitic limestone Argillaceous
limestone
Constituent

A58 A262 A267
Khanfar Al Mukalla Dirjaj

33.14 34.48

18.90 2. 52

.54 23.63

.32 5.20

.28 2.45

n.d. .30

______________ .40

______________ 1.93

nd. .39

.09 .06

n.d. .07

46. 53 28. 28

99. 80 99.71

The average composition of portland-cement clinker
shows a CaO:MgO ratio of 44. When the raw material
is particularly low in MgO the ratio may exceed 100.
The ratio’s lower limit is 14, at which point the MgO
content of the clinker approaches the specified maxi-
mum (say 5 percent).

Samples A58 and A262 have CaO:MgO ratios of
about 2% and 1% respectively. They are therefore com-
pletely unsuitable for portland-cement manufacture.
It is not possible to calculate a satisfactory clinker
analysis from any mixture of these limestones with (a)
an orthodox argillaceous material or (b) the argillaceous
limestone, sample A267. In both, the MgO content
would still be too high.

Sample A267 has a CaO:MgO ratio of about 14. On
a loss-free basis, its composition is as follows:

Percent
CaO_ - 48. 08
MgO_ - 3. 51
SiOy. . e 32. 96
ALbOy . 7. 25
Fe, O3 .- 3. 42

This composition shows a deficiency of CaO and a
corresponding excess of SiO;+ALO;+Fe,0;. It could
be balanced to provide a reasonable portland-cement
clinker composition by adding a material low in MgO
and ranging from pure limestone to moderately
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argillaceous limestone. By adding 120 parts CaCO;
(pure limestone) to 200 parts of sample A267 the
Ca0:MgO ratio increases to 27. The silica modulus
(derived from the ratio of SiQ, to combined ALO;
and Fe,O;) is 3.1, which is rather high, the normal
range being from 2.4 to 2.7. It could easily be reduced
by adding iron ore to the raw mix.

The dolomitic limestones A58 and A262 could be
used for making magnesian lime, which is acceptable
for certain building purposes; being low in silica and
alumina, the lime would have negligible hydraulic
properties.

The argillaceous limestone A267 would probably
give a cementitious product after burning. However,
further work would be necessary to determine the
performance of such a product.

It is apparent from the foregoing that in the pro-
duction of portland cement considerable limitations
are imposed as to the quality of materials. Economic
considerations limit the distance over which raw
materials may be carried, and cement works are us-
ually sited accordingly. Thus the production of cement
to specified standards, such as would be required to
found an export trade or to use in structures of any
importance, depends upon finding suitable limestone
in an accessible place in juxtaposition with siliceous-
aluminous material such as clay, shale, or mud.

The easily accessible limestones sampled are not
suitable. It may be added that in calcareous sedi-
mentary rocks of Jurassic to Oligocene and Miocene
age, important dolomitic beds are known to exist;
this suggests that the magnesia content of other
Protectorate limestones is likely to be high. Crystal-
line limestones associated with the basement rocks
are also dolomitic in many of the known outcrops.
However, especially in the Eastern Protectorate,
limestone is present in huge quantities, and it is not
improbable that appropriate cement-making materials
could be found reasonably close together. The ques-
tion of transportation would then arise.

The search for appropriate raw material is not made
easier by the fact that dolomite and dolomitic lime-
stone are not easily recognized in the field and chemical
analysis is therefore essential from the first stages of
exploration. From the point of view of competitive
commercial production the prospects do not appear
to be good.

SUMMARY

Neither during the 1961-62 survey nor in the course
of previous work have mineral deposits been found
worthy of further commercial exploitation under the
conditions obtaining. In this connection the prevalence
of syntectonic granites and granitized rock may be
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relevant, and few minerals characteristic of miner-
alized granites have been recorded. Clearly intrusive
granite does, however, occur in several areas, and in
former Somaliland Protectorate cassiterite deposits
have been found in quartz veins, probably associated
with intrusive granite of comparable age. Of the
minerals found in the Protectorate, perhaps most
interest attaches to copper. In view of the large area
involved and the comparatively little exploration done,
it would be premature to draw firm conclusions as to
the presence or absence of important mineral deposits.

