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SUMMARY OF TERTIARY INVESTIGATIONS IN WESTERN
SAUDI ARABIA, CURRENT WORK BY THE U.S. GEOLOGICAL SURVEY,
AND RECOMMENDED FUTURE STUDIES
by
Donald G. Hadley, Dwight L. Schmidtl/, and
Robert G. Coleman2/
ABSTRACT

In 1936, geologic work related to the Tertiary System in
western Saudi Arabia began with a study of the Umm Gerad bar-
ite deposit by K. S. Twitchell. In 1944, a study focusing
specifically on Tertiary rocks was conducted by Steineke and
others near Jiddah. Small-scale mapping of Tertiary sequen-
ces began in 1950 in southwestern Saudi Arabia and later in
northern Saudi Arabia as part of the Kingdom's early mapping
program. These studies were part of a larger program being
directed by the Government of Saudi Arabia in connection with
mineral resource investigations.

In the mid- to late-1960's, the Bureau de Recherches
Geologiques et Minieres discovered mineralized Tertiary rocks
at Jabal Dhaylan and began a study, which continues to the
present, of both the Tertiary rocks and the mineralization.
Following a number of early local studies, in 1973 the U.S.
Geological Survey began detailed study of the Tertiary lay-
ered rocks along the Red Sea coastal plain south of Jiddah.
More recently, Riofinex and Seltrust have been exploring for
selected commodities in Tertiary sequences of northwestern
Saudi Arabia and the Red Sea coastal plain.

Results of these studies, including work by the Saudi
Arabian Directorate General of Mineral Resources and the
Saudi government agency preceding it, are summarized in this
report. Characteristics of the Tertiary rocks south of 1lat
23° N. and the Tertiary mineral deposits of western Saudi
Arabia are also summarized. Recommendations are made for
future geologic studies and mineral assessment of the Ter-
tiary rocks of western Saudi Arabia.

/ U.S. Geological Survey, Denver, Colorado
/ U.S. Geological Survey, Menlo Park, California
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INTRODUCTION

Geologic investigations bearing on the Tertiary System in
western Saudi Arabia (fig. 1) began as early as 1936 when
Karl S. Twitchell prospected the Red Sea coastal plain. One
objective of this early study, conducted chiefly by the Saudi
Arabian Mining Syndicate (SAMS), was to gain some insight
into the composition and structure of the rocks of western
Saudi Arabia, but the main objective was to examine these
rocks for their ore-bearing potential using reconnaissance
methods. Of necessity the study was broad in scope, and as
many rock types were examined as time permitted without re-
gard to their age or other particular geologic - character-
istics.

During most of the forties, very little geologic work was
attempted in western Saudi Arabia because of World War II.

In 1947, water-resource and geologic studies in the King-
dom were resumed under the auspices of the Ministry of Fi-
nance and National Economy, and, until 1954, SAMS continued
its mineral exploration in western Saudi Arabia. In 1950, a
general program of natural-resource investigations was init-
iated at the specific request of King Abdulaziz ibn Saud and
the U.S. Geological Survey (USGS) began a study of western
Arabia that included reconnaissance geologic mapping. This
study was conducted under the auspices of the Bureau of Mines
and Companies within the Ministry of Finance and National
Economy until 1954, when the Bureau was reorganized as the
Directorate General of Petroleum and Mineral Affairs. Office
and laboratory phases of the program continued, resulting in
the publication between 1956 and 1963, in cooperation with
the Arabian American Oil Co., of a series of 21 geologic maps
of the Kingdom of Saudi Arabia at a scale of 1:500,000 and a
geologic map of the Arabian Peninsula at a scale of
1:2,000,000. In 1961, the Directorate General of Mineral
Resources (DGMR) was formed within the Ministry of Petroleum
and Mineral Resources (MPMR).

The DGMR intensified its mineral resource and geological
studies through a series of work agreements or contractual
arrangements with the U.S. Geological Survey in 1963, geolo-
gists from the Japanese Geological Survey (JGS) in 1964, the
French Bureau de Recherches Geologiques et Minieres (BRGM) in
1965, Watts, Griffis, and McQuat (WGM) in 1972, Imperial
College in 1975, Riofinex in 1976, Minatome in 1979, and
Seltrust in 1981. Studies of the Tertiary System were
included in the geologic investigations, and work by most of
these organizations continues to the present.

