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Theodore Botinelly, and Thelma F. Harms

U.S. Geological Survey

ABSTRACT

Results of major-element analyses of a group of Precambrian granitoid
rocks exposed around Rida' and Al Bayda, Yemen Arab Republic (YAR), are
compared with data on Precambrian granitoid rocks in the Kingdom of Saudi
Arabia. The comparison shows that the rocks at Rida' and Al Bayda comprise
a posttectonic suite of latest Precambrian age, probably between 620 Ma and
560 Ma years, making them among the youngest Precambrian rocks in the YAR,
Some are so shown on the geologic map of the YAR. However, the most strongly
gneissic of these rocks were mapped with the oldest Precambrian gneissic
granite. The chemical data indicate that the difference between the gneissic
and the massive rocks reflects syntectonic and posttectonic emplacement with
reference to the end of the Precambrian orogeny and final cratonization of
the Shield. For strict classification of the Precambrian granitoid rocks of
the YAR, definition of the stratigraphic succession of the Precambrian meta-
volcanic and metasedimentary rocks, major-element geochemistry, and geochro-
nology are required.

The Sn-bearing granitic pluton to the east of Sa‘'dah in the northern
YAR is a posttectonic alkali granite similar to late Precambrian stanniferous
granite plutons in the eastern and southern Shield of Saudi Arabia.

The major-element composition of rhyolite tuff in the Yemen Volcanics in
the YAR affords convincing evidence that the tuff is correlative with rhyolite
in the Liyyah Formation in Saudi Arabia which is part of the Jizan Group of
late Oligocene and early Miocene age. The age assigned to the Yemen Volcanics
on the geologic map may be too great. The probable age is Oligocene and
early Miocene.

Two new K-Ar ages of the olivine basalt of the Aden Volcanic Series (?)
of 1.54+0.12 million years and 2.21+0.13 million years indicate that the base
of this Series in the YAR is probably Pliocene instead of Pleistocene. The
disastrous earthquake of 13 December 1982, reportedly was caused by movement
of magma beneath the Dhamar-Rida' volcanic field showing that these youthful )
flood-basalt fields are still active. The need to study and evaluate earthquake
risk is critical particularly in connection with the new dam of Ma'rib.

Similarities of Quaternary alluvial stratigraphy in the YAR with sections
reported for gold placers in Saudi Arabia, including particularly a gradient
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spike related to sand choke in wadis, suggest that traditional views of mean
bed scour and fill during floods in ephemeral streams in semiarid climate are
not fully applicable in the arid part of the YAR. Therefore, the possibility
for proximate eluvial and alluvial gold placers must not be dismissed on
theoretical grounds alone.

Exploration by inclined diamond-drill holes under the gossan at Jabal
Al Maidan and Jabal Al Ma'aden in the Sa'dah area is urged to determine the
metal contents of unweathered sulfide minerals. Concentrations as high as
550 ppm As, 1,000 ppm Ni, 60 ppm Cu, 300 ppm Co, and 6,000 ppm Zn reported by
the German Geological Advisory Group in the YAR may reflect co-precipitation
and concentration in secondary iron minerals during weathering, but across the
border in Saudi Arabia surface gossan similar to that at Sa'dah was shown to
be depleted by factors of 5-10 relative to the unoxidized sulfides below the
gossan for the metals Cu, Pb, Zn, Ni, and Co.

INTRODUCTION

Purpose of report

The present report has as its purpose the release of previously unpublished
results of chemical analyses made on specimens of rocks, ores, and slags col-
lected in 1975, 1976, and 1979 by personnel of the U.S. Geological Survey
(USGS) in connection with various cooperative activities with agencies of the
Government of the Yemen Arab Republic (YAR). Also included are new K-Ar ages
on Pleistocene basalt and a new radiocarbon age for charcoal from the bank of
Wadi Adhanah at the south edge of Ma'rib (15°25'30" N.; 45°20'18" E.). The
results supplement and extend geochemical, geochronological, and economic
geological data for the YAR previously issued by the USGS (Overstreet and
others, 1976; Grolier and others, 1977; Overstreet and Grolier, 1980;
and Overstreet and others, 1980). The report provides the opportunity to
compare the ancient open-pit iron-ore mine at Jabal Al Maidan near Sa'dah
in the northern part of the YAR with essentially identical deposits that
have been extensively investigated in the southwestern part of the Kingdom
of Saudi Arabia. Geological similarities between the deposits in the YAR
and in Saudi Arabia are so considerable that some emphasis is given to
insure that an adequate evaluation of the mineralization from the vicinity
of Sa'dah northward to the border with Saudi Arabia is undertaken as part
of the national program of minerals assessment.

Source of samples

Samples in the 75-0T series and in the MJG-76 series of field numbers
discussed below in the section of text on Major elements in igneous rocks
were collected respectively in 1975 by W. C. Overstreet and in 1976 by
M. J. Grolier. The geographic locations, stratigraphic positions, petro-
graphic descriptions, and minor-elements composition of these samples have
been described in preceding reports (Overstreet and others, 1976; Grolier and
others, 1977; Overstreet and others, 1980) where index maps show the localities
sampled. Figure 1 in the present text is also a geographic index to the
sources of these samples.







EXPLANATION
75-0T series: samples of igneous rocks numbered 75-0T-1, 75-0T-2,.

75-0T7-7, 75-0T-8, 75-0T-9, 75-0T-26, 75-0T-27, 75-0T-28.

MJG-76 series: samples of igneous rocks numbered MJG-76-1A, MJG-76-1B,
MJG-76-6, MJG-76-15, MJG-76-16, MJG-76-21, MJG-76-25, MJG-76-26B,
MJG-76-28A, MJG-76-39A, MJIG-76-39B, MJG-76-41A, MJG-76-50, MJG-76-54A,

MJG-76-56A, MJG-76-72A.

79-TK series and 79-0T series: samples of rocks, ores, and slags for

spectrographic analysis.

Sa‘'dah area

A. Slag pile at Al Shatt, samples of slag numbered 79-0T-38 through
79-0T-44.

B. Jabal.Al Maidan open-pit iron-ore mine, samples of rocks and ore
numbered 79-0T-1 through 79-0T-13.

C. Jabal Ayub circular shaft mine, samples of rock numbered 79-TK-6
and 79-0T-14 through 79-0T-23.

D. Vicinity of Ath Therwa in Wadi Agnam, samples of rock numbered
79-TK-2 and 79-0T-24.

E. Jabal Al Ma'aden open-pit iron-ore mine, samples of rock and

ore numbered 79-TK-7 and 79-0T-25 through 79-0T-35.

Mahakhah area

F. Samples of rock numbered 79-TK-3 through 79-TK-5 and 79-0T-45
through 79-0T-51.
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Samples in the 79-TK series and in the 79-0T series of field numbers,
discussed below in the section of text on Minor elements in rocks, ores, and
slags, were collected in 1979 respectively by T. H. Kiilsgaard and W. C.
Overstreet. The general distribution of these samples is shown on figure 1.
Specific localities sampled and descriptions of the 55 specimens used for
semiquantitative spectrographic analyses for minor elements are listed in
table 1.

Field sample Ma'rib 758 (laboratory number W-3457) was collected in 1975
by Dwight L. Schmidt from exposures in the bank of Wadi Adhanah at Ma'rib
(fig. 1).
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exploration to desert regions in the context of institution-to-institution
investigations with the Yemen 0i1 and Mineral Corporation (YOMINCO), Ministry
of Petroleum and Mineral Affairs.

The writers are indebted to many persons in the YAR who provided the
support and assistance needed to carry out the work leading to this report.
Special mention should be made of the help in 1975-76 of Dr. Abdul Karim
El-Eryani, then Chairman of the Central Planning Organization, YAR;

Mr. Hamoud Ahmid Daif Allah, then President of the Mineral and Petroleum
Authority (predecessor organization of the Yemen 0il and Mineral Corporation)
in the Ministry of Economy; Mr. Aldelmo Ruiz, then Director, USAID Mission

to the Yemen Arab Republic; and Mr. Gordon C. Tibbitts, Jr., USGS, then
Chief, Water and Mineral Survey Project of North Yemen. Geological field
work at that time was aided by Mohammad Mukred Ibrahim, Assistant Chief
Minerals Geologist, Mineral and Petroleum Authority; Mohammad Lutf Al-Eryani,
Kuwait University; and James W. Aubel, U.S. Peace Corps. In 1979, Kiilsgaard
and Overstreet had the opportunity of visiting several sites of special
geologic interest in the YAR through the assistance of H., E. Ahmad Qaid
Barakat, Minister of State for Petroleum Affairs and Natural Resources, YAR;
Mr. Ali Jaber Alawi, Director General, YOMINCO, and Mr. Robert G. Huesmann,
Director, USAID Mission to the YAR. Engineer-geologists Hazam Baker and
Abdullah Al Thary, YOMINCO, were helpful associates on a field trip to the
abandoned iron mines in the Sa'dah area in the northern part of the YAR.
Geologist Abdul Wasse of YOMINCO and Abdullah Al Thary gave operational
assistance during a trip to the Manakhah area in the west-central part of
the YAR. Miss Zohra Merabet, engineer, Department of Hydrology, YOMINCO,
assisted in many supportive ways in San'a'. It is indeed a pleasure to
acknowledge the help received from these many people.



Table 1.

List showing field sample numbers, descriptions, latitudes, and longitudes of rocks,

ores, and slags collected during January 1979 in the Yemen Arab Republic

[79-0T series collectéd by‘W. C. Overstreet; 79-TK series collected by T. H. Kiilsgaard.]