WATER RESOURCES

The Aden Protectorate lies in the so-called arid
zone, which stretches from the Atlantic seaboard to
the North African coast to Sind in Pakistan, with a
discontinuous extension as far east as China. It
cannot be properly defined on a climatic basis, but its
problems are climatic in origin and stem from the im-
balance between water supply and water need. The
zone as a whole is characterized by wide fluctuations
in precipitation, temperature, and aridity. Rainfall
is infrequent, localized, irregular, and often of high in-
tensity; it ranges from less than 1 inch to as much as
20 inches in some years. Temperatures range from
freezing to above 130°F, with low relative humidity.
Such factors require a high degree of specialization in
plants and animals, and set the pattern of land use.

Water is the limiting factor in agriculture, on which
permanent or semipermanent settlement must depend;
since the time when these arid areas were first colonized
the chief preoccupation has been to conserve and to
put to use as much of the limited natural precipitation
as possible. Archeological research has shown that
many of the now-dead cities of Arabia, formerly thought
to have depended entirely on the caravan trade, in
fact possessed a highly developed agriculture and
even evolved methods for turning the destructive forces
of floods to constructive use. The decline of many of
these earlier civilizations is now ascribed to political
and other factors, and there is no evidence either
historical, archeological, or botanical (based on the
study of tree rings) to show that the climate has
become significantly more arid during the historic
period. Such research has proved the occurrence of
drought periods, often of many years’ duration, but
these have not been confined to the arid zone and
probably resulted from long-term climatic cycles
caused by, for example, sunspot activity. It may
well be that no one factor has been responsible for
decline of civilizations in the arid zone. The delicacy
of the balance between such societies and their environ-
ment was precarious and easily upset, and there was
far less latitude of action than under other conditions;
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mineralization of water would be expected to increase
with distance from its source by the passage through
progressively larger volumes of alluvium and by con-
centration through evaporation. In Wadi Bayhan,
however, at the town of Bayhin a salinity of only 230
ppm was recorded; other figures were 550 ppm at
Sa‘id and 90C ppm at Mayfa‘ah. The quality of the
water, particularly in the major wadis, is often variable,
however, owing to the fact that several bodies or
channels of water exist. Two wells in Wadi Dura,
which is almost 3 miles wide west of the town of
Nisab, gave readings of 800 ppm (old fort) and 1,700
ppm (political officer’s house); the wells were about 400
yards apart. A sample from the latter well was
titrated with silver nitrate and gave a figure of 550 ppm
sodium chloride equivalent. It may be noted here that
in the Abyan delta salinities also vary widely within
short distances.

Some 24 miles west of Nisab, water from an 18-foot
well in the fort at Khawrah had a salinity of only 500
ppm. Between the watershed east of Khawrah and
Nigab is a large area (covering 25-35 sq mi) of appar-
ently good agricultural land that could be very satis-
factorily irrigated with water of this quality. Similarly,
it was clear from the aerial photographs that Wadi
Markhah, which runs parallel with Wadi Dura some 15
miles to the north, forms a very much larger area of
comparable geologic background and, consequently,
similar parent soil material; it also has a much greater
volume of ground water owing to its greater length and
catchment area. Wadi Markhah was closed for security
reasons and was not visited by the authors.

At ‘Ataq, on the edge of the sand desert, three wadis
converge and the depth of alluvium is about 100 feet.
The yield of water is generally low and has fallen over
the last few years, but its quality is good, ranging from
650 to 850 ppm in the four wells at ‘Ataq and nearby.
A certain amount of drilling was done here by Service
units to locate wells for supplying the military base,
but although sited in the wadis or close to them, these
boreholes failed to locate fresh supplies. As there are
no surface geologic features to indicate where the under-
ground water channels may lie, resort must be had to
geophysical methods, and it has already been shown that
resistivity can be used successfully under similar condi-
tions in Wadi Hadramawt (S. H. Shaw, unpub. data,
1952). Twenty-five miles north of ‘Iyadh, on the
southern fringe of the Ramlat as Sab‘atayn, the ground
water was found to be of even higher quality, namely
100 ppm. Highly mineralized water might have been
expected instead, because the ‘Iyadh well lies in Wadi
Jirdan which draws its water from the limestone jol to
the east, where gypseous beds are numerous.
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PROSPECTS