The purpose of ' this report is to summarize economic and
scientific studies of the Tertiary System of western Saudi
Arabia and the Red Sea that have been conducted under
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Figure l.--Index map showing distribution of Cenozoic rocks (stippled pattern) in
western Saudi Arabia. Adapted from Riofinex Geological Mission (1977).
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sponsorship of the Government of Saudi Arabia, including the
current investigations being conducted by the USGS, and to
recommend a program of future study. Presentation of the
studies is organized into four periods based on government-
and agency-level administrative events that mark breaks in
the chronology of geologic fieldwork in Saudi Arabia. The
periods are prior to 1947, 1947-1960, 1961-1972, and 1973-
1982. The events defining these periods, together with other
events- that relate dlrectly to geologlc'aCt1v1ty'in western
particular, are shown in table 1. “Publications Trelated to
studies of the Red Sea basin not sponsored by the Government
of Saudi Arabia generally -are not included in this report.
Abstracts are also not included. Both these types of publi-
cations may be obtained -by - reference to. an. earth-science
(Gettings and others, 1981).” Titles of references presented
in the appendices (1-4) summarizing the four periods noted
above are abbreviated partly for convenience; complete
references are listed at the end of the report.

A detailed review of Red Sea geologic studies through
mid-1971 was published by Patrick Skipwith (1973). A com-
panion paper to this present summary discusses the more
technical aspects of the Tertiary geology and evolution of
the Red Sea (Schmidt and others, 1982).—

.PREVIOUS INVESTIGATIONS
Prior to 1947

Prior to 1947 very few geologic studies were conducted
that specifically related to the Tertiary System (appendix
). In the late 1800's, Burton (1979) -examined Tertiary
rocks (Raghama formation) in the Al Bad area. In 1936,
Twitchell (Schaffner, 1958a) briefly studied the Umm Gerad
barite deposit, and Shaw (1936) prospected in the Rabigh dis-

~trict and presumably evaluated the Umm Gerad barite veins as
well. Both Twitchell and Schaffner worked for the Saudi
Arabian Mining Syndicate, a private consortium that had been
granted a concession for mineral exploration by the Saudi
Arabian Government. In 1944, reconnaissance mapping of Ter-
tiary and Quaternary rocks and sediments of the Jiddah-Usfan-
Wadi Fatima area was carried out by Max Steineke and E. L.
Berg of the Arabian American Oil Company (Aramco) and G.
Wadsack of the U.S. Military Mission; the results of this
study were not published, but their reconnaissance geologic
map is available.

1947-1960

Following World War II, geologic studies were resumed in
Saudi Arabia, with emphasis on the Precambrian Shield area
(appendix 2). ‘



Although not the principal objective of these studies,
the first regional mapping and study of the Tertiary System
in western Saudi Arabia began with fieldwork by G. F. Brown
and R. O. Jackson along the coastal plain near Jizan. Map-
ping commenced in 1950 and resulted in publication of the
1:500,000-scale Asir quadrangle (Brown and Jackson, 1959) and
the Tihamat ash Sham quadrangle (Brown and Jackson, 1958),
which show the Tertiary rocks along the coastal plain from
the Yemen border to lat 20° N. The remainder of the maps in
the 1:500,000-scale series were published by 1963, and to-
gether these maps show the distribution of Tertiary rocks in
western Saudi Arabia and along the coastal plain (appendix
2), 1including depiction of the important Tertiary sections
peripheral +to Harrat Hadan and the volcanic rocks' and
laterite in the As Sarat area.

The period between 1947 and 1960 was a formative one in
Saudi Arabia for Tertiary geologic studies as well as studies
of the older Precambrian rocks. A broad foundation was laid
for future detailed work and included: (1) acquisition of
third-order vertical and horizontal control and Shoran; (2)
‘aerial photographic surveys that produced a complete set of
1:60,000-scale high-resolution photographs of the whole of
the Arabian Shield and coastal plain from which a partial set
of 1:100,000-scale photomaps were compiled and an almost com-
plete set of 1:100,000-scale semicontrolled photomosaic bases
were produced; (3) a set of 42 geologic and geographic maps
at 1:500,000-scale compiled or in progress for the whole of
the Kingdom; and (4) three maps, two geographic and one -
geologic, covering the Arabian Peninsula, adjoining water
bodies, and portions of adjacent 1land areas at scale
1:2,000,000. :

Simultaneous with the 1:500,000-scale mapping and compi-
lation work by the USGS and Aramco, other studies were being
conducted by the Government of Saudi Arabia. Numerous Ter-
tiary localities were mapped and studied, and some mineral-
ized areas that had been studied previously, such as the Umm
Gerad barite area, were reexamined.

Philby (1957), accompanied by R. G. Bogue, U.S. Geolog-
'ical Survey, made observations in the Midian area of north-
western Saudi Arabia but conducted no detailed geologic
investigations of Tertiary rocks.

1961-1972

In 1961, the Directorate General of Mineral Resources was
established within the Ministry of Petroleum and Mineral
Resources, thus formalizing a Saudi government agency whose
prime objective was mineral resource investigations. As a
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means of implementing these investigations quickly and sys-
tematically, the Ministry of Petroleum and Mineral Resources
concluded work agreements with the USGS in 1963, BRGM in
1965, and individual contracts with geologists from the
Japanese Geological Survey in 1963, all to undertake detailed
geologic mapping and mineral resources studies in western
Saudi Arabia. Fieldwork based on broadly constructed
programs began immediately afterward. ' .