Field sample North " East
number Description of material sampled Latitude |Longitude
Sa'dah area, Jabal Al Maidan open-pit iron mine
79-07-1 Weathered, gray, foliated metatuff 17°01'30" | 43°46'40"
-2 Weathered, gray-green, massive metatuff Do. Do.
-3 Non-graphitic carbonaceous schist Do. Do.
-4 White chert Do. Do.
-5 Collapse breccia Do. Do.
-6 Ferruginous chert Do. Do.
-7 Maroon to brown gossan, tuff relicts, east side of pit Do. Do.
-8 Gossan, central part of pit ‘ Do. Do.
-9 Maroon to dark brown gossan, west side of pit Do. Do.
-10 Gray, foliated metatuff Do. Do.
-11 Massive meta-andesite Do.. Do.
-12 Dark maroon gossan, boxwork structure after pyrite Do. Do.
79-07-13 Brown, gray, and white marble Do. Do.
~Sa'dah area, Jabal AT Ma'aden open-pit iron mine
79-0T-25 Septum of clay and carbonate, south end of gossan 16°53'00" | 43°49°'05"
-26 | Greenish-brown, massive gossan, south end of pit .Do. Do.
=27 White to yellowish brown clayey septum in gossan Do. Do.
-28- Goethitic gossan from central part of outcrop Do. Do.
-29 Yellowish-brown ferruginous chert, central part of gossan Do. Do.
-30 Hematite, north-central part of gossan Do. Do.
-31 Goethite, north end of gossan Do. Do.
-32 Goethite, north-central part of gassan Do. Do.
-33 Black goethite from north end of gossan Do. Do.
-34 Fresh magnesite and calcite from north end of gossan Do. Do.
79-0T7-35 Weathered magnesite and calcite from north end of gossan_ Do. Do.
79-TK-7 Black goethite, north end of gossan Do. Do.
R Sa'dah area, Jabal Ayub circular shaft mine
79-0T7-14 White magnesite and calcite 17°01'00" | 43°48'00"
-15 White and pink magnesite Do. Do.
-16 O0livine-rich mafic dike Do. Do.
-17 0livine-rich mafic dike Do. Do.
-18 Phlogopite (?)-magnesite rock . Do. Do.
-19 Dike of hornblende granite Do. Do.
-20 Marble Do. Do.
-21 Marble with magnesite Do. Do.
-22 Gabbro dike Do. Do.
79-0T-23 Pink biotite granite intrusive into gabbro dike Do. Do.
79-TK-6 Pink biotite granite intrusive into gabbro dike Do. Do.
Sa'dah area, vicinity of Ath Therwa in Wadi Agnam
79-0T7-38 Andesine gabbro with pyrite-coated joints 16°59'00" | 43°48'00"
79-TK-1 Andesine gabbro with pyrite-coated joints Do. Do.
79-TK-2 Quartz syenite dike in gabbro Do. Do.
Sa'dah area, slag pile at Ath Shatt ’
/9-07-38 Black, smooth, ropy slag with large gas bubbles 17°01745" | 43°46715"
-39 Gray to brown agglomeratic, scoriaceous slag Do. Do.
-40 Dark-brown, scoriaceous slag, many gas bubbles Do. Do.
-41 Brown, scoriaceous slag Do. Do.
- =43 Black, massive slag with metallic sheen; small gas bubbles Do. Do.
79-0T-44 | Black, massive slag with rare small gas bubbles Do. Do.
Manakhah area, Yemen Volcanics
79-0T-45 Purplish-gray, flow-banded, crystal lithic tuff 15°03'50" | 43°42'45"
~-46 Ash-flow tuff, purple, with perlitic cracks 15°03'30" | 43°41'40"
-47 Saprolite of andesite porphyry 15°03'37" | 43°42'30"
-48° Saprolite of dacite porphyry 15°03'25™ | 43°43'25"
-49 Saprolite of andesite tuff 15°04°'10" | "43°44'10"
-50 Green bedded tuff : 15°04'25" | -43°44° 25"
79-0T-51 Green lithic crystal tuff 15°07'00" { 43°55'30"
79-TK-3 Purple volcanic tuff with perlitic cracks 15°03'15" | 43°41'25"
-4 Reddish lithic tuff, grading to purple 15°03'50" | 43°42'45"
=5 Green volcanic tuff 43°5513Q"

15°07'00"




Qur appreciation is also expressed to associates in the laboratories
of the USGS who performed the chemical analyses and geochronological
determinations presented here: S. R. Morgan, P. R. Klock, B. M. Myers,
S. E. Sims, and Meyer Rubin. The major-element data were processed by
George Van Trump, Jr., using standard USGS computer programs for the presen-
tation of petrologic parameters.

GEOCHEMISTRY

The geochemical data presented here include the results of major-element
analyses of 24 samples of igneous rocks and the results of minor-element
spectrographic analyses of 55 samples of rocks, ores, and slags from the YAR.
The results of the major-element analyses are interpreted in terms of possible
ages and tectonic settings of the igneous rocks. These interpretations suggest
a re-definition of the stratigraphic succession employed by Grolier and
Overstreet (1978) for the Precambrian rocks of the YAR. The trace-element
data on the rocks, ores, and slags from the old iron mines in the vicinity of
Sa'dah extend geochemical data already released on the southern part of these
deposits (Overstreet and others, 1976) and tend to confirm that they are
gossan on massive sulfide deposits essentially barren of base and precious
metals. The possibility that northern extensions of these deposits may not
be entirely barren makes them attractive targets for future mineral exploration.
Trace-element data from rocks in the Manakhah area add to the information on the
composition of the Yemen Volcanics.

Geologic background

The geologic literature dealing with the petrology, chemical composition,
and isotopic ages of igneous rocks in the YAR tends to focus more on the
Tertiary extrusive rocks of the Yemen Volcanics, the Miocene(?) alkali gran-
ites, and the Quaternary Aden Volcanic Series than on the crystalline rocks
of Precambrian age (Roman, 1926; Comucci, 1929; Lipparini, 1954; Shukri and
Basta, 1955a; 1955b; Karrenberg, 1956; 1959; Miclea, 1973; Kabash and Ghoweba,
1976; Civetta and others, 1978). This emphasis is also evident in reports
comparing the rocks of the YAR with those of Ethiopia (E1 Hinnawi 1964; Gass,
1970; Clifford and Gass, 1970; Mohr, 1971; Pilzer and Rosler, 1975). In the
present report, 12 new analyses of the major elements in plutonic rocks of
Precambrian age are given as well as further new determinations of major
elements and K-Ar ages of the younger intrusive and extrusive rocks.

The descriptions of the analyzed rocks given below are related to the
stratigraphic succession shown on the geologic map of the YAR (Grolier and
Overstreet, 1978), where five major successions of rocks are separated by
unconformities (table 2). Although the major-element data are presented
according to these stratigraphic positions, interpretation of the chemical
data for the plutonic rocks of Precambrian age suggests that they may not
represent older and younger suites. Instead, they may all be Late Precambrian,
possibly less than~ 650 Ma in age, through comparison with compositionally
similar rocks in Saudi Arabia. The differences in age were assigned during the
compilation of the geologic map of the YAR on a basis of apparent differences be--
tween gneissic and massive rocks (Grolier and Overstreet, 1978). These differences
may be the result of syntectonic and posttectonic emplacement with perhaps
little more than#50 Ma difference in age between the oldest and the youngest
of these Precambrian intrusive rocks.
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This inference of age on the basis of chemical composition of the plutonic
rocks requires further geochemical and geochronological data based on detailed
field work before it can replace the previous concept of stratigraphic succes-
sion. Therefore, in the descriptive presentation of the geochemical observa-
tions, the previously established succession is used. The implications of the
major-element geochemistry, however, in terms of possible ages and tectonic
settings of the plutonic rocks are addressed in a section on interpretation
following presentation of the results of the analyses.

The results of the major-element analyses of the Yemen Volcanics appear
to identify the material chosen for analysis as of probable late Oligocene and
early Miocene age on a basis of comparison with other analyses. Age deter-
minations by Civetta and others (1978) agree with this age assignment. The
age of the Yemen Volcanics was imprecisely known and was given on the geologic
map (Grolier and Overstreet, 1978) as Tertiary and/or Cretaceous.

Throughout this report, the Yemen Volcanics will be referred to in general as
Tertiary in age.

Major elements in igneous rocks

Following a description of the method used for analysis, the results of
the analyses for major elements are discussed below under older Precambrian
rocks, younger Precambrian rocks, Tertiary extrusive rocks (the Yemen Volcanics),
Miocene(?) intrusive alkali granite, and Pleistocene and Holocene extrusive
rocks (the Aden Volcanic Series(?)).

Method of analysis
Major elements were determined by the rapid rock analysis procedure of

USGS (Shapiro, 1975) whereby x-ray spectrography is used for 15 oxides, and
chemical procedures are used for Fe0, Ho0+, Ho0-, and COp. The 15 oxides are:

Si02 P20s5
A1203 1/ MnO
FeTO5 Zr‘OB
Mg0 Cro03
Ca0 NiO
Na20 Ba0
K20 Sr0
Ti09

1/ Total iron oxide.

The difference between the percentage of total iron oxide given by x-ray
spectroscopy and the percentage of Fe0 determined chemically represents the
value reported as Fep03. However, the method of dissolution used for the
chemical determination of iron does not bring pyrite or chromite into solution.

The x-ray spectrographic analyses were made by S. R. Morgan and the
chemical analyses were done by P. R. Klock. These data were processed by
George Van Trump, Jr., to give various petrologic indices, normalized oxide
values, normative minerals, and petrologic diagrams derived by computer
through standard programs used by USGS.



Composition of older Precambrian rocks

The term older Precambrian rocks is derived from the distinctions shown
on the geologic map of the YAR (Grolier and Overstreet, 1978) and the discus-
sions of the petrography of diabase, granodiorite gneiss, and granite gneiss
exposed along the road between Rida'and Al Bayda, and on the road extending
northeastward from Al Bayda in the extreme southeastern part of the YAR
(Grolier and others, 1977, figs. 1 and 2; Overstreet and others, 1980,

p. 21-27). On that map and in those sources the older Precambrian igneous
rocks are reported to be mainly of ages associated with the second episode

of the Hejaz tectonic cycle identified in Saudi Arabia by Greenwood and
others (1976, table 1); that is, between about 800 and 600 Ma old. The six
samples of older Precambrian rocks are described by Grolier and others (1977,
table 2) and by Overstreet and others (1980, p. 21-27). The sample numbers
and localities are given as:

Rock Field Location (see fig. 1)

type number North latitude East longitude
Diabase MJG-76-41A 14° 03' 11" 45° 43' 32"
Granodiorite gneiss MJG-76-54A 14° 03' 07" 45° 31' 23"
Granite gneiss MJG-76-16 14° 21°*' 25" 45° 01' 30"

Do. MJG-76-21 14° 20' 06" 45° 06' 45"

Do. MJG-76-25 14° 18' 08" 45° 13' 07"

Do. MJG-76-28A 14° 15' 36" 45° 20' 03"

Djabase.--Specimen MJG-76-41A (fig. 1) is massive, medium-grained diabase
with Typically diabasic texture. The rock is seen by microscopic examination
to consist of (in percent): plagioclase (>Angs) 40; clinopyroxene, 35; opaque
minerals, 10; serpentine or talc after olivine (?), 10; and actinolite (?);
after clinopyroxene,~5 (Overstreet and others, 1980, p. 26). Slight alteration
is shown by the replacement of olivine (?) with opaque minerals and serpentine.

The major-element composition of this diabase is given in table 3, and
the normalized oxide values recalculated to 100 percent are listed in
Appendix 1 together with other petrologic parameters based on the chemical
composition of the rock.

The results of the analysis (table 3) confirm the alteration noted by
microscopic examination. This diabase has somewhat less Nay0 and considerably
less Ko0 than the world averages for diabase (Johannsen, 1937, table 93), and
the normative plagioclase (Appendix 1) has a somewhat higher anorthite content
(Angg) than that determined in the thin section (>Angg). Carbon dioxide is
more abundant in sample MJG-76-41A than in typical diabase (Johannsen, 1937,
table 93), but Hp0+ and Hp0- are about average. The alteration possibly was
produced by Tow-grade regional metamorphism during the cratonization of the
Arabian Shield between 650 and 560 Ma as recognized in southwestern Saudi
Arabia (Greenwood and others, 1976, table 1).

Granodiorite gneiss.--The granodiorite gneiss (MJG-76-54A, fig. 1) shows
in thin section a preferred orientation of hornblende, biotite, and plagioclase
(Overstreet and others, 1980, p. 26). The quartz and feldspar have been granu-
lated followed by incipient recrystallization of both minerals. Modal mineral
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composition of the granodiorite gneiss is (in percent): plagioclase, 40p
orthoclase perthite, 20; quartz, 15; biotite, 10; hornblende, = 8; sphene,~2;
epidote,+2; allanite and apatite, <1.

The composition of the granodiorite gneiss is shown in table 3, and the
normalized oxide values recalculated to 100 percent are given in Appendix 1
where other petrologic parameters based on chemical composition are presented.
This specimen of granodiorite gneiss has somewhat less Si02 and more A1,03 and
Nap0 than the average granodiorite cited by Johannsen (1932, table 176), but
the values are well within the ranges of percentages given for these oxides.