Presumably, possibilities exist for finding water in
the area of desert to the west, in the Jaww Kudayf and
the Ramlat as Sab‘atayn, because many wadi courses
extend for several miles into them from the Nisib-
Bayhan mountains on the south and the limestone jol
in the east. The most outstanding example observed
is Wadi Bayhan, which can be traced at least 45 miles
into the desert, as far as Al ‘Ubaylat. Itis well marked
on the ground, although the wadi floor is not level and
is obstructed at many points by sand dunes. No
record of data of the last flood to reach Al ‘Ubaylat
could be obtained, but to the west of the present wadi,
broken lines of trees now partly submerged in sand
indicated that the course of the wadi had moved pro-
gressively to the east with the prevailing wind. Sepa-
rating the hill known as Faridah from the southern end
of the main ridge of Jabal ath Thaniyah is a wide,
shallow wadi containing gravel banks and small boulders
of quartzite. This is reputed to be Wadi al Abrad
which, according to Philby (1938), rises in the Yemen
mountains more than 50 miles to the west, the ancient
city of Ma'rib being on one of its tributaries.

Flood water which percolates below the level of
ground affected by evaporation would presumably re-
main available, although at considerable depths, prob-
ably in excess of 150 feet. Well-defined permanent wadis
would be expected to carry a slow underground flow past
the point where they cease to be recognizable as wadis at
the surface. This water may even add to a permanent
ground-water table at depth beneath the desert, al-
though if such exists it is probably saline as a result of
concentration by slow upward diffusion of water vapor.
If geophysical work is undertaken in the ‘Ataq area,
the hydrologic conditions at the mouths of the larger
nearby wadis should be investigated. Here outwash
fans of various types are common, parts of which consist
of silt or silty sand. These could be walled and used
for agriculture if water were available.

GAZETTEER

Degrees of latitude and longitude are given to the
nearest minute. The coordinates given for wadis in-
dicate the general location of the principal references
in the text.

Latitude Longitude
() (E.)

Abyandelta_____.__________ . _____________ 13°07' 45°22’
Ad Dali ... 13°42  44°44'
Aden__ . . 12°46’  45°02/
Ahwar___ .- 13°327  46°43’
Al “‘Anad____ o _____ 13°16"  44°45'
Al Fajarah___ ___ .. _____. 12°59’  44°19/
AlHujayrah_ .. __________________________ 14°25' 46°28/
AlHusfan_ _____ . _____ 14°42’  46°30/
Al Khabr. . ... 14°06’ 47°05’
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Latitude  Longitude
(N (E.)