Thus, between 1861 and 1972 there was a large expansion
of activity related to mineral resource and basic geologic
studies of the Tertiary System of western Saudi Arabia and in
particular the Red Sea coastal area. The Red Sea basin became
the focus of worldwide scientific interest because of the re-
discovery in 1964 of the hot bottom temperatures and high sa-
line levels in the central part of the Red Sea by Charnock
(1964)"and Swallow and Crease (1965) on the research vessel
RRS Discovery. Because of the potential economic signifi-
cance of the anomalous metal concentrations in the hot brines
of the axial trough of the Red Sea, an understanding of their
genesis became important; at the same time the study of ocean
basins in general received new attention because of the
€évolving concepts of sea-floor spreading and plate tectonics.

The sequence of events regarding specific study of the
Red Sea demonstrates the importance and value of basic
research. Scientific studies of the Red Sea were encouraged
by both its unique character as a natural laboratory for the
study of young oceans and their genesis and its significance
with respect to the East African rift system, the Gulf of
Aden, and the immense Tertiary volcanic activity of the Afar
triple junction. These studies led ‘to the discovery- of ‘the
Red Sea metalliferous brine resources. Thus, impetus from
the scientific research led to the identification of deposits
of potential economic importance, which in turn inspired more
research and more exploration. :

Numerous significant papers pertaining to the Tertiary
System of western Saudi Arabia and the Red Sea emerged be-
tween 1961 and 1972. These were published as the result of
symposia (Clifford and Gass, 1970; Falcon and others, 1970);
as collected works centered on a specific area (Degens and
Ross, 1969);, or as individual research articles (Al-Shanti,
1966; Berton, 1967, 1968, 1969a and b; Gillmann, 1968; White-
man 1968, 1970; Girdler, 1969,  1970a,; b, c¢; Bigot, 1970;
Bodenlos, 1970;- Dadet and others, 1970; Gass, 1970a, b).
These and other papers published during the period are shown
in appendix 3.

In the course of reconnaissance work for nonmetallic min-
eral resources along the northern Red Sea coast beginning in
1968, BRGM discovered copper-mineralized rocks of Tertiary
age at Jabal Dhaylan (Berton, 1969). This discovery led to a



broader mineral exploration program of the Tertiary rocks of
the northern Red Sea coastal plain by BRGM, including map-
ping, detailed geochemical and geophysical surveys, and
drilling at Jabal Dhaylan and other localities from Yanbu al
Bahr northward to the vicinity of Haql on the Gulf of Agaba.
These studies continue to the present and have resulted in
many papers concerning the Tertiary stratigraphy and struc-
ture of the region and have more recently led to a program of
pPhosphate exploration. Publications arising from BRGM's
Tertiary studies along the Red Sea margin of Saudi Arabia,
including reconnaissance investigations for nonmetallic
mineral resources south of Jiddah, are summarized in appen-
dices 3 and 4 or are listed in the cited references of this
report.

CURRENT USGS PROGRAM (1973-1982)

Objectives and area of work

The current program of USGS studies related to the Ter-
tiary System of western Saudi Arabia began in late 1973 as a
result of 1:100,000-scale mapping along the Red Sea margin
(fig. 2). During the mapping program, the area along the
coastal plain was observed to contain considerable Tertiary
sedimentary, volcanic, and intrusive rocks. As the mapping
progressed, it became apparent that the Tertiary sequences
required a program of detailed study of a scope beyond that
ordinarily devoted to the type of reconnaissance mapping
being conducted by the USGS. Thus, in spring of 1974, D. L.
Schmidt and R. G. Coleman joined D. G. Hadley in a project
designed to study the Tertiary rocks along the Saudi Arabian
coastal plain from Jiddah to the Yemen border. The basis of
this work was the mapping of the Tertiary rocks by Hadley
(1975a, b, 1980, 198la, b, ¢, d) and Hadley and Fleck (1980a,
b) in the quadrangles shown in figure 2 and previous field-
work done by Coleman and others (1972, 1977).

This project had five main objectives, including an
understanding of (1) the distribution of the rocks; (2) the
composition of these rocks (geochemical and stratigraphic);
(3) their environment of deposition, including the structural
and geomorphic character of the proto-Red Sea rift/basin; (4)
their economic potential; and (S5) the configuration of the
continental-oceanic boundary as determined from geophysical
studies. Results of the project suggested that the mid-
Tertiary layered rocks cropping out on the Red Sea coastal
plain held the key to unlocking unresolved problems related
to breakup of the Afar triple junction and the Arabian-Nubian
craton and development of the subsequent rift into a bona
fide Miocene ocean floored by simatic material. Further, the
results suggested that (1) the sedimentary rocks and their
coeval volcanic rocks were 1likely hosts for hydrothermal
base-metal deposits similar to those along the northern Red
Sea coastal plain, such as at Jabal Dhaylan, and to those

9
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Figure 2.--Map showing quadrangles mapped by the U.S. Geological Survey C(heavy out-
line), on or adjacent to the Red Sea coastal plain, that formed the basis for ini-
tiating detailed studies of the Tertiary System in southwestern Saudi Arabia begin-
ning in 1973. 10



across the Red Sea in Egypt, and (2) the oceanic crust under-
lying parts of the coastal plain might contain metalliferous
deposits similar to those being generated in the axial-trough
brine pools today.