The normative distribution of the feldspars (Appendix 1) shows more
plagioclase than the single modal analysis, even when allowance is made for
plagioclase in the orthoclase perthite, but the difference is expectable where
only one modal analysis was made.

Granite gneiss.--The four samples of granite gneiss identified on figure 1
(MJG=76-16, MIG-76-21, MJG-76-25, MIF-76-28A) are rather similar in their con-
tents of modal quartz, but the amounts of modal potassium feldspar and plagio-
clase are variable owing to common perthitic intergrowths (Overstreet and others,
1980, p. 22-23):

Minerals Sample numbers in MJG-76 series
16 21 25 28
Quartz 30 35 35 35
Microcline perthite 35 40 50 --
Microcline~orthoclase perthite - -- - 45
Plagioclase 25 15 10 15
Biotite 10 -- 5 3
Hornblende - 5 -- -
Accessory minerals 1/ <1 12 <1 A1

1/ Includes, variously, opaque minerals, apatite, epidote, zircon, garnet,
muscovite, and chlorite: see Overstreet and others (1980, p. 22-23) for
individual mineralogical components.

The chemical composition of these samples of granite gneiss is shown in
table 3. Most components are remarkably similar in abundance except Ca0,
Nap0, and K20 which vary rather widely. This variation may in part be caused
by secondary alteration. These rocks resemble the alkali-lime granites of
Johannsen (1932, table 94), which similarity is more marked in the normalized
oxide values given in Appendix 1.

The normative minerals calculated from the chemical analyses (Appendix 1)
afford confirmation of the modal quartz and also show the role of perthite in
lowering the estimates of the abundance of modal plagioclase,

Composition of the younger
Precambrian rocks

The younger Precambrian igneous rocks shown on the geologic map of the YAR
(Grolier and Overstreet, 1978), and for which the results of chemical analyses
are reported here, were thought to be similar to Late Precambrian granites in
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the Kingdom of Saudi Arabia (U.S. Geological Survey and the Arabian American
0i1 Company, 1963). These rocks are possibly 560-650 Ma in age and are
associated with the second and third episodes of the Hijaz tectonic cycle

as described by Greenwood and others (1976, table 1). Six samples of these
younger Precambrian rocks were analyzed:

Rock Field Location (see fig. 1)

type number North latitude East longitude
Granodiorite MJG-76-56A 14° 04' 01" 45° 29' 46"
Granite gneiss MJG-76-15 14° 21' 36" 44° 59' 43"
Biotite granite MJG-76-26B 14° 16' 30" 45° 15' 17"
Alkali feldspar granite MJG-76-39A 14° 02' 43" 45° 42' 48"

Do. MJG-76-39B Do. Do.
Riebeckite granite MJG-76-50 13° 58' 50" 45° 34' 43"

These samples are also from exposures along the road between Rida' and
Al Bayda, and on the road extending northeastward from Al Bayda (Grolier and
others, 1977, figs. 1 and 2). Their geographic association in the same part
of the YAR as the older Precambrian igneous rocks lends some support to the
interpretation given in another section of text (below) that both the younger
and the older Precambrian igneous rocks are parts of one suite.

The compositions of these younger Precambrian igneous rocks are given in
table 4, and the normalized oxide values recalculated to 100 percent are
included in Appendix 2 along with several petrologic ratios and numbers cal-
culated from the chemical compositions of the rocks.

Granodiorite.--Sample MJG-76-56A of granodiorite consists of (in percent):
antiperthite, 45; microcline, 20; quartz, 5; hornblende, 10; biotite, 15;
opaque minerals and sphene, 5 (Overstreet and others, 1980, p. 20). Its
chemical composition (table 4) is well within the range of compositions
reported for granodiorite (Johannsen, 1932, table 176). More importantly
for interpretative considerations, the composition is quite similar to that
of the older Precambrian granodiorite gneiss (table 3, sample MJG-76-54A).
Further chemical similarity between the two rocks is seen in the normalized
oxide values and the molar data given in Appendices 1 and 2. Normative
orthoclase is considerably less abundant, and normative anorthite is more
abundant, in the younger granodiorite than in the older granodiorite gneiss.

Granite gneiss.--The granite gneiss (MJG-76-15) consists of (in percent):
microcline perthite, 50; plagioclase, 20; quartz, 25; muscovite, 2; opaque
minerals, biotite, and chlorite, 3 (Overstreet and others, 1980, p. 20) The
chemical composition of the younger granite gneiss is more siliceous
(table 4) than the compositions determined for the samples of older granite
gneiss (table 3), but it is otherwise similar to the older rocks. Its
composition is also toward the siliceous end of the range in chemical com-
positions reported for granite (Johannsen, 1932, tables 94 and 95). This
high value for silica is reflected in the percentage of normative quartz
(Appendix 2), which exceeds that of the samples of older granite gneiss
(Appendix 1), and is equalled only by that of the younger Precambrian
riebeckite granite (table 4, Appendix 2).
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Biotite granite.--The analyzed sample of biotite granite (MJG-76-26B;
fig. 1) is made up of (in percent): microcline perthite, 70; plagioclase, 15;
quartz, 10; biotite, 3; and accessory muscovite, epidote, chlorite, and apatite,
2 (Overstreet and others, 1980, p. 19).

The major-element composition of this specimen of biotite granite is shown
in table 4, and various derivative petrologic parameters are given in Appendix 2.
The biotite granite is the least siliceous of the younger Precambrian granites,
resembling in that respect the older Precambrian granite gneiss (table 3). The
other major elements, as reflected in the normative minerals of the younger bio-
tite granite (Appendix 2) and the older granite gneiss (Appendix 1), are also’
similar:

Normative Percentages of normative minerals by rock type
minerals Younger Older granite gneiss
biotite granite MJG-/6-series
MJG-76-268B -16 =21 =25 -28A
Quartz 30.2 30.9 31.2 35.2 31.5
Corundum .09 1.1 0.7 0.9 0.7
Orthoclase 29.2 22.2 27 .7 38.7 29.2
Albite 32.1 27 .3 32.8 18.0 27.1
Anorthite 4.8 12.4 4.5 3.8 6.3
Hypersthene 1.8 3.8 0.5 2.1 2.7
Magnetite 0.5 1.5 2.0 0.6 1.5
Hematite -- - 0.2 - --
ITmenite 0.4 0.6 0.4 0.4 0.7
Apatite 0.1 0.2 0.1 0.1 0.3

The younger biotite granite is chemically less distinguishable from the
older granite gneiss than is the younger granite gneiss (table 4).

Alkali-feldspar granite.--The two analyzed samples of alkali-feldspar
granite iﬁJG-73-38K and MJG-76-39B, fig. 1) are from the same locality (Grolier
and others, 1977, p. 17), but they differ in grain size: MJG-76-39A is coarse
grained and MJG-76-39B is fine grained. The modal composition of the coarse-
grained granite is (in percent): microcline perthite, 50; quartz, 40, plagio-
clase, 10; accessory chlorite, biotite, sphene, and opaque minerals, <1
(Overstreet and others, 1980, p. 18-19). The fine-grained granite consists of
(in percent): potassium feldspar, 55-60; quartz, 40; plagioclase, 2; and
magnetite (?), <1 (Overstreet and others, 1980, p. 19).

The chemical composition of these two samples of alkali-feldspar granite
are given in table 4, and the petrologic parameters derived from the composition
appear in Appendix 2. The compositions generally resemble that of several speci-
mens of postorogenic biotite alkali granite and biotite monzogranite of Saudi
Arabia (Stoeser and Elliott, 1979, table 2). Chemical similarities are more
marked between granitic plutons in the central part of the Precambrian Shield
in Saudi Arabia and in the southeastern part of the Shield in the YAR than they
are for granitic plutons in southwestern Arabia near the border with the YAR
except for biotite monzonite at Jabal ar Rahadah in Arabia near the YAR
(Stoeser and Elliott, 1979, fig. 2 and table 2). These similarities may -
indicate that the alkali-feldspar granite in the YAR are part of the post-
orogenic sequence recognized in Saudi Arabia (Fleck and others, 1980).
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Riebeckite granite.--The modal composition of the sample of younger
Precambrian riebeckite granite (MJG-76-50, fig. 1) is (in percent): perthitic
potassium feldspar, 60; quartz, 35-40; riebeckite, <5; and biotite, <1
(Overstreet and others, 1980, p. 17). The rock is slightly recrystallized as
a result of deformation. This characteristic distinguishes it texturally from
the riebeckite-bearing alkali granite of Miocene (?) age exposed at Jibal Sabir
and at Jibal Hufash, YAR, described in a following section, which otherwise
has a strong mineralogical similarity to the younger Precambrian riebeckite
granite. As was noted in an earlier report (Overstreet and others, 1980,

p. 10-11, 18), the problem of resemblance will require detailed geologic study,
including isotopic age determinations, to clarify. That earlier report also
showed that the riebeckite granite of younger Precambrian age might be
distinguished from the Miocene (?) riebeckite granite by differences in their
contents of minor elements:

Element Abundances of minor elements in riebeckite
granite (ppm)
Younger Precambrian Mjocene (?)
Ti 700 ,000
Mn 70 3,000
Be 2 7
La 20 . 100
Nb <50 100
ir 100 300

The major-element composition of the younger Precambrian riebeckite granite
is listed in table 4, and other chemical and normative mineralogical parameters
derived from the chemical composition are shown in Appendix 2. Major elements
in two samples of the Miocene (?) riebeckite granite are shown in table 5, and
other petrologic parameters are presented in Appendix 3. From the data in
tables 4 and 5, it is apparent that the younger Precambrian riebeckite granite
is closer in major-element composition to the younger Precambrian alkali-
feldspar granite of the YAR than to the Miocene (?) alkali granite at Jibal
Sabir and Jibal Hufash. The riebeckite-bearing younger Precambrian granite
of the YAR appears to be similar chemically to the alkali granites of Late
Precambrian age in Saudi Arabia (Stoeser and Elliott, 1979, table 2).

Composition of Tertiary extrusive rocks
of the Yemen Volcanics

Four samples of rhyolitic tuff from the Yemen Volcanics were analyzed for
major elements. Two samples are from the west-central part of the YAR and two
are from the southern part of the country:

Rock Field Location (see fig. 1)

type number North Tatitude East longitude
Welded tuff MJG-76-1A 15° 07' 50" 43° 55' 42"

Do. MJG-76-1B Do. Do.
Vesicular welded tuff MJG-76-6 14° 26' 44" 44° 34' 37" -

Crystal lithic tuff 75-0T7-26 13° 54' 40" 44° 19' 40"
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The welded tuffs are from undivided units of the Yemen Volcanics (TKy) on
the geologic map of the YAR (Grolier and Overstreet, 1978), but the vesicular
welded tuff (TKy3 or younger) and the crystal lithic tuff (TKys) are from upper
parts of the sequence. The welded tuffs from the undivided part of the Yemen
Volcanics may be a little older than the other samples; however, as shown below
in the section on Interpretation, all four samples are probably of early Miocene
age. Isotopic ages of these tuffs have not been made, owing to an insufficient
recovery of sanidine, nor have samples of interbedded basaltic units been
collected and analyzed for age.