Al Kirsh___ o ______ 13°22/
Al Majil o ____ 13°50/
AlMabfid. _ .. ______ . ______ 14°02’
Al Masani‘____________ . ______ 13°20/
Al Mukalla_ ____________________________. 14°32/
Al Musaymir_ -« 13°26/
Al Qulaytah______________________________ 13°58’
Al ‘Ubaylat_ ____ o ______ 15°09/
‘Ali‘Abd Allah_ _________________________. 12°46’
An Nasr__ __ o _______.___ 15°29/
An Nuqib___ . __ 14°58/
Arayn.__ ... 15°36’
‘Arf ad Dik (ebel) ______.__________________ 14°22/
ArRawdah________________ _____________ 13°29/
AsSawad_ ___ . ____ 13°29/
Ash Shatt . ... 12°54'
AsSufal____ L ______ 14°18/
AsSurrah____________ . ______ 13°57/
ARG . 14°31/
“Awabil_____ o _______. 13°50/
Balbaf_ ___ . ____. 13°58/
Bayhan (Bayhan al Qasab) .. ______ e 14°49’'
Bir ‘Ao ___ 14°01/
Burim..___ o _________ 14°21/
Dar Rahban_____________________________ 12°52/
Dirjaj_ .. ... 13°16'
Ghayl Barbar____________________________ 12°50/
Habban_______________________________ 14°19’
Hisn Bal9d_ - _____ 13°33/
Hisn Murad_ - - __________________ 12°40/
Irqah_ .. 13°38’
‘Iyadh_ o _______ 14°58’
Jabal ad Da‘liyah__ _ . ____________________ 14°26’
Jabal al Birkah___________________________ 12°42’
Jabal al Munif_ _ _________________________ 13°17/
Jabal ath Thaniyah_______________________ 15°48’/
Jabal Jahmum ___________________________ 14°12/
Jabal Jibaf____ ___________________________ 13°45’
Jabal Kharaz__... _ _____________________ 12°44/
Jabal Kuwah_____________________________ 12°42’
Jabal Marsd. - .. _____________ 12°40/
Jabal Sunamma_ _________________________ 12°42/
Jabal Suwayqah__________________________ 14°09’
Jabal Zulm Ash Shaybah__________________ 14°10'
Jawl Ag Salab____________________________ 14°23’
Ji‘ar. o ______. 13°13/
Jibal al Aswad. __________________________ 14°26/
Jibal an Nistyin_ ____.____________________ 14°48’
Jilla (Jilah) . __________ . 14°00/
Jizwil . - . 14°23/
Karif Shawran_ _ ________________________. 14°01’
Kawr al ‘Awadhil (area)._ . _______________ 13°58/
Khanfar_______________ _________________ 13°13'
Khawrah_ _______ ____ ____ . _______________ 14°27’
Labj o o 13°03
Lawdar_ . _____ 13°53’
Ma‘bar__ .. ... 14°15'
Marta‘ah ... ____ 14°08’
Mayfa‘ah. . ______________________________ 14°14’
Minadi___ . __ o ______ 13°48’
Mudiyah. . _____________________________. 13°54/
Mukayras. - . 13°56’
Musayni‘ab_ .. _________________________ 15°04’

44°30'
45°47'
46°55'
45°18’
49°07’
44°37
46°43’
46°23’
44°02’'
47°00’
45°48’
46°44'
48°31/
45°36’
45°34’
44°01’
47°02/
46°14/
46°46’
44°52'
48°10’
45°44'
48°21'
48°57'
44°03’
45°21'
43°57'
47°07"
46°58'
43°30’
47°20"
46°48'
48°36’
44°22'
44°51'
46°19’
48°35’
44°41'
44°10'
43°30/
44°25'
44°20’
48°14/
48°50’
46°40/
45°19’
47°44/
46°08’
48°07'
48°22/
48°22'
45°52'
45°19/
46°08’
44°53’
45°53’
48°33'
45°55'
47°32'
44°45’
46°03’
45°41'
50°38/
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Latitude
N)
Nisab (Ansab) ... 14°31’
NASAN - - e o oo 14°00
Ra’s ar Rujaymah_______________________. 48°07"
Ra’s Fartak_____ . ___ . _.___ 15°38
Ra’s Husaysah___________________________ 14°12/
Ra’s ‘Imran_._ . ___. 12°44/
Ra’s Majdabah______________.___________. 13°59/
Ra’s Muwaysah __ .. _________________ 14°09’
Ra’s Sharwayn_ __ . _____________._______. 15°20/
Ra’s Qusay‘ir- - . o .. 14°55’
Rudh@im___ . 14°04’
SEAL. e 15°40/
SAGA - o oo e 14°20/
Sandh. .- 13°49’
Shabwah_ oo . 15°22/
Sharkhat . - .. 15°09'
Shugrah__ . 13°21/
Sidarah (Sidara)__. - __ 14°30/
Thawr al Baha__ . ______________________ 13°11/
Thirah - . oo 13°55'
Wadi ‘Abadan_._ - _____ 14°30/
Wadi Ahwar__ - . 13°39/
Wadial Ghabar__ . ____________________.__ 14°13’
Wadial Jahr oo ___ 13°58’
Wadial Jif'iyah__ - _________________ 15°00/
Wadial Kayfi ... 13°17/
Wadi Ba‘Aryab. . o ______ 14°09/
Wadi Bana_ - - - . 13°23/
Wadi Dar_ - - oo 13°16'
Wadi Daygah_ ... 13°47/
Wadi Dura - - oo oo 14°26/
Wadi Gharish. . ____________________ 14°08’
Wadi Habban_ ... ____ 14°18/
Wadi Hajro oo oo oo . 14°14’
Wadi Hasan_ - . . 13°24/
wadi Himam . __________________________. 14°40'
WadiJadin . .- ____ 12°49’
Wadi Jirdan . _ o . 14°58/
Wadi Markhah_____ . _______________ 14°38/
Wadi Matarif ... ____ 14°56/
Wadi Mayfa‘ah__________________________ 14°08’
Wadi Milb_ - .- ___ 13°47'
Wadi Rayban_ .. _____ 13°37'
Wadi Raymah_ - __ . ________________ 14°11/
Yashbum__ L _. 14°17/
Zinjibar - _ oo 13°07'
Zulm Ba Tha'lab__ ... 14°17"
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ADEN PROTECTORATE