In order to gain a complete knowledge of the Tertiary
rocks along the coastal plain, the project area was expanded
to include a reexamination and mapping of the Tertiary rocks
south of Ash Shuqayq and northward from the Al Lith quadran-
gle to approximately lat 23° N. (figs. 1 and 2). Although
the rocks near Jiddah had been mapped previously (Al-Shanti,
1966; Nebert and others, 1974), the Shumaysi formation had
never been carefully correlated with the Tertiary succession
(Jizan group) to the south. Therefore it was necessary to
briefly reexamine the Shumaysi formation and to map and study
the rocks in the areas of Jabal Sita (lat 20°55' N.), Jabal
Abu Shidad (lat 20°50' N.), and around Harrat Shama
(lat 20°40' N.). In addition to studying the older Tertiary
rocks (Oligocene to Pliocene), the volcanic rocks of Harrat
al Birk and nearby volcanoes such as Jabal Bagarah and Jabal
al Haylah were sampled and examined.

Results and conclusions

Published data

During the present phase of Tertiary System studies in
Saudi Arabia, from 1973 to the present, numerous significant
papers have been published on the Red Sea and its margins.
Many of these papers have been published or sponsored by the
Directorate General of Mineral Resources. These are tabu-
lated and synoptically summarized in appendix 4 along with
other reports published since 1973.

To facilitate our work begun in late 1973, a bibliography
of the Red Sea and its margins and rift extensions was pre-
pared and published (Hadley and Schmidt, 1977) in a DGMR vol-
ume- devoted to Red Sea research between 1970 and 1975 (Hil-
pert, 1977). Two other papers were published at a later date
that are related directly to the work begun in 1973 (appendix
4). One concerns the composition, chemistry, and mode of
origin of the ophiolitic rocks of the southern coastal plain
-between Ad Darb gnd the Yemen border (Coleman and others,
1979 - ), and the other deals with ultramafic inclusions
and host alkali-olivine basalts of Harrat al Birk (Ghent and
others, 1980). Finally, one additional paper related to Ter-
tiary studies in western Saudi Arabia, although not to the
coastal plain work, deals with the Umm Himar formation near
Harrat Hadan and the Paleocene invertebrate faunal assemblage
of the Umm Himar lacustrine beds (Madden and others, 1979).
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Geologic data

A preliminary paper recently has been completed that
deals with the stratigraphy and structural aspects of the
Tertiary layered rocks from near Jiddah to the Yemen border
(Schmidt and others, 1982)< It presents data and interpreta-
tion related to fieldwork initiated early in the USGS Ter-
tiary program and to studies carried on in more detail by
Schmidt since Pebruary 1980.

Tertiary rocks 1n‘the'area of study range from approxi-
mately middle Oligocene +to middle Miocene and include the
Baid formation (Brown and Jackson, 1959); mafic, felsic, and
silicic volcanic rocks formerly described within the Baid
{Brown and Jackson, 1939; Gillmann, 1968); a mafic complex
identified as the Tihama As1r ophiolite (Coleman and others,
1977, 1979 ); and the Bathan formation (Hadley and
Fleck 1980a and b). In the course of fieldwork conducted
since 1980 we have redefined the Baid formation. Although
Brown and - Jackson (1559) and Gillman (1968) had mapped and
described volcanic flows and tuffs within the Baid formation,
we have excluded these rock types and defined the Baid forma-
tion as a dominantly sedimentary formation, even though it
contains an appreciable quantity of very fine grained water-
laid tuffaceous detritus.

Mapping.-~Figure 1 shows the distribution of exposed Ter-
tiary rocks of western Saudi Arabia, including the study area
from lat 23° N. south to the Yemen border. Mapping of the
Tertiary rocks south of lat 23° N. is complete, except for
‘the area between Jabal Sita and lat 21°15' N. A small amount
of detailed mapping may still be required in local areas
between Al Qunfudhah and Jabal Sita.

Stratigraphy and lithology.--Detailed stratigraphic sec-
tions and geologic columns showing relative age relationships
of lithostratigraphic units at 23 localities have been mea-
sured and compiled (Schmidt and others, 1982). The strati-
graphic age relationships are shown on figure 3.

On the basis of fieldwork from Jabal Sita southward, we
have reevaluated the age relationships of the middle Oligo-
cene to middle Miocene succession and have redefined the Baid
formation. Previously, the Tihamat Asir complex wds consid-
ered to be the base of the Tertiary succession in the south-
ern coastal plain and to be approximately coeval with the As
Sarat lavas (Coleman and others, 1977, 1979). The Baid for-
mation was described as being deposited unconformably on the
Tihamat Asir complex (Gillmann, 1968; Coleman and others,
1977, 1979 )~ ¥We conclude that the Tihamat Asir com-
plex is younger than the Baid formation; field evidence shows
that it intrudes both the Baid formatlon and volcanic rocks
equivalent in age to the Baid.