Welded tuff.--The two samples of welded tuff (MJG-76-1A and MJG-76-1B,
fig. 1) are from the same locality. The rock represented by sample MJG-76-1A
is strongly laminated due to welding but is quite unaltered and shows no
devitrification. It consists of 99 percent of brown, flattened, stretched,
and compacted glass shards witha/1 percent of fragments of sanidine, clino-
pyroxenes, phlogopite (?), and opaque minerals together with sparse lithic
fragments of clinopyroxene and magnetite (Overstreet and others, 1980, p. 15).
Sample MJG-76-1B consists of (in percent): glass shards, 95; quartz formed
as a devitrification product, 3; phenocrysts of sanidine, <1; and opaque
minerals, <1. This specimen is also strongly laminated, but it retains
flattened gas pockets (Overstreet and others, 1980, p. 15).

The major-element composition of these samples of welded tuff are shown
in table 5 and the derived petrologic parameters are given in Appendix 3.
The chemical composition of these glassy rocks shows that they are rhyolite
(Johannsen, 1932, table 137).

The least altered of these welded tuffs, sample MJG-76-1A which from
microscopic examination has no mineralogical or textural evidence of devitri-
fication or other alteration (Overstreet and others, 1980, p. 15), contains a
large amount of combined water (4.28 percent of Hp0+, table 5). Where the
welded tuff is partly devitrified, as in specimen MJG-76-1B , the amount of
combined water (1.51 percent, table 5) is much less, suggesting that water is
lost from the glass during devitrification. The other specimens of welded tuff
listed in table 5 are also partly devitrified and contain only 0.31 and 0.63
percent of Hp0+, which suggests that the original glass in these samples of the
Yemen Volcanics contained more H20+ than the present partly devitrified rocks.

Vesicular welded tuff.--The sample of vesicular welded tuff from unit
TKy3 or younger rocks of the Yemen Volcanics consists of 93 percent of reddish-
brown glass, 2 percent of crystals and fragments of sanadine, 1 percent of
crystals and fragments of quartz, and some sparse fragments of volcanic rock
(Overstreet and others, 1980, p. 14). Slight alteration is indicated by some
devitrification of the glass.

The major-element composition of the vesicular welded tuff is given in
table 5 and various petrologic parameters derived therefrom are reported in
Appendix 3. The results of the chemical analysis show that the vesicular
welded tuff is of rhyolitic composition more silicic than the other analyzed
samples of the Yemen Volcanics.

Crystal lithic tuff.--The sample of crystal 1ithic tuff (75-0T-26, fig. 1)
from unit TKys of the Yemen Volcanics (Grolier and Overstreet, 1978) is a welded
tuff composed of (in percent): brown glass with welded shards, 55; euhedral
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crystals and crystal fragments of anorthoclase (?) partly replaced by calcite,
zeolite, and clay, 20; lithic fragments, 20; and opaque material, 5 (Overstreet
and others, 1980, p. 13). The rock is distinctive from the other welded tuffs
described above because of its low percentage of glass and because it is the
most altered of these rocks.

The major-element composition of this welded crystal lithic tuff is listed
in table 5. Various petrologic ratios and the normative minerals are given in
Appendix 3. These data show that the rock is a rhyolite. Despite the micro-
scopic evidence for replacement of anorthoclase (?) by zeolite and clay, the amount
of water shown by the analysis is low.

Composition of Miocene (?)
alkali granite

Alkali granite of Miocene (?) age is represented in these analyses by two
samples from Jibal Sabir near Ta'izz in the southern part of the YAR and by one
sample from Jibal Hufash in the west-central part of the YAR. The assignment
of geologic age is based on a single K-Ar age determination of 22.7+0.9 Ma
reported for a sample of alkali granite collected by R. 0. Jackson, USGS, at
Jibal Sabir and analyzed by R. F. Marvin, H. H. Mehnert, and Violet Merritt,
USGS (Grolier and Overstreet, 1978). The three samples of alkali granite
for which the results of major-element analyses appear in table 5 are from
localities at:

Source of Field Location (see fig. 1)
sample number North latitude East longitude
Jibal Sabir 75-0T-27 13° 33' 45" 44° 02' 30"
Do. 75-0T7-28 13° 33' 50" 44° 02' 10"
Jibal Hufash MJG-76-72A 15° 11' o3" 43° 30' 42"

Pluton at Jibal Sabir.--The pluton of alkali granite at Jibal Sabir forms
a prominent mountain at the southern edge of the city of Ta'izz. Of the two
samples taken from this pluton, number 75-0T-27 represents a marginal phase
and number 75-0T-28 is from the core. The marginal phase consists of (in
percent): microcline perthite, 70; quartz, 20; riebeckite (?), 5; clinopyroxene,
2; calcite, <1; and sphene, phlogopite (?), and opaque minerals, <1 (Overstreet
and others, 1980, p. 10). Moderate alteration has clouded the feldspars and
changed some riebeckite (?) to biotite and opaque minerals. Specimen 75-0T-28
from the core is composed of (in percent): perthitic potassium feldspar, 65;
quartz, 25; riebeckite, 10; and epidote and opaque minerals, <1.

The chemical composition of these two samples of Miocene(?) alkali granite
is given in table 5 from which were generated the petrologic parameters in
Appendix 3. The results of the analysis of sample 75-0T-28 are in remarkably
close agreement with a previous analysis of Miocene(?) alkali granite from
Jibal Sabir--specimen R0OJ-1 collected by Roy 0. Jackson, USGS, and used for
%he7?ge determination cited above (R. 0. Jackson, written commun., January 31,

977):
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Sample ROJ-1 analyzed by
Wayne Mountjoy, J. S. Wahlberg,
and T. L. Yagen, USGS, 1973, in percent

Si0 73.50

T102 0.25Y
53 12.30
Tota1 Fe as Fep03 2.35
Mn0 0.11
Mg0 0.10
Ca0 0.35
Nao0 4,74
K20 4.69
cOp <0.01
Loss on ignition 0.33
98.72

1/ 70, determined from result of spectrographic analysis reported in Grolier
and others (1977, p. 34).

The marginal phase represented by sample 75-0T-27 is, on the basis of
chemical composition, an alkali feldspar quartz syenite, and the core phase,
represented by samples 75-0T-28 and ROJ-1, are alkali feldspar granite.

Pluton at Jibal Hufash.--The sample of Miocene(?) alkali granite from the
pluton at Jibal Hufash (MJG-76-72A) is a marginal phase from near the contact.
It consists of (in percent): perthitic potassium feldspar, 70; quartz; 25-30;
altered riebeckite, 2-3; plagioclase, <1; and opaque minerals, <1 (Overstreet
and others, 1980, p. 11). Alteration of the rock has clouded the potassium
feldspar and caused the riebeckite to be riddled with opaque mineral grains.

The chemical composition (table 5 and Appendix 3) is similar to samples
75-0T-28 and ROJ-1 from Jibal Sabir, and the rock is an alkali feldspar granite.

Composition of Pleistocene and Holocene
extrusive rocks--olivine basalt
of the Aden Volcanic Series (?)

The numerous and widespread basaltic flows and associated volcanic cones,
craters, and tuff of Pleistocene and Holocene age in the YAR (Geukens, 1966,
p. B16; Kabesh and Ghoweba, 1976; Grolier and Overstreet, 1978) may be the rock
and time equivalent of the upper part of the Aden Volcanic Series in the People's
Democratic Republic of Yemen (PDYR), described as being Miocene or Pliocene to
Recent in age (Greenwood and others, 1967; Greenwood and Bleackley, 1967,
p. C53-C56). On the geologic map of the YAR (Grolier and Overstreet, 1978)
these volcanic rocks are shown largely as an undivided unit (Qa), but locally,
particularly between San'a and Raydah, lava flows were divided by reflectance
on LANDSAT-1 images into four units. The oldest flows of basalt form a con-
tinuous mantle over earlier rocks and may be about 1.5-2 Ma in age (see section
of text on Geochronology). The youngest unit consists of very dark, lobate
flows of basalt extruded in historical time, possibly about 1,700 years ago -
(Rathjens and Wissman, 1934, p. 105, 162-163, fig. 51; 1942, p. 276).
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Three samples of the older lava and two samples of the historic flow were
analyzed for major elements: :

Source of Field Location (see fig. 1)
sample number North latitude East longitude
'Amran area
Older lava 75-0T-1 15° 36' 45" 44° 00' 35"
Do. 75-0T-2 Do. Do.
Bayt al Hagr area
Older lava 75-0T7-9 15° 33' 25" 44° 09' 30"
Historic flow 75-0T-7 Do. Do.
Do. 75-0T-8 Do. Do.

In the YAR the Aden Volcanic Series(?) consists mostly of olivine basalt
(Kabesh and Ghoweba, 1976; Grolier and Overstreet, 1978; Schulze and Thiele,
1978, p. 27), but to the south in the PDRY other rocks besides basalt have been
described in the Series including andesite, trachyte, dacite, and rhyolite ;
(Shukri and Basta, 1955a; Greenwood and Bleackley, 1967, p. C44-C48). Inasmuch
as three major fields of these young volcanic rocks have been identified in the
YAR and named by Geukens (1966, p. B16) the San'a'~'Amran volcanic field, the
Sirwah-Ma'rib field, and the Dhamar-Rada' field, but only the San'a'-'Amran
field is represented by the samples used for this report, the possibility
exists for rocks other than olivine basalt.

Older lava.--0f the samples from the 'Amran area (fig. 1), 75-0T-1 is massive
to slightly vesicular olivine basalt from the lower part of the Aden Volcanic
Series (?) 1.2 m above the base of the flow, and sample 75-0T-2 is vesicular
olivine basalt 0.7 m above the base. This flow overlies limestone of the Upper
Jurassic 'Amran Series and was sampled at a locality 8.7 km to the southeast of
of 'Amran. The massive to slightly vesicular olivine basalt (75-0T-1) consists
of (in percent): plagioclase, 75; olivine, 10; clinopyroxene, 10; and an
opaque mineral, 5 (Overstreet and others, 1980, p. 9). Petrographic examination
of the vesicular olivine basalt (75-0T-2) showed identical mineral composition
(Overstreet and others, 1980, p. 9). Sample 75-0T-9 from the locality 0.6 km
to the north-northeast of Bayt al Haqr is vesicular olivine basalt from the
upper part of the Aden Volcanic Series (?) where it disconformably underlies
the base of the historic lava flow. This lava (75-0T-9) below the historic
flow is composed of (in percent): plagioclase, 70; olivine, 15; clinopyroxene,
10; an opaque mineral, 5; and glass, <1 (Overstreet and others, 1980, p. 9).

Major-element oxides in these three samples of older lava are presented
in table 6, and derivative petrologic parameters are given in Appendix 4.
These chemical data indicate that the rocks are strongly alkalic basalt.

Historic flow.--As exposed to the north-northeast of Bayt al Haqr, the
historic lava flow is as much as 10 m thick in valleys eroded in older lava
of the Aden Volcanic Series (?) and 1-1.4 m thick on the crests of small
hills in the older lava. The upper surface of the historic flow is aa-type
lava, rough and scoriaceous, and surmounted by blocks as much as 2.6x3.3x4 m
in size with massive to sparsely vesicular cores. Welded to the surfaces of-
these blocks are many small, angular fragments of scoriaceous lava. Two
specimens of vesicular olivine basalt were taken from the front of the flow
at a point where the flow is 2.8 m thick. Sample 75-0T-7 is from the top
of the flow and sample 75-0T-8 is from the base immediately above older lava.
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The mineralogical composition of the surface sample (75-0T-7), as
determined by microscopic examination, is (in percent): plagioclase, 75;
olivine, 15; and magnetite (?), 10; and of the basal sample (75-0T-8) is
plagioclase, 75; olivine, 10; clinopyroxene, 10; an opaque mineral, 5;
orthopyroxene, <1; and apatite, <1 (Overstreet and others, 1980, p. 8).