AGE DETERMINATION RESULTS
By N. J. SNELLING ¢

Recent work in Aden Protectorate and Somalia
(former Somaliland Protectorate) has revealed marked
similarities in the Precambrian geology of these terrains.
In both regions the basement rocks have been sub-
jected to two episodes of metamorphism, the first of
which was the more intense, conditions reaching those
of the amphibolite facies, and in parts of Somalia,
the granulite facies. For convenience this episode
is referred to as katametamorphism. The second
metamorphism was generally of much lower grade,
only locally reaching the conditions appropriate to
the amphibolite facies, and with mainly dynamic
effects much in evidence. This episode is referred
to as epimetamorphism. Present in both regions
are low-grade metasedimentary rocks comprising the
Ghabar Group of the E.A.P. (Beydoun, 1960) and
the Inda Ad Series of Somalia. The relationship
of these formations to the crystalline basement rocks
is obscure, although the evidence favors an uncon-
formable relationship between the Somalia basement
rocks and the Inda Ad Series.

Several phases of plutonic igneous activity can be
distinguished. In both regions the katametamorphism
was accompanied by the development of autochthonous
and parautochthonous granites (the syntectonic gran-
ites of Greenwood in Aden Protectorate and the
synkinematic granites of Warden in Somalia), and
the later epimetamorphism was followed by the in-
trusion of posttectonic granites that have sharp
crosscutting contacts and well-defined thermal aureoles.
In Aden Protectorate, Greenwood has distinguished
a group of granites which are later than the kata-
metamorphism but earlier than the epimetamorphism,
which he terms the intertectonic granites; in Somalia,
Daniels, Skiba, and Sutton (1963) have described
a group of layered gabbroic intrusions which also
postdate the katametamorphism and predate the
epimetamorphism. These layered mafic intrusions
are of particular importance in that they indicate
a longtime interval between the two metamorphisms
in Somalia. Thus in some localities well-defined
thermal aureoles have been observed adjacent to the
gabbros, indicating that the country rocks had time
to cool after the early katametamorphism, whereas

+ Of the Overseas Geological Surveys.
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the banded nature of these mafic rocks indicates the
slow accumulation of crystals by gravity differentia-
tion, which could only occur during a long period of
quiescence.