12
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inland of the continental rift. From Schmidt and others (1982). -
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Brown and Jackson (1958, 1959) and Gillmann (1968) de-
scribed the Baid formation as composed of siliceous tuffac-
eous sedimentary rocks, tuffs, andesite, basalt, and rhyo-
lite. From our studies, we informally name the Tertiary lay-
ered rocks (previously known as the Baid formation) the Jizan
group, and we define the formations withim it in approximate
decreasing age as follows: Ayyanah sandstone (equivalent to
at least part of the Shumaysi formation in the Jiddah area),
Ad Darb formation, Baid formation, Liyyah formation, and
Damad formation. It was important to restructure the termin-
ology and rank of these rocks because each formation plays an
important role in understanding the rifting of the proto-Red
Sea basin, because the newly designated units can be defined
with relatively homogenous composition, because each forma-
tion is from tens to hundreds of meters thick, and because
the formations intertongue. Table 2 lists the stratigraphy
of western Saudi Arabia arising from and related to the cur-
rent studies. Figure 3 schematically illustrates the vertical
and lateral stratigraphic association of the formations in
the Jizan group.

Economic studies.--A major objective of the current Ter-
tiary work was to establish a sound stratigraphic and struc-
tural framework for the exploration of Tertiary ore deposits
along the coastal plain south of lat 23° N. To date, ex-
ploitable mineralized rocks have not been found in the area,
but the base-metal potential of Tertiary rocks of the coastal
plain south of Jiddah is being investigated. The studies of
some areas, such as at Umm Araj, suggest that further econom-
ic studies are required, and these areas are discussed in the
last section of this report.

The economic potential of the Tertiary rocks of the Red
Sea coastal plain can be divided into water, energy, and non-
metallic -and metallic resources. Characteristics of the
principal Tertiary metallic and nonmetallic mineral deposits
and mineralized areas of western Saudi Arabia and the Red Sea
coastal plain are summarized in table 3.

The water resource potential has not been pursued but is
obviously related to the geologic studies. Energy resources
include oil, gas, geothermal, and uranium. The oil and gas
potential has been studied by private enterprise, and the
geothermal potential is currently being studied by BRGM. The
high geothermal crustal gradient at the continental-oceanic
margin of the Red Sea enhances the geothermal potential but
discourages oil potential. A gas potential is distinctly
favorable for the long-term future. For various reasons, the
uranium potential is low.

14
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Nonmetallic resources include cement raw materials, gyp-
sum, potassium and sodium salts, clays, barite, phosphorite,
and sulfur, and these have been examined in the past. Cur-
rently most important are the cement raw materials limestone,
clay, pozzolan, gypsum, silica, and iron for the Jizan cement
plant and for future plants. The Jizan plant is situated at
a large limestone deposit but requires the other raw mater-
ials. The raw materials found in the Tertiary rocks have
been evaluated by USGS and others for this immediate need

(appendices 3 and 4).

Gypsum and potassium and sodium salts are in sediments
overlying the Jizan group; their availability is structually
controlled, and the search for concealed deposits depends on
structural and geophysical data acquisition and interpreta-
tion. Bentonite is a potential resource in the abundant
pyroclastic deposits of the Jizan group volcanic rocks; it is
formed by hydrothermal alteration, a process which was wide-
spread in the coastal plain. Kaolinitic and ceramic clay re-
sources are not promising, on the basis of existing studies.
Barite is a resource in the central coastal plain, and aqne
small, poorly exposed occurrence in the southern coastal
Plain suggests that barite deposits may be more widespread.
Barite is a resource in itself but also may be a pathfinder
mineral in the search for underlying base-metal deposits.

Low-grade alumina and iron oxide deposits are known re-
sources in the Tertiary section, but higher grade, larger
volume deposits have not been identified. Potential, low-
grade alumina ores have been described by the BRGM in the As
Sarat area, where associated lateritic iron ore deposits have
been known for some time. The same lateritic deposits have
been found in small volume on the coastal plain, and larger

deposits may exist.

Oolitic iron beds in the Shumaysi formation may be relat-
ed to the leaching of iron over broad areas of deeply weath-
ered Precambrian rocks during a humid climate; however,
deposition of the beds in a lacustrine environment is a dis-
tinct possibility as well (Lemoalle and Dupont, 1976).
Hence, paleoclimate concepts, erosional history, and stratig-
raphy are important factors in the search for these iron de-
posits, whether they be in situ, mechanically concentrated,
or chemically or biogenically precipitated deposits. Bauxite
deposits do not seem to have much potential.