Major-element oxides in these samples are shown in table 6, and various
petrologic parameters are in Appendix 4. These rocks also are strongly
alkalic basalt.

Interpretation of the composition related to
the probably ages and tectonic settings
of the igneous rocks

Recent reports dealing with the Precambrian Shield in Saudi Arabia and
discussing the major-element chemical evolution of the rocks (Schmidt and Brown,
in press; Stacey and Hedge, in press), geochronology and origin of gneiss com-
plexes (Stoeser, Fleck, and Stacey, in press), ages and strontijum initial ratios
of plutonic rocks (Fleck and others, 1980; Schmidt, Hadley, and Stoeser, 1979),
oceanic and continental leads (Stacey and Stoeser, 1984), and mineral potential
of felsic plutons (Stoeser and Elliott, 1979; du Bray and others, 1983; Stuckless
and others, 1983; du Bray, 1983) give a broad framework against which to inter-
pret the geologic significance of the major-element compositions reported here
for Precambrian rocks of the YAR. Similarly informative new data on middle
Tertiary continental rift in southwestern Saudi Arabia (Schmidt, Hadley, and
Brown, 1982) affords background against which to interpret the results of the
present analyses of the Tertiary and Quaternary hypabyssal and volcanic rocks
of the YAR.

From the following comparisons it is clear that the division of the
Precambrian plutonic intrusive rocks exposed in the southeastern part of the
YAR in the vicinity of Rida' and Al Bayda (Grolier and others, 1977, figs. 1
and 2; Overstreet and others, 1980, p. 16-26, table 1; this report, tables
1-4) into older and younger units on presence or absence of gneissic texture
is in error. Owing to the scarcity of analyzed specimens of the Precambrian
plutonic rocks in the other parts of the YAR, the reality of the classification
of the plutonic rocks in the other parts of the YAR (Grolier and Overstreet,
1978) cannot be determined.

The modal mineral compositions of the igneous rocks whose chemical
compositions are presented above were given in an earlier report (Overstreet
and others, 1980, p. 3-27), but they are summarized here for the phaneritic
rocks in table 7. Normalized oxide values and normative mineral compositions
are listed in Appendices 1-3 based on the results of the chemical analyses
of all the rocks using USGS computer programs (Stuckless and Van Trump, 1979).
The normalized oxide values were calculated water-free. They were not cor-
rected for the effects of oxidation and the introduction of CO»> (Irvine and
Baragar, 1971).
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Precambrian rocks.--Interpretation of the composition of the Precambrian
igneous rocks from the southeastern part of the YAR is made on the basis of
the results of modal analyses, major-element analyses, and minor-element
analyses.

Modal data.--The modal mineral compositions of the Precambrian igneous rocks
(table 7) are arranged below in percentages of the minerals and mineral groups
recommended under the classification of plutonic rocks by the International
Union of Geological Sciences (Streckeisen, 1976, p. 5) using letter symbols
for the groups:

Sample numbers Q 1/ A P F M
Fig. 2 Field
1 MJG-76-41A -2/ -- 40 - 60
2 MJG-76-54A 15 20 40 -- 25
3 MJG-76-16 30 35 25 - 10
4 MJG-76-21 35 40 15 - 10
5 MJG-76-25 35 50 10 - 5
6 MJG-76-28A 35 45 15 - 5
7 MJG=-76-56A 5 20 45 - 30
8 MJG-76-15 25 55 20 - -
9 MJG-76-26B 10 70 15 - 5
10 MJG-76-39A 40 50 10 - -
11 MJG-76-39B 40 58 2 - -
12 MJG-76-50 35 61 -- -- 4

1/ Minerals and mineral groups represented by the letters are Q=quartz;
A=alkali feldspars (orthoclase, microcline, perthite, albite An00-05);
P=plagioclase An05-100 (antiperthite was included here in this table,
see below); F=feldspathoids; M=mafic and related minerals (micas,
amphiboles, pyroxenes, olivines, opaque minerals, accessories (zircon,
apatite, titanite, etc.), epidote, allanite, primary carbonates, etc.

2/ Dash=less than 1 percent or absent.

For the modal classification, the percentages of Q, A, and P were recalcu-
lated to 100 percent, and the values plotted on the QAP diagram in figure 2.
Inasmuch as the dark-colored constituents of the rocks are used as a color
index in the IUGS classification (M of table 7 minus the percentages of mus-
covite, apatite, and primary carbonate), the rock names from figure 2 are
modified accordingly (Streckeisen, 1976, p. 22-24, fig. 5) to yield a nomen-
clature slightly different from that employed previously:
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A / / / Syntectonid  Gneiss.

10 3% - 65 20

EXPLANATION
(Composition plotted at center of symbol)

™~

Symbol Sample numbers Rock names from tadles Symbols used for fields occupied by Precambrian
- Feld 3, 8, and 5 plutonic rocks in the Arabian Shield (modified
f?"ure —_— trom Schmidt, Hadley, and Stoeser, 1979, fig, 4)
Precambrian igneous rocks (tables 3 and 4) . hd = hornblende diorite
gd = quartz diorite
to = tonali
. 1 MIG-76-41A Dtabase org = orthognelss
L 3 2 HJG-75-54A Granodiorite gneiss gn = granodiorite - monzogranite
. ] MJG-76-16 Granite gneiss mig = mignatite 9
e 4 1JG-76-21 Granite gneiss -
mgr = monzogranite
L H MJG-76-25 Granite gneiss sgr = syenogranite
. 6 MJG-76-28A Granite gneiss gra = alkalic granite
Q 7 MJG-76-56A- Granodiorite gpa = pera,ka,?c granite
g 8 NJG-76-15 Granite gneiss
Q- 9 MJG-76-268 Biotite granite
o 10 MJG-76-39A Alkali-feldspar granite
Qo 11 MJG-76-398 Alkali-feldspar granite
o 12 HJG-76-50 Riebeckite granite
Miocene (?) alkali granite (table 5)
& 17 75-0T7-27 From Jibal Sabir
a 18 75-0T-28 From Jibal Sabir
a 19 MJG-75-72A From Jibal Hufash

Figure 2,-- QAP diagram of the phaneritic igneous rocks from the Yemen Arab
Republic based on the modal mineral composition shown in table 7 plotted :
according to the modal mineral classification of the IUGS (Streckeisem, 1976,
fig. la) and showing comparison with the modal compsitions of plutonic rocks
in the Arabian Shield between about 800 Ma and 600 Ma ago, southern Najd,
Kingdom of Saudi Arabia (Schmidt, Hadley, and Stoeser, 1979, fig. 4).
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Sample numbers

Rock names

T Fig. 2 Field Previously employed IUGS terminology
(Overstreet and others, (Strickeisen, 1976,
1980, p. 17-27) p. 12-15, fig. 5
1 MJG-76-41A Diabase Gabbro
2 MJG-76-54A Granodiorite gneiss Granodiorite
3 MJG-76-16 Granite gneiss Monzogranite
4 MJG-76-21 Do. Syenogranite
5 MJG-76-25 Do. Do.
6 MJG-76-28A Do. Do.
7 MJG-76-56A Granodiorite Quartz monzodiorite
8 MJG-76-15 Granite gneiss Leuco-syenogranite
9 MJG-76-26B Biotite granite Leuco-quartz syenite
10 MJG-76-39A Alkali-feldspar granite Leuco-syenogranite
11 MJG-76-39B Do. Alkali-feldspar granite
12 MJG=-76-50 Riebeckite granite Riebeckite-alkali-feldspar

granite

Some interference in the use of modal analyses for naming the rocks is
caused by absence of percentages of the anorthite molecule in descriptions of

the plagioclase (Overstreet and others, 1980,

p. 17-27), by the roles of

epidote and muscovite (samples MJG-76-54A, - 16, 15, and 26B), and assignment
of antiperthite to the field of A or P in figure 2 (samples MJG-76-54A, =25,

-28A, and -56A).
class, it was placed with P.

Because the descriptions tie the antiperthite to the plagio-

Nevertheless, the modal analyses show that the
granitoid rocks in figure 2 tend to be rich in alkali feldspar, with the gneissic,
so-called older Precambrian rocks dominantly grading from granodiorite to
syenogranite, and the massive, so-called younger Precambrian rocks grading from
syenogranite to riebeckite-alkali-feldspar granite in what appears to be a
differentiation sequence that may lack major time breaks.

A comparison (fig. 2) of the modal analyses of the plutonic Precambrian
rocks from the southeastern part of the YAR with the average modal compositions
of plutonic rocks from the Precambrian Shield in the southern Najd Province,
Kingdom of Saudi Arabia (Schmidt, Hadley, and Stoeser, 1979, fig. 4), shows
that the Precambrian granitoid rocks from the YAR (exclusive of the
granodiorite--2 and 7, fig. 2) are in the fields associated with the post-

tectonic granites of the Arabijan Shield.

Both samples of granodiorite are in

fields occupied by Precambrian syntectonic gneiss, and the granite gneiss of
monzogranite composition (3, fig. 2) occupies a field where the syntectonic
and posttectonic granitoid rocks of the Arabian Shield overlap in modal
composition (Schmidt, Hadley, and Stoeser, 1979, fig. 4).

By comparison with the Precambrian rocks in the Arabian Shield, the
Precambrian granitoid rocks in the southeastern part of the YAR, with the
possible exception of the granodiorite, comprise a posttectonic suite of
latest Precambrian age, certainly less than 660 Ma, and probably between 620
Ma and 560 Ma in age (Schmidt and Brown, in press).
the youngest of the Precambrian granitoid rocks in the YAR. They were so
shown on the geologic map of the YAR (Grolier and Overstreet, 1978), where
they are represented along the road leading southeastward from Rida' as .
peralkaline granite (gp, the youngest Precambrian granite: samples MJG-76-15,=
39A,-398,-50, and -56A) and calc-alkaline granite (gr, the next to youngest
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Precambrian granite: sample MJG-76-21). However, the most strongly gneissic
rocks (MJG-76-16, -25, -28A, and 54A) were placed with the oldest Precambrian
granitoid rocks--the unit called gneissic granite (gg). Of these, even the
granodiorite (samples MJG-76-54A and MJG-76-56A), as well as the diabase (MJG-
76-41A), of figure 2 may be part of the sequence of younger Precambrian

granitoid rocks. Chemical data afford a reliable means of comparing the plutonic
igneous rocks of the YAR with those in the Kingdom of Saudi Arabia.