TABLE 8.—Age determinations from former British Somaliland
and Aden Protectorate
{In calculating the K-Ar ag(}os the following constants were used:

K A\8=4.72X10-19 yr-1
Ae= (.584X10-10 yr-1

Potas-
Determination Nature and location sium | ©Ar/4K | Age
No. (per- ratio (m.y.)
cent)
Former British Somaliland
0GS.62.50- ... Biotite from Daimoleh granodiorite 7.75 0.0331 | 49525
gneiss. Lat 10°09 N., long 42°02’ E.
51._._. Muscovite from garnet-muscovite 7.22 . 0415 | 60030
gneiss. Near Bawn. Lat10°12’ N.,
long 43°03’ E.
45. ... Biotite from biotite-adamellite intru- 7.57 . 0337 | 50025
sive into basement rocks and the
Inda Ad Series. Near Mait. Lat
10°50’ N, long 47°12' E.
44 Biotite from Las Bar granite, post- 6. 84 . 0346 | 51525
Inda Ad Series.
2. .. Whole rock ‘““metamorphosed argilla- 2.86 . 0335 | 500125
ceous sandstone” 1A9A, Inda Ad
Series. Map sheet 6,
45 ____ Whole rock ‘““mudstone” 1AS.47, Inda 1.05 .0243 | 38040
Ad Series. Map sheet 6.
Aden Protectorate
63.12__._. Biotite from the Ra’s Buriim granite, A 7 R 515:£25
sample A.257.
62.53... . Biotite from Wadi Ghabar granite, 6.55 0.0383 | 56030
sample 249.
52..... Biotite from Wadi al Jif’iyah granite, 7.73 . 0375 | 550430
sample 201.
63.11_____ Bioltite fr%l;l Wadi Kayfi granite, sam- 6.57 Jemommenan- 47520
ple A.39.
62.53_.._..| Biotite from_ biolite-quartz shist, 7.01 0337 | 505425
Wadi Rayban, sample A.70.
63.131._... Biotite from staurolite-zarnet-mica 6.85 . 0429 | 620
schist, Wadi Gharish, sample A.229.
61.39__.__ Muscovite from quartz-muscovite 8.59 . 0310 | 470£20
dike, isolated, basement outcrop,
Ra’s Sharwayn,

1 A corrected determination gives an apparent age of 57526 m.y. and a%Ar/ 4K
ratio of 0.0394.

New age determinations on rocks from Somalia and
the Aden Protectorate are given in table 8. Most of
the determinations were made on samples submitted
by geologists of the former Geological Survey of Somali-
land Protectorate and of the Overseas Geological
Surveys. Determinations were all made by the
potassium-argon method which, on the basis of past
experience, has proved of greatest value to recon-
naissance studies of geologically little known areas.
Argon was determined by the isotope-dilution method,
by using a bakeable all-glass vacuum system and a
Reynolds-type glass mass spectrometer. Potassium
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was determined by means of an Eel flame photometer
by direct comparison with standard solutions.

Probably the most important of these new age de-
terminations are those on the Las Bar, Ra’s Buram,
and Mait granites. These are all clearly posttectonic
bodies having crosscutting contacts and thermal au-
reoles. The similarity of the determinations strongly
suggests that they date the time of intrusion. In
terms of current estimates of the geological time scale
these granites are of Late Cambrian age. In E.A.P.
the Ra’s Burtim granite intrudes older volcanic rocks
(see Greenwood, 1961, pl. 1); in Somalia the Las Bar
granite intrudes metasedimentary rocks of the Inda
Ad Series, and the Mait granite cuts both regionally
metamorphosed basement rocks and members of the
Inda Ad Series. Thus in Somalia the basement gneisses
and apparently overlying Inda Ad Series are Cambrian
or older, as are the two metamorphic episodes recog-
nized in the region. Little more can be said about the
actual ages of these metamorphisms, but it is reasonable
to suggest that the epimetamorphism in the base-
ment rocks and the dynamic metamorphism which
has affected the Inda Ad Series are one and the same
event. Attempts to date this event by making whole-
rock potassium-argon determinations on the argilla-
ceous metasedimentary rocks of the Inda Ad Series
were unsuccessful. Both determinations shown in
table 8 give ages younger than those given by cross-
cutting granites, and obviously the metasedimentary
rocks have lost argon.

The Ra’s Burim granite of E.A.P. is unaffected by
the movements that deformed metasedimentary rocks
of Wadi al Ghabar, movements which can probably
be correlated with the epimetamorphism of the older
basement assemblage. Thus the crystalline basement
rocks and the metasedimentary and older volcanic
rocks of E.A.P. are also Cambrian or older.