In theory certain metallic deposits are 1likely to be
found in extensional tectonic environments and particularly
in continental-rift volcanic deposits. The hydrothermal
alteration of the Jizan group rift-volcanic rocks (Taylor and
Coleman, 1977) probably resulted in part from volcanic deu-
teric alteration but also very 1likely resulted from subse-
quent convective hydrothermal circulation. Under these con-
ditions, base-metal deposits may have formed within the rift

15
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volcanic pile and in overlying sediments, 'particularly in
overlying limestones such as at Jabal Dhaylan or in an adja-
cent geologic setting such as at Umm Araj.

Several active hot springs, as well as some ancient hot
spring deposits, have been found in the southern coastal
Plain. These attest to the presence of hydrothermal activity
“in the coastal plain, and study of these deposits may indi-
cate ore deposits at depth. Iron oxides and manganese oxides
in some of these spring deposits are readily observed, but
‘trace element contents are not known. :

Highly siliceous pyritic volcanic flow and eruptive con-
duit rocks containing slightly anomalous amounts of silver
"crop out at several localiities on the coastal plain (Jabal
.Sita, Musaylim, and near Ad Darb). These occurrences suggest
that rhyolitic magma within the continental rift intercepted
massive sulfide deposits at depth either in the Tertiary vol-
canic pile itself or in the underlying Precambrian basement.
Hypabyssal granitic outcrops indicate a potential porphyry
molybdenite association, the possibility of which is being
examined further. A small magnetite deposit has been found
in association with the Tertiary layered gabbros, and larger
deposits might be expected. A lack of known ultramafic com-
ponents in these exposed layered gabbros discourages the
search for chromium or platinum group metals.

The metalliferous muds of the Red Sea mid-oceanic trench
form a favorable deposit that is outside our realm of study.
However, older similar metalliferous muds may have also
formed, and, because oceanic crust underlies the coastal
Plain in places, such ancient metal deposits may be present.
Such deposits may be too deeply buried to be exploitable, but
the possibility of their being reworked and some metals rede-
posited in more favorable positions should be considered.
Zinc, copper, lead, iron, and possibly precious metals may be
expected.

Summary

Conclusions drawn from this work to date are presented
below in outline form. "' Some items are not specific conclu-
sions arising from this work but are included in order to
present a cohesive account of the evolution of the Red Sea
basin. Results and conclusions generated by the current Ter-
tiary program (Schmidt and others, 1982) are denoted using an
asterisk (*).

*1., The Baid formation is restricted and made part of a
group (Jizan) containing a series of new formations.

*2, The Tihamat Asir complex intruded units of the Jizan

group and is therefore ©younger than previously
thought (Coleman and others, 1977, 1979a and b). It
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*3,

x4,

*5.

6.

8.

wvas emplaced in the extended continental margin adja-
cent to contemporaneous oceanic crust.

The Arabian-Nubian Shield split by processes analo-
gous to formation of the East African rift. This
continental-rift-valley stage began in middle to late
Oligocene time and continued until approximately 20
Ma ago, when three -events occurred along the
northwest-trending arm of the Afar triple junction.
These were extensional foundering of the rift flank
and rotation of the Phanerozoic rocks toward the axis
of the rift, injection of tholeiitic magma along rift
fault planes, and injection of mantle material into
the lithosphere, which marked the opening of the juv-
enile Red Sea and initiation of Miocene sea-floor
spreading. '

Sea-floor spreading continued until about 15 Ma ago,
when isostatic adjustments and heating, thinning, and
compositional changes in the continental lithosphere
(Gettings, 1982) caused first-stage uplift of the Red
Sea. escarpment.

First-stage uplift of the escarpment resulted in ero-
sion of the Paleozoic and Mesozoic cover rocks, ero-
sion of the Precambrian shield rocks, and deposition
of the very coarse grained Bathan formation.

During deposition of the Bathan formation, marine
waters invaded the subsiding Red Sea trough filled
with oceanic crust. Gray shale, fine-grained sand-
stone, and conglomerate (Infraevaporatic series of
Gillmann, 1968) were deposited in the Red Sea. This
series probably correlates with the middle Miocene
Globigerina Marls (Gillmann, 1968), which are widely
known in the Red Sea basin and contain a Mediterran-
ean fauna.

Tectonic quiescence of the region followed cessation
of first-stage sea-floor spreading and uplift of the
Red Sea escarpment and was marked by deposition of
the thick upper Miocene evaporate series and inter-
bedded clastic material (Gillmann, 1968; Stoffers and
Ross, 1977).

About 5 Ma before present, the following events took
place and have continued to the present:

a) Cessation of evaporite deposition with the depo-

sition of an anhydrite cap rock known as the "S"
reflector (Ross and Schlee, 1977).
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b) A renewed phase of crustal attenuation and sea-
floor spreading in the axial trough (Girdler and
Styles, 1974; Coleman, 1977) and further uplift
of the escarpment.

c) Deposition of fine-grained continental clastic
sediments in the Red Sea and deposition of
coarse-grained clastic sediments near shore and
onhore in -a fluvial environment.