Major-element data.-The results of the chemical analyses for the major ele-
ments in the Precambrian plutonic rocks from the southeastern part of the YAR
(tables 3 and 4; Appendices 1-2) show a trend toward alkalic and peralkalic
compositions (figs. 3, 4, and 5). In the NCK ternary diagram (fig. 3), the
overlap in composition between the so-called "older" Precambrian granitoid
rocks (solid circles, samples 2-6) and the "younger" Precambrian granitoid
rocks (open circles, samples 7-12) is evident, with the "older" syenogranite
(fig. 2, sample 5) containing the most Ko0. As the content of silica
increases from about 71 percent to 75 percent the amount of alkalis rises
(fig. 4), but with a further rise in the content of silica, the amount of

the alkalis declines slightly. This relation was also shown by the results
of the modal analyses (fig. 2). Decrease in total iron as Fe0 is accompanied
by very strong increases in alkalis (fig. 5) so that the so-called "older"
Precambrian granitoid rocks (fig. 5 filled circles, sample numbers 2-6) are
nearly separated from, but grade into, the so-called "younger" Precambrian
granitoid rocks (fig. 5, open circles, sample numbers 7-12). Thus, the
dominantly gneissic Precambrian rocks are richer in total iron than the massive
granitoid rocks. This characteristic was also brought out by the modal color
index developed from table 7 and figure 2 as well as the normative color
indices:

Sample numbers Normative Sample numbers Normative
color color

Figs. Field index Figs. Field index

3-5 3-5

1 MJG-76-41A 47 7 MJG-76-56A 12

2 MJG=76-54A 11 8 MJG-76-15 1

3 MJG-76-16 6 9 MJG-76-26B 3

4 MJG-76-21 3 10 MJG-76-39A 2

5 MJG-76-25 3 11 MJG-76-39B 0.6

6 MJG-76-28A 5 12 MJG-76-50 1

When the major-element compositions of the Precambrian granitoid rocks
from the southeastern part of the YAR, shown in figures 3-6, are compared
with the compositions of plutonic rocks from the Shield in the Kingdom of
Saudi Arabia (Schmidt and Brown, in press, figs. 4, 8, and 11B), a strong
similarity is apparent with the posttectonic rocks of Shammar age where
alkali-feldspar granite is common (Schmidt and Brown, in press, fig. 8).

In the AFM diagrams (fig. 5 of this report and fig. 8 of Schmidt and Brown,
in press) the two samples of granodiorite from the YAR (fig. 5, samples 2 and
7) are similar to granodioritic batholiths of culminant-orogeny age, and the
granitic rocks of figure 5 grade by increase in alkalis and decrease in total
iron and Mg0 into the granite and alkali-feldspar granite of Shammar age.
Thus, the possible range in age of these granitoid rocks may be from 660 Ma
age to 560 Ma ago, most probably between 630 Ma ago and-560 Ma ago with the
silica=-rich rocks being toward the younger end (Schmidt and Brown, in press).
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EXPLANATION
(Composition plotted 4t center of symbal)
Symbol Sample numbers Rock names from tables _Symbol Senple nuzbers Rock names from tidbles
3, 4, 5, and 6 3, &, 5, ané b
On Field On Field
figure figure
‘Precambrian icneous rocks (tables 3 and 4) Precambrian igrecus rocks (tables 3 and 4)
. 1 4JG-76-41A Diabase s 13 “JG-76-14 Welde¢ tu!f
. 2 MJIG-76-524 Granodiorite gneiss A 4 %J6-76-18 delded tuff
L4 3 HJG-76-16 Granite gneiss A 15 *JG-76-6 vesicular welded tuff
L4 4 4JG-76-21 Granite gneiss A 15 75-0T-26 Crystal lithic tuff
L4 S MJ5-76-25 Sranite gnefss a 17 15-07-27 Alrali granite
. 6 MJG- 75284 Granite gneiss a 18 75-07-28 Alkali cranite
<) 7 %JG-76-564 Sranodiorite a i3 MJ6-76-724 Alkali granite
o 8 MJG-76-15 Granite gneiss a 13A 20J-1 Alkali jranite
o 9 HJG-76-268 Biotite granite
© 10 HJG-T76-394 Alkali-feldspar granite Pleistocene and Holocene extrusive rocks
e} 11 . HJG-76-398 Alkali-feldspar granite ~{olivine Bisalt of table £,
o 12 HJG-756-53 Riebeckite granite
n 20 75-07-2 Older lava
| 21 75-07-1 Older lava
] 22 75-0T-9 Older lava underlying historical flo
w] 23 75-0T-8 Historicel flow-bottom
[} 24 75-07-7 Historicel flow-top

Figure 3. -- Ternary diagram (NCK) showing the distribution of Nap0-Ca0-Kp0
(molar data) in plutonic and volcanic rocks of various ages from the Yemen
Arab Republic.
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EXPLANATION
(Composition plotted at center of symhol)
Symbol Sample numbers Rock names from tables _Symbol Saaple nucbers Rock names from tables
3, 4, 5, and 6 3, &, 5, and &
On Field on Fieid
figure figure
Precambrian icneous rocks {tables 3 and &) Tertiary icneous rocks (table 5)
[ 1 4JG-76-41A Diabase A 13 "JG-75-1A Welded tuff
. 2 MJG-76-544 Granodiorite gneiss A 14 "J5-75-13 Welded tuff
L4 3 HJIG-76-16 Granite gneiss A 15 MJG-76-8 Yesicular welded tuff
. 4 MJG-76-21 Granite gneiss A 16 75-07-28 Crystal lithic tuff
04 5 MJG-76-25 Sranite gneiss a 17 75-07-27 Alkali granite
. 6 HJG-75-284 Granite gneiss a 18 75-07-28 Alkali granite
o] 7 MJG-76-56A Granodiorite a 19 HJG-756-724 Alkali granite
o 8 KJG-76-15 Granite gneiss a 134 ROJ-! -Alkali grenite
o 9 ¥JG-76-268 Biotite granite .
o 10 MJG-76-39A . Akali-feldspar granite Pleistocene and Holocens extrusive rocks
o 11 HJG-76-398 Alkali-feldspar granite (olivine basalt of table 6]
o 12 HJG-75-59 Riebeckite granite
n 20 75-07-2 Older lava
| ] 21 75-07-1 Older lava
) 22 75-07-9 Older laeva underlying historical flo
=] 23 75-07-8 Historical “low-bottom
a 24 75-0T7-27 Historical flow-top

Figure 4. Binary diagram showing the distribution of alkali (Nap0+K»0) and
silica (Si0p) contents in plutonic. and volcanic rocks of various ages from
the Yemen Arab Republic: alkaline-subalkaline division (single 1ine) from
Irvine and Baragar (1971) and threefold division of basalt (pair of lines)
from Kuno (1966) are shown for reference for the volcanic rocks.
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EXPLANATION
(Composition plotted at center of symbol)
Symbo!l Sample numbers Rock names from tables _Symbol Sanple numbers Rock names from tables
3, 4,5, and b 3, 4, 5, and 6
On Field - On Field -
figure figure
Precambrian igneous rocks (tables 3 and 4) ’ Tertiary igneous rocks (table 5)
. 1 MJG-76-41A Jiabase A 13 "J5-76-14 Welded suff
14 2 MJG-76-54A Granodiorite gneiss A 14 HJG-76-13 Welded tuff
L4 3 " MJG-76-16 Granité gneiss A 15 M3G-75-6 Yesicular welded tuff
4 4 435-76-21 Granite gneiss A 16 75-07-26 Crystal lithic tuff
L4 5 MJG-76-25 Sranite gneiss a 17 75-07-27 Alvali granite
L4 6 HJG-75-28A Granite gneiss a 18 75-07-28 Alkali granite
0 7 MJG-76-56A Sranodiorite a 19 NJG-75-724 Alkali granite
o 8 MJG-76-15 Granite gneiss A 13A ROJ-1 Alkali granite
o 9 HJG-76-268 Biotite granite
c 10 MJG-76-39A Alkali-feldspar granits Pleistocene and Holocene extrusive rocks
o 11 MJG-76-398 Alkali-feldspar granite {oTivine basalt of table 6)
o . 12 MJG-76-50 Rieheckite granite
] 20 75-07-2 " Older lava
| ] 21 75-0T-1 Older lava
L} 22 75-07-9 Older lava underlying historical flow
m] 23 75-07-8 Historicai ‘low-botton
[m] 24 75-0T-7 Historical flow-top

Figure 5.-- Ternary diagram (AFM) showing the distribution of (Nap0+Kp0)-
Fe0.T-Mg0 (weight percent data) in plutonic and volcanic rocks of various
ages from the Yemen Arab Republic; Fe0.T is total iron as FeQ.
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The presence of riebeckite (table 7, sample MJG-76-50) generally
indicates a peralkaline granite, and the presence of more the 1 percent of
normative corundum (Appendices 1 and 2, samples MJG-76-16 and -15) generally
indicates a peraluminous granite. However, the ratio of the molar percentages
(Appendix 2) for Nap0+K20/A1203 is 0.93 for sample MJG-76-50, which is well
below that of ratios >1 that are typical of peralkaline granites (Shand, 1951).
The ratio of the molar percentages (Appendices 1 and 2) for Al203/Nay0+Ko0+Ca0
js 1.06 for sample MJG-76-16 and 1,10 for MJG-76-15 where ratios >1 are
peraluminous, which confirms the indication from the normative corumdum.
Except for the two samples of granodiorite (MJG-76-54A and -56A) all the
Precambrian granitoid rocks have the ratios of peraluminous rocks as can be
seen in figure 6:

Sample numbers Rock names from Ratios of molar
On tables 3 and 4 percentages (Appendices
Fig. 6 Field 1 and 2)
Na>0+K20 A1203_
A1,012 Nao0+K»0+Ca0l
2 MJG-76-54A Granodiorite gneiss 0.64 0.99
3 MJG-76-16 Granite gneiss 0.62 1.06
4 MJG-76-21 Granite gneiss 0.83 1.05
5 MJIG=76-25 Granite gneiss 0.82 1.06
6 MJG-76-28A Granite gneiss 0.78 1.03
7 MJG-76-56A Granodiorite 0.80 0.89
8 MJG-76-15 Granite gneiss 0.83 1.10
9 MJG-76-26B Biotite granite 0.81 1.06
10 MJG-76-39A Alkali-feldspar granite 0.90 1.05
11 MJG-76-39B Alkali-feldspar granite 0.92 1.04
12 MJG-76-50 Riebeckite granite 0.93 1.03

None have modal riebeckite except MJG-76-50 (table 7); none have norma-
tive acmite. Normative corundum is absent from the granodiorite gneiss
(Appendix 1, sample MJG-76-54A), is present as <1 percent in the other samples
except MJG-76-16 and -15 which contain >1 percent (Appendices 1 and 2). These
data as well as the ternary diagram (fig.6) show that none of the Precambrian
granitoid rocks described here from the YAR is peralkaline, but that all the
probable posttectonic granites are peraluminous. These relations may indicate
that for the posttectonic granites as a group in the YAR, fewer of the plutons
are of peralkaline composition than would appear from the distribution of the
unit)ca]]ed peralkaline granite (gp) on the geologic map (Grolier and Overstreet,
1978).