In Aden Protectorate an earlier intrusive phase
appears to be represented by the Wadi al Ghabar and
Wadi al Jif’iyah (Bayhan) granites, dated at 560
and 550 m.y., that is, of Middle Cambrian age. These
are also posttectonic granites and as such set a younger
limit to the epimetamorphism. An even later intru-
sive episode may be represented by determinations
0GS.61.39 and 0GS.63.11; these ages are Ordovician.

Three determinations on micas from basement rocks
from Somalia and Aden Protectorate give ages ranging
from 505 to 620 m.y. From the geochronological point
of view it can be postulated that two types of mica are
present in the metamorphosed basement rocks; those
formed during the earlier katametamorphism, and those
formed during the subsequent epimetamorphism.
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However, as it is known that micas, and particularly
biotites, lose argon fairly readily when metamorphosed,
the ages as determined on the earlier micas can be
expected to have been affected by the epimetamorphism.
Their apparent ages are likely to be significantly lower
than their true age—that is, the time of the epimeta-
morphism. The best estimate of the time of the
katametamorphism is given by the greatest apparent
age, which is about 600 m.y., in both Somalia and Aden
Protectorate. The katametamorphism is thus older
than 600 m.y.

Age determinations on the later micas ideally give
the age of the epimetamorphism, which on the basis
of the determinations made on the posttectonie granites,
must be older than 515 m.y. and is probably older than
560 m.y.

Unfortunately this simple pattern can be complicated
by natural argon leakage. Such argon loss does not
normally appear to exceed about 10 percent, but even
this would result in an apparent age some 50 m.y. too
young. This may explain the apparently anomalous
results of 505 m.y. given by the biotite from the Wadi
Rayban mica schist, 0GS.62.53.

Definite conclusions are not justified on the basis of
the few age determinations so far made from the base-
ment rocks of these areas, but as already suggested,
the katametamorphism is almost certainly older than
600 m.y., whereas the epimetamorphism probably
occurred between 560 m.y. and 600 m.y.

TABLE 9.— Age determinations on biotites from the Eastern Desert,
United Arab Republic

[All except determination B.3611 are from Gheith (1961). Determination B.3611 is
from Hurley and others (1958, p. 97). Monaczite from what appears to be the same
granite mass gives discordant U-Pb ages as follows: Pb208/U2%, 307 m.y.; Ph207/U2%,
339 m.y.; Pb?8/Th?3, 493 m.y. See Schitrmann and others (1960, p. 100)]

Potas-
sium
(per:
cent)

WAT/OK | Age
ratio (m.y.)

Determination Nature and location
No.

Pink granite, late Gattarian intrusive
rock, just west of Gebel Nugrus.
Lat 24°49’ N., long 34°33’ E ...

Pink granite, 1ate Gattarian intrusive
rock, Wadi Essel, south of Qoseir.
Lat 25°55’ N.,long 34°13' E________.

Gray oligoclase granite believed to be
the earliest phase of the Gattarian
granites. 7 km south of Gebel
Maeilhar. Lat 24°50° N.,
34°01' E

Same nature as for B.3711, Wadi Abu
Had. Lat 24°33’ N., long 34°39’ E__

_| Granite gneiss, Hafafit mine area.

Lat 24°50’ N, long 34°30’ E. From

the core of a domal structure be-

lieved to be early Protarchean in

3.93 0. 0306 460

5.00 . 0372 540

long

. 0360 520
. 0286 435

5.67
5.50

4.85 . 0352 510

ag

Biotite gneiss, Hafafit mine area.
Lat 24°50’ N, long 34°30’ E. This
rock overlies a series of hornblende
gneisses which in turn overlies the
granite gneiss of B.3716_.____.__. .___

Dara granite from Wadi Hawashia.
Gattarian_ ... . . ________ 5.8

. 0302 455
.......... 630

6.92

# A
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TaBLE 10.—Age determinations on micas from Arabia

[Sample numbers and locations given by Aldrich and others (1959, table 11, fig. 9).
Determinations also shown by Brown and Jackson (1960, fig. 1)]

Sample No. Location Rb-Sr ! ' K-Ar
1070 710
1000 745
880 600
530 |-
750 |
600 | o
!