- d) Renewed movement on extensional faults with de-
- formation ~and rotation of the Bathan formation
and older Tertiary sequences.

e) Erosion of the Bathan formation and older rocks.

f) Deposition of metalliferous muds in the hot-
brine deeps of the Red Sea axial trough.

g) Extrusion of alkali-olivine basalt along the
southern Red Sea coastal plain as well as inland
on the Arabian Shield. The most recent eruption
occurred in historic time near Al Madinah.

h) Diapiric emplacement of salt domes near the
coast and in the Red Sea main trough.

9. During the Quaternary Period, continued uplift of
western Arabia is reilected by 2-4 m of elevation of
the Pleistocene coral reefs; diapiric salt intrusion
continues in the Red Sea ba51n to the present.

RECOMMENDED FUTURE WORK

Rocks belonging to the Tertiary System in western Saudi
Arabia have been studied for many years, and, for the most
part, these studies have had an economic focus. The Tertiary
rocks have not been studied systematically throughout their

outcrop area in adequate detail. Studies related to the Ter- -

tiary layered rocks include Al-Shanti's study of the Shumaysi
formation in the Wadi Fatimah area (1966) and Gillmann's out-
standing study of the Tertiary volcanic and sedimentary rocks
in the Jizan area (1968). Since 1973, the area between Jizan
and Jiddah has been studied (Schmidt and others, 1982), and
more detailed work is in progress. The coastal-plain sector
between Jiddah and Yanbu has not been systematically studied
to date nor have the rocks been correlated with those to the
south or north. Several detailed studies have been made that
include geophysical work (Blank, 1977; Gettings, 1977; Hall,
1979; Healy and others, 1982 1983).

The Tertiary récks indicate potential for economic min-
eral resources, but prospecting requires further input from
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basic geology studies. Nonmetallic minerals including pot-
ash, phosphate, and evaporitic salts such as halite, gypsunm,
anhydrite, and so forth exist or potentially exist in the
Tertiary strata; a variety of industrial materials including
perlite, pozzolan, building stone, and cement raw materials
from the coastal plain have been exploited or may be utilized
in the future, and hydrocarbon storage in chambered evaporit-
ic rocks is a potential industrial use of the Tertiary rocks.
A continued program of basic and economic geologic investiga-
tions of the Tertiary System along the Saudi Arabian Red Sea
margin is recommended, as described below.

Study of Tertiary sedimentary rocks
from Jiddah to Yanbu al Bahr

The Tertiary and older sedimentary rocks (Usfan forma-
tion) on the Red Sea coastal plain north of Jiddah have been
studied only in reconnaissance and have not been mapped in
detail. Questions remain about the ages of some of these
rocks, their composition and stratigraphy, and correlation
with rocks to the south (Shumaysi formation and Jizan group).
Mineral resource information for these rocks is poor.

Study of base-metal potential of the Amran series,
Umm Araj area

Limestone of the Amran series near Umm Araj has been ex-
tensively intruded by mafic dikes and sills related to first-
stage opening of the Red Sea. These intrusive rocks are
known to be hydrothermally altered (Taylor and Coleman,
1977), and they may have significantly altered the host lime-
stone and provided an environment for metal deposition. The
Umm Araj limestone should be examined for possible base-metal
mineralization; this should include a re-examination study of
drill core that intersected the mafic intrusions (Cheeseman

and Binda, 1981).

Geochronology of the Cenozoic rocks of
the Red Sea coastal plain

A number of potassium-argon dates are available for Ter-
tiary rocks from along the coastal plain, but many of these
dates are at variance with other dates from the same units,
and most of the units have not been adequately and systemat-
ically dated. Some resampling of the coastal-plain Tertiary
rocks is recommended in areas where the field relations are
well understood, in an attempt to obtain the best possible
absolute ages on these rocks. For example, only three dates
are available for the Shumaysi formation and three dates for
the Baid formation. There is some question as to whether
these dates represent samples from flow rocks or hypabyssal

sills.
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Rare-earth element and oxygen isotope geochemistry
of coastal-plain igneous rocks

Rare-earth element and oxygen isotope geochemistry is
useful in determining the genesis and hydrothermal alteration
of plutonic and volcanic rocks. The Tihamat Asir complex and
Red Sea continental dikes in the Ad Darb to Jizan area and
basalts from the axial trough of the Red Sea have been sam-

Pled and analyzed in some detail (Coleman and others, 1975;

Taylor and Coleman, 1977; Coleman and others, 1979a and b),
but Tertiary volcanic and intrusive rocks along the coastal
plain northward from Ad Darb have not yet been analyzed.
Samples on hand and samples collected in the future should be
analyzed for their rare-earth element and oxygen isotope com-
positions in order .to understand their mode of origin and
subsequent alteration. An understanding of the alteration
aspects of these rocks is important for mineral resource
studies because an environment of hydrothermal alteration is
likely to be an environment of ore deposition as well. Dike
and sill specimens from drill core at Umm Araj (Cheeseman and
Binda, 1981"%) should be evaluated chemically because this area
may contain hydrothermal mineral deposits.