The ratios (Na20+K20)/A1203 and A1203/(Na20+K20+Ca0) in the posttectonic
granites from the YAR described here are slightly higher than those reported
for posttectonic granites from the northern part of the Arabian Shield
(Stuckless, Knight, and others, 1983, table 1), where the values given for
"A1/(Na+K)" are reciprocals of those given here for (Nap0+K20)/A1203). In
these respects, these posttectonic granites from the YAR do not conform fully
in chemical composition with the granitoid rocks of Shammar age, which include
some peralkaline granite (Schmidt and Brown, in press, fig. 8), but the YAR
sample is small,
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Nap0+K,0+Ca0

Pergikalic

Sampie numbers Rock names from tables _Symbol
On Field
figure
Precambrian fgneous rocks {tables 3 and &)
1 MJG-76-41A Diadase
2 MJG-76-542 Granodiorite gneiss
k9 MJG-76-16 SGranite gneiss
4 MJG-76-21 Granite qneiss
L4 MJG-76-25 Sranita gneiss
§ MJG-75-282 Granite gneiss
T MJG-76-56A Srinodiorite
8 MJe-76-15 Granite gneiss
9 MJs-76-268 Biotite granite
16 HJG-76-394 Alkali-feldspar granite
11 1JG-76-398 Alkali-feldspar granite
12 4JG-76-59 Riebeckite granite

EXPLANATION
(Composition plotted at center of symbol)

peo> PP

(aJul 7 ] |

Yock names from tadles
3, 4, 3, and 6

Saaple nuaders

o Fleld
1 gure

Tertiary tgneous rocks (table §)

13 MJ5-76-1A Velded tuff

14 #JG-76-18 Wdelded twff

18 MJG-75-6 vesicular welded tuff
18 75-0T-26 Crystal lithic tuff
17 75-0T-27 Alralf granite

18 75-Q7-28 Alkalf granite

19 MJG-76-72A Alkali granite

134 ROJ-1 Atkali granite

Pleistocene and Holocene axtrusive racks
{olivine basalt of table 6]

20 75-0T=2 Older lava

2 75-0T-1 Qlder lavs

2 75-0T-9 Nlder lava underlying histarical
23 75-0T-8 Historical flow-bottom

FL 15-07-7 Histarical flow-top ~

Figure 6. --Ternary diagram showing distribution in molar percent of A71,03-
(Nap0+K,0+Ca0)-(Nay0+K20) in plutonic and volcanic rocks of various ages from
the Yemen Arab Republic.
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The field description of the sample of granodiorite that occupies an
anomalous position on the basis of modal composition (fig. 2, sample MJG-76-56A)
identified the sample as representative of the central part of a pluton about
3.5 km across. The pluton was characterized by thick, strongly gneissic
border zones. Although the modal data diverge from that of the other granitoid
rocks from the southeastern part of the YAR, and the possibility arises that
this granodiorite might be a much older primary crustal rock, the chemical
data (figs. 3-5) appear to fit the distribution of the chemical components
defined by the other granitoid rocks. It is, therefore, interpreted here to
be a syntectonic intrusive associated with the culminate orogeny identified in
the Precambrian rocks of Saudi Arabia (Schmidt and Brown, in press, fig. 8).

The single sample of Precambrian diabase (MJG-76-41A) was described in
the field as fine-grained gabbro or coarse-grained diabase (Grolier and others,
1977, p. 18) constituting part of a sequence of layered mafic rocks ranging
in composition from gabbro to diorite. Its modal composition is far removed
from the syntectonic and posttectonic granitoid rocks (fig. 2). Nevertheless,
the chemical data for this rock, shown on figures 3-5, fall in or near the
fields shown by Schmidt and Brown (in press, figs. 4C, 8, and 11B) for layered
gabbro of Shammar age in Saudi Arabija.

From this comparison of the major-element chemical data for the
Precambrian granitoid rocks of the southeastern part of the YAR with the
chemical data for plutonic rocks from the Precambrian Shield in Saudi Arabia
as described by Schmidt and Brown in press, Stuckless, Knight, and others
(1983), and Stuckless, Van Trump, and others (1983), the differences
between the gneissic and the massive granitoid rocks are interpreted to
reflect syntectonic and posttectonic emplacement with reference to the
end of the Precambrian orogeny-and final cratonization of the Shield.

As the crust thickened with cratonization, the amounts of Ky0 and Si0p of the
magma increased, and the granite formed therefrom became increasingly more
alkaline. No samples of primary crust are represented among the analyzed
rocks from the southeastern part of the YAR.

Strict classification of the Precambrian plutonic rocks of the YAR
will require definition of the stratigraphic succession of the metavolcanic
and metasedimentary rocks, major-element geochemistry and geochronology
of the metavolcanic and plutonic rocks, and an interpretation of the
tectonic setting of the area. A long-term program of field and laboratory
investigations will be needed to accomplish this.

Minor-element data.--The previously published minor-element data on the
Precambrian granitoid rocks from the southeastern part of the YAR (Grolier
and others, 1977, table 3) conforms generally with minor-element data on
posttectonic granitoid rocks from the southeastern and eastern Shield in
Saudi Arabja (du Bray, 1983, table 2; Stuckless, Van Trump, and others, 1983,
table 4) and the northeastern Shield (Stuckless, Knight, and others, 1983,
table 1-4). Relatively few minor elements determined by Stuckless and
associates (1983) are duplicated in the data from the YAR, but 16 of the

28 minor elements discussed by du Bray (1983) are also ones sought in the
spectrographic analyses of the granitoid rocks from the YAR (table 8).

Many similarities exist either as identical values or as values within two:
laboratory reporting intervals in the spectrographic procedure used for the
rocks from the YAR (Grolier and others, 1977, p. 32). Similar elements are
Ti, Mn, Ba, Bi, La, Mo, Pb, Th, W, Zn, and Zr. Slightly greater dispersion
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Table 8. Comparison of mean values for minor elements in nine samples of
Precambrian posttectonic granites from the Yemen Arab Republic with
mean values reported for Precambrian posttectonic granites from the
southeastern, eastern, and northeastern parts of the Precambrian
Shield in the Kingdom of Saudi Arabia (in ppm)

[dash = no data.]

Element YAR Arabian Shield Threshold values
(Grolier Southeastern| Southeastern Northeastern [for eastern and
and others, and eastern | (Stuckless, (Stuckless, southeastern
1977, table 3| (du Bray, Van Trump, and| Knight, and Shield (du Bray

1983, table | others, 1983, | others, 1983, [and others, 1983)
1 and 2) 1/ | table 4) table 3) ]

Ti 1,500 100-1,700 900 - --

Mn 500 200-800 300 -- --

Ba 700 <8-1,170 -- -- 1,000

Be 2 <1-8 -- -- 10

Bi N(10) N (10) -- -- 10

Co L(5) -- -- 0.382 20

Cu L(5) <5-34 60.4 -- 100

La 50 <13-42 -- 54.3 70

Mo N(5) N(5)-5 -- -- 15

Nb N(20) <1-100 -- -- 100

Pb 30 <11-82 -- -- 70

Sh N(100) -- -- 0.218 100

Sc L(5) -- -- 0.87 15

Sn N(10) <7-40 -- -- 15

Sr 100 7-446 18.9 29.2 700

Th N(20) -- 17.13 -- -

W N(50) N(20)-50 - -- 50

Y 30 4-181 39.9 -- 150

Zn N(200) N(200)-L(200) 97.0 -- 200

ir 150 22-152 101.0 370 500

1/ Ranges in mean values for 17 different posttectonic
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of the means is seen in table 8 for Be, Sn, and Y. Possibly similar values are
represented for Co and Sc in the rocks from the YAR and those from the north-
eastern Shield, but a comparison of the data for Sb cannot be made owing

to the high technically truncated value reported for the YAR. The greatest
differences are for Cu and Sr in table 8. When only the posttectonic granites
of the southeastern part of the Arabian Shield that were studied by du Bray
(1983, table 1) are considered, the content of Cu is 13 ppm or less, which

is quite close to the values from the YAR but is considerably less than the
60.4 ppm Cu reported for the southeastern Shield by Stuckless, Van Trump, and
others (1983, table 3). Values for Sr in the southeastern Shield only are
unchanged by discarding those given by du Bray (1983, table 1) for the
eastern Shield; thus the great spread in means for Sr shown in table 8 is
real. Individual values for Sr in the posttectonic granites from the
southeastern part of the YAR (Grolier and others, 1977, table 3) include
several that are similar to the low values shown for the Arabian Shield,

but none is as high as the highest mean reported by du Bray (1983, table 1)
unless the granodiorite (MJG-76-54A) is included. The general similarity

in the abundances of the minor elements listed in table 8 is so great that

the data pose no conflict in the assignment of the granites from the south-
eastern part of the YAR to a posttectonic Precambrian setting.

The granitoid plutons from the southeastern part of the Arabian Shield
described by du Bray (1983, fig. 2L-2P) are far richer in modal plagioclase
than the posttectonic granitic rocks from the YAR (fig. 2). Indeed, the close
similarity between the posttectonic Precambrian granitic plutons in Arabia
and in the southeastern YAR are found among the plutons of the eastern Shield,
particularly the Huwail granite and the Hugban granite (du Bray, 1983,
figs. 2D and 2H). The granitoid plutons in the southeastern part of the
Arabian Shield are thought by du Bray (1983, p. 5) to have been emplaced
earlier than those of the eastern Shield, with possible differences in age
as great as from 670 Ma ago for the southern Shield and 590 Ma ago for the
eastern Shield. The samples of granitoid rocks from the southeastern part
of the YAR have a greater modal and geochemical similarity to the plutons in
the eastern part of the Arabjan Shield than to those in the southern part of
the Shield. Possibly southward from the southeastern part of the Arabian
Shield into the YAR, there is also a decrease in age of emplacement of the
Precambrian granitoid rocks.

The threshold values shown in table 8 represent minimum concentrations:
of these elements found by du Bray (1983, p. 9, Table 5) to be present in
Precambrian granitic plutons in Arabia having other geochemical, mineralogical,
and textural characteristics associated with the possible presence of deposits
of Sn, Mo or W, and other rare metals in the pluton or associated veins and
wall rocks. Among the samples of granodiorite and granite from the southeastern
part of the YAR for which both major and minor elements were determined, only
the granodiorite (MJG-76-56A) from the small pluton at 14°04'01" N.; 45°29'46" E.
contains threshold abundances for more than two or three of these minor elements
(Grolier and others, 1977, table 3):
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Element Abundance in granodiorite sample .
MJG-/6<56A (1n ppm)

B 30
Be 5*
Co 20
La 200
Nb 30*
Pb 70
Sc 20
Sn 30
v 150
Y 100*
ir 500

*Positive anomalous value for these granitoid rocks from the southeastern part
of the YAR, but not a threshold value on the scale proposed by du Bray (1983,
table 5).

Several of the mineralogical and chemical characteristics of this sample
of granodiorite fail to fit the optimum conditions cited by du Bray (1983,
p. 4 and 8) as indicative of potential mineralization. The rock lacks muscdvite,
contains antiperthite, and is neither peralkaline nor peraluminous. Nevertheless,
it is an appropriate pluton for further petrographic and chemical study for the
possible presence of Sn, Mo, W, or other rare metals.

The Sn-bearing granitic pluton exposed about 3 km to the east of Sa'dah in
the northern part of the YAR was described by Schulze and Thiele (1978, p. 42-44,
fig. 4) as young Precambrian alkali granite. Part of the pluton was shown on
the geologic map of the YAR as Precambrian calc-alkaline granite of unit gr
(Grolijer and Overstreet, 1978). The presence of cassiterite and the subcircular
plan of the pluton are here interpreted to indicate that the body is composed
of posttectonic alkali or peralkaline granite similar to Sn-bearing granites
identified in the eastern and southern Shield in Saudi Arabia (du Bray, 1983),
and that the pluton belongs to the unit called gp on the geologic map (Grolier
and Overstreet, 1978).

Miocene (?) alkali granite.--The results of modal analyses, age determinations,
and major-element analyses show that the rock called Miocene (?) alkali

granite in tables 5 and 7 after the description in Overstreet and others (1980,
p. 10-12) is Early Miocene alkali-feldspar granite.

Modal data and K-Ar age.--The modal analyses given in table 7 yield the follow-
ing percentages of minerals and mineral groups used in the I[UGS classification
(Streckeisen, 1976, p. 5-6) of plutonic igneous rocks (in percent):

__Sample numbers Q A P F M
"Fig. 2 Field
17 75-0T-26 20 70 - -- 10
18 75-0T-27 25 65 - -- 10
19 MJG-76-72A 25 70 1 -- 4

Dash=1less than 1 percent or absent.
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Recalculated to QAP=100 percent and plotted on the ternary diagram (fig. 2),
the modal composition of the Miocene (?) alkali granite fits the IUGS classifi-
cation of alkali-feldspar granite (Streckeisen, 1976, fig. 1a). A1l three are
fully within the field of peralkaline granites (fig. 2) adopted by Schmidt,
Hadley, and Stoeser (1979, fig. 4) for granitoid rocks of Precambrian age. The
color index derived from the values of M shown above is between 4 and 10; thus,
the rock name is not modified by the dark minerals (Streckeisen, 1976, fig. 5).

The age of Miocene (?) was assigned originally (Grolier and others, 1977,
fig. 2; Grolier and Overstreet, 1978) on the basis of a single K-Ar determina-
tion made on hornblende from the alkali granite at Jibal Sabir near Ta'ijzz,
YAR, by R. F. Marvin and others, USGS, in 1974. That K-Ar analysis yielded
an age of 22.0+0.7 Ma ago. Subsequently, two additional K-Ar ages have been
published for the granite near Ta'izz: 21.0+0.6 and 20.9+0.6 Ma ago (Civetta
and others, 1978, table 1). From these data the probable age of the alkali-
feldspar granite at Jibal Sabir and at Jibal Hufash is here interpreted to
be early Miocene (Van Eysinga, 1975) instead of Miocene (?) as shown on the
geologic map (Grolier and Overstreet, 1978).

Major-element data.--Plots of the major elements (figs. 3-6) of the alkali-
feldspar granite from Jibal Sabir and Jibal Hufash show that the rock is
highly alkalic, which is confirmed by the molar ratios from the data in
Appendix 3 showing that the ratio (Nap0+K20)/A1203 is >1:

Sample numbers Source {Na>0+K50) A1,03
On figs. Field K103 (Nap0+Ko0+Ca0 )
3-6
17 75-0T-27 Jibal Sabir 0.92 0.95
18 75-0T-28 Jibal Sabir 0.97 0.96
19 MJG-76-72A| Jibal Hufash 0.99 0.96
19A ROJ-1 Jibal Sabir 1.05 0.91

The presence of modal riebeckite in the three samples for which petrographic
analyses are available (table 7, samples 75-0T-27 and -28, sample MJG-76-72A)
and of normative acmite in sample ROJ-1 (Appendix 3) emphasizes the peralkaline

tendency.

Absence of normative corundum (Appendix 3) confirms that the early

Miocene alkali-feldspar granite is not peraluminous despite the extremely close
approach of the molar ratio A1503/(Nap0+Kp0+Ca0) to values >1.

In a discussion of continental rift and the evaluation of the Red Sea
in the southwestern part of Saudi Arabia, Schmidt, Hadley, and Brown (1982)
evaluate the mineral and chemical composition and the K-Ar ages of the alkali-
feldspar granites from Jibal Sabir and Jibal Hufash, YAR, using the chemical

data given here in table 5 and in Appendix 3.

They conclude that the granite

in these plutons, and associated rhyolite (see below), were "...the ultimate
magmatic products of continental rifting, and their production must indicate
optimum high-temperature, low-pressure, and perhaps source-depletion condi-

tions in the crust beneath the rift."

They show that K20 increases as the

age of the rocks decreases, and that the high values for K20 imply intrusion
through thick continental crust at the approaching end of the continental-rift

stage in the development of the Red Sea.

37



The early Miocene riebeckite-bearing alkali-feldspar granites (figs. 2
and 4, samples 17-19) are distinctly less silicic than the Precambrian
riebeckite alkali-feldspar granite (fig. 2, sample 12), but in the NCK dia-
gram (fig. 3), the relations of Nap0, Ca0, and K20 are quite similar. In
the AFM diagram (fig. 5) the Miocene granites are well separated from the
Precambrian riebeckite-alkali-feldspar granite. Clear chemical differences
are also evident in the previously published data on the minor elements in
these rgcks (Overstreet and others, 1976, table 2; Grolier and others, 1977,
table 3).

Minor Abundance in ppm
element Early Miocene Precambrian
riebeckite-alkali- riebeckite-alkali-
feldspar-granite feldspar-granite
(mean of three 1/)
Ti 3,000 700
Mn 3,000 70
Ba 500 N(20)
Be 7 2
La 150 20
Mo : 7 N(5)
Nb 70 N(20)
lr 300 100

1/ Samples 75-0T7-27, 75-0T-28, and MJG-76-72A. Variance among the other
minor elements between the early Miocene and the Precambrian riebeckite--
alkali-feldspar granites is very slight.

Minor-element data.--No chemical data are presently available to indicate if
the early Miocene riebeckite-alkali-feldspar granites of the YAR are associated
with metalTic mineral deposits. A comparison of the mean values of the minor
elements reported in five samples from the plutons at Jibal Sabir and Jibal
Hufash (Overstreet and others, 1976, table 2; Grolier and others, 1977, table 3)
with the threshold values for elements in Precambrian posttectonic granitic
rocks having potential for mineralization (du Bray, 1983, table 5; this report,
table 8) shows some similarity only for La, Nb, and Zn:

Element Mean value (in ppm) Element Mean value (in ppm)

in five samples of in five samples of
Miocene granite Miocene granite

Ba 300 Sb N(100)

Be 7 Sc L(5)

B N(10) Sn L(10)

Co N(5) Sr L(100)

Cu 5 W N(50)

La 150 Y 70

Mo L(5) n 200

Nb 100 ir 300

Pb 50
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Individual samples exceeding both the mean and the threshold value reported
by du Bray (1983, table 5) for Precambrian posttectonic granitic plutons in
Saudi Arabia are (in ppm with sample number):

Jibal Sabir Jibal Hufash
Ba, 1,500; 75-0T-27 Be, 10; MJG-76-72B
Be, 10; 75-0T-28 La, 200; MJG-76-72A
La, 150; 75-0T-27 La, 100; MJG-76-72B
La, 150; 75-0T7-28 Nb, 150; MJG-76-72A
La, 100; ROJ-1 Nb, 100; MJG-76-728B
Nb, 100; ROJ-1 Sn, 15; MJG-76-72A
Pb, 100; ROJ-1 Sn, 15; MJG-76-72B
Zr, 500; 75-0T7-28 Zn, 300; MJG-76-72A

Zn, 500; MJG-76-72B

No geochemical significance can be attached to this comparison between the
abundances of individual elements in the Miocene granitic plutons in the YAR and
the threshold values for the same elements in possibly mineralized Precambrian
posttectonic granites in Saudi Arabia, because no connection has as yet been
made in the YAR between the Miocene granitic plutons and metallic mineral
deposits (E1-Shatoury and Al-Eryani, 1977, p. 284-287; 1979, p. 122-125; Schulze
and Thiele, 1978, p. 30-47). Nevertheless, geochemical investigations of the
Miocene granitic plutons in-the YAR along the lines followed for the Precambrian
posttectonic granitic rocks in Saudi Arabia (du Bray, 1983) would be useful as
a guide to possible mineral deposits associated with the Miocene plutons.

Owing to the geologic youth of these rocks, they are not amenable to study by
the methods of Stuckless, Van Trump, Christiansen, and associates (1983;

oral communication, 1984) as sources for possible secondary uranium deposits
in the younger sediments of the YAR. An evaluation of the uranium content

of the Miocene granitic plutons and rhyolite tuffs of the YAR is, however,
presented in a following section on minor elements in rocks, ores, and slags.

Yemen Volcanics.--Only the rhyolitic units from the Yemen Volcanics have been
used for major-element analyses in the present work.

Relative ages and major-element data.--The relative ages of the four specimens
from the Yemen Volcanics (table 5 and Appendix 3) are uncertain (Overstreet and
others, 1976, table 1; Grolier and others, 1977, table 2). Using the strati-
graphic divisions proposed for the Yemen Volcanics on the geologic map of the
YAR (Grolier and Overstreet, 1978) samples MJG-76-1A and -1B are from the map
unit TKy, an undivided sequence, and samples MJG-76-6 and 75-0T-26 are from
relatively young parts of the Yemen Volcanics, respectively units TKy3 and
TKyq. Samples MJG-76-1A and -1B are from a locality on the highway between
San'a' and Al Hudaydah about 25 km to the east of Manakhah in a broad area shown
as Yemen Volcanics undivided (TKy) grading into basal units TKy, and TKys
(Grolier and Overstreet, 1978). Owing to common faulting among these units,

to the fact that unit TKy; is dominantly basaltic, and to the observation

that the younger units from TKyz to TKys are composed mainly of felsic

volcanic rocks, it is possible that samples MJG-76-1A and 1B are at least

as young as unit TKyp and are probably as young as units TKy3 and TKyq. The
fields occupied by these samples in figures 3-6 show that they are not greatly
different chemically, and that the compositions of samples MJG-76-1A and -1B
tend to lie between those of the other two samples from the Yemen Volcanics.
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On the basis of their normative color index and the composition of the
normative plagioclase (fig. 7), the four tuffaceous rocks from the Yemen
Volcanics (table 5 and Appendix 3) are rhyolite according to the scheme of
Irvine and Baragar (1971, fig. 7A). A ternary plot (fig. 8) of the distribu-
tion of normative orthoclase + albite (OR+AB)-quartz(Q)-anorthite (AN) from
Appendix 3 indicates that in the modal classification of the IUGS (Streckeisen,
1979, fig. 1) these samples of tuff are alkali-feldspar rhyolite. The molar
ratios A1203/(Nap0+K20+Ca0) show that sample MJG-76-6 is very close to peralkalic
in composition:

Sample numbers Molar ratios
On figs. Field (Nap0+K20) A1,013
3-8 &1,07 (Nao0+K»0+Cal)
13 MJG-76-1A 0.80 1.11
14 MJG-76-18B 0.75 1.28 "
15 MJG-76-6 0.99 1.07
16 75-0T-26 0.85 0.95

From these ratios and from figure 6, the rhyolite tuff of sample MJG-76-6
is alkalic (nearly peralkalic), the rhyolite tuff of sample 75-0T-26 is alkalic
(nearly peraluminous), and the rhyolitic welded tuffs represented by samples
MJG-76-1A and -1B are peraluminous (Shand, 1951, p. 228-229).

Stratigraphic and petrogenetic interpretations of the major-element com-
position of these four samples of rhyolite welded tuff from the Yemen Volcanics
have been given in a review of Middle Tertiary continental rift in Southern
Arabia (Schmidt, Hadley, and Brown, 1982). The analytical results for the
rhyolite from the YAR were integrated with many analyses from Arabian rocks
which afforded convincing evidence that the rhyolite tuffs in the YAR are
correlative with the Liyyah Formation in Saudi Arabia. This formation, named
for exposures in Wadi Liyyah near the border with the YAR, is part of the
Jizan