! These are the ages obtained if a half life of 5.0X10% yr. is assumed for the decay of
fRb. To obtain the age on the basis of a half life of 4.7X101 yr, multiply by 0.94.

Regarding comparison with other regions, age de-
terminations from Egypt and other parts of the Arabian
shield are given in tables 9 and 10. As described by
Brown and Jackson (1960) the main mass of the Arabian
shield in western Saudi Arabia appears to have much
in common with Aden Protectorate and Somalia.
Brown and Jackson recognized at least two major
gneissic belts which intersect at right angles beneath
the Sahl Rakbah. According to these authors, one belt,
which extends northeastward from the Red Sea rift,
has features of injection and migmatization and is
flanked by a retrogressively metamorphosed group of
mafic igneous rocks, slate, and quartzite, which they
considered to be near the base of the Arabian geologic
column. The other belt extends northeastward and
has the characteristics of orthogneiss.

Determinations on micas from synkinematic grano-
diorites and related rocks give Rb-Sr ages of about
1,000 m.y., whereas determinations on micas from
somewhat younger batholiths and stocks of calc-alkalic
granites and quartz diorites, which display both con-
cordant and discordant features, give Rb-Sr ages of 750
and 880 m.y. Still younger ages of 600 and 530 m.y.
were also reported, the former on a mica from a ‘‘younger
red intrusive”’ rock and the latter on a mica from an
unmetamorphosed granite ring dike east of At Ta'if.
If these last two ages are recalculated using the Rb*
half life of 4.7 X 10 yr (the value preferred by the
writer), one gets ages of 565 and 500 m.y.

Probably the most important feature of these de-
terminations, and one which was not mentioned by
Brown and Jackson (1960), is that where both Rb-Sr
and K-Ar ages have been determined the results are
discordant (see table 10). Such discordance is gen-
erally accepted as being indicative of a metamorphism
after initial crystallization. This later metamorphism
probably is approximately the same age as the youngest
K-Ar apparent age, which is 600 m.y., particularly as
there occurs in the same area the unmetamorphosed
granite ring dike east of At Ta’if which gives an age
about 500 m.y. (depending on the decay constant used
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in the age calculation). It thus appears that the
crystalline gneisses and granitic rocks in regions stretch-
ing southwestward from Jiddah on the coast toward the
border of Saudi Arabia and Yemen were subjected to
two metamorphic episodes: the first, at about 1,000
m.y., was followed by the intrusion of granites which
in turn were followed by a second and probably milder
metamorphism between 600 and 500 m.y. By analogy
with results from the Aden Protectorate, where post-
tectonic granite has been dated at 560 m.y., it may be
suspected that the later metamorphism occurred in
earliest Cambrian or latest Precambrian times.

Although Brown and Jackson made no reference to
features in the basement gneisses and granites which
could be indicative of polymetamorphism, the fact that
the various low-grade metasedimentary and meta-
volecanic rocks, such as the Fatima Formation, have
been subjected to mild mainly dynamic metamorphism
and rest disconformably on basement gneisses and
schists, implies more than one diastrophism; it is un-
likely that the basement rocks, on which the low-grade
metamorphic formations rest, would be unaffected by
the later diastrophism. In fact, the age determinations
indicate that these rocks were affected.

Age determinations from Egypt and the northern
Sudan are given in table 9. The ages are quite remi-
niscent of the dates determined from Somalia and
Aden Protectorate. It is difficult to correlate these
ages with the geologic succession proposed by Hume
and Schiirmann; the Gattarian granites give apparent
ages ranging from 630 to 460 m.y. whereas gneisses
from what were considered to be the oldest of the
crystalline basement rocks give Paleozoic ages well
within the apparent age span of the Gattarian granites.
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