Paleontologlc study of vertebrate fauna
from Jizan group rocks

Vertebrate fossils have been collected from the Ayyanah
sandstone, and fossil fish materizl is known from the Baid
formation. Existing specimens should be studied systemati-
cally and attempts should be made to collect additional spec-
imens- as a means 0f determining the age and paleocenvironment
of the Jizan group, correlating units within the group, com-
paring the fauna and age of the Jizan group with the Umm

Himar formation and other Tertiery formations along the,

northern Red Sea coastal plain, and bridging the vertebrate
gap between East Africa and eastern Arabia (Andrews and
others, 1978; Hamilton and others, 1978; Thomas and others,
1978; Sen and Thomas, 1979; Madden and others, 1982).

Paleontologic study of the invertebrate fauna
and flora of cqastal—plain Tertiary rocks

The Baid formation contains ostracods, gastropods, and
pelecypods (Gillmann, 1968) that have not been useful in
establishing a reliable age but which may be useful for cor-
relation. Fragments of wood have been identified in the Baid
formation and in the Ayyanah sandstone, and excellent leaf
specimens have been found in the Baid formation in the Jabal
Sita area. These have not been examined by a Tertiary floral
specialist. Foraminifera and pollen have been studied from
the Shumaysi formation (Moltzer and Binda, 1981). Critical
examination of the Baid formation and Ayyanah sandstone might
also reveal foraminifera and pollen. Further study of the

26

L

CITTTITRETTTITT TL

[

et e e =



invertebrate fauna and flora of the Baid, Ayyanah, and Bathan
formations and the lower section of the Shumaysi formation is
recommended.

Gravity survey of the coastal plain between
Jiddah and the Gulf of Agaba

Gravity data have been acquired for the Red Sea coastal
plain between Jiddah and the Yemen border and in a small area
north of Jiddah. Unsurveyed areas should be surveyed to pro-
vide complete coverage of the coastal plain. The gravity
data will be important in developing an understanding of the
structure of the coastal plain, for depicting the
continental-oceanic crust contact, and as a quantitative
mechanism for 1locating possible subsurface salt domes and
zones of metallic mineralization.

Microseismic surveys along the Red Sea coastal plain

, Microseismic surveys conducted along the Red Sea coastal
plain of Saudi Arabia indicate an unexpectedly high level of
seismic activity (Merghelani, 1978, 1979b, 1980, 1981;
Merghelani and Gallanthine, 1981). This activity is associ-
ated for the most part with transform fault zones and vol-
canic centers identified by other geologic and geophysical
means. Some of the Red Sea transform faults are in or near
major industrial and cultural centers, and, for this reason,
the surveys should be continued and expanded in order to
evaluate the potential for hazardous earthquakes in these
areas. An earthquake-hazards reduction program has both
human and commercial ramifications, and microseismic surveys
are one of the first steps in its planning.

Heat-flow studies

Heat-flow data are available from three holes in the
coastal plain of southwestern Arabia along a traverse approx-
imately perpendicular to the Red Sea (Gettings, 1982;
Gettings and Showail, 1982). Additional data would provide a
systematic heat-flow data set. The data could be supple-
mented by measuring the heat flow at locations previously
drilled for economic purposes, such as the Umm Araj limestone
and the Rabigh barite. Heat-flow data, like oxygen isotope
data, are indicators of possible hydrothermal activity in
rocks and therefore sites of possible mineralization. Ter-
tiary intrusive rocks in the Jizan area are Xknown to be
hydrothermally altered (Coleman and others, 1975, 1979a;
Taylor and Coleman, 1977), and hydrothermal ore deposits have
been found in or near coastal-plain rocks of Tertiary age,
such as those at Umm Gerad and Jabal Dhaylan. Heat-flow data
therefore provide another geologic parameter that can be
useful in mineral exploration programs.
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Geologic map of the Red Sea basin
at scale 1:2,000,000

Various types of maps have been compiled of the Red Sea
and the Red Sea basin, such as the bathymetric chart of the
Red Sea at scale 1:2,000,000 (Loughton, 1970), the tectonic
map of the Arabian Peninsula at scale 1:4,000,000 (Brown,
1971a, b, and ¢, 1972), and the geologic map of the Red Sea
at scale 1:2,000,000 (Coleman, 1973). These maps are more
than a decade old, and substantial earth-science information
has accumulated since their publication. Moreover, important
data were not included in the earlier maps because they were
unpublished or unavailable. -A new geologic map of the Red
Sea region is recommended to incorporate up-to-date informa-
tion in a convenient format and should include composition,
stratigraphy, structure, mineral resources, and data relating
to the plate-tectonic evolution of the basin. :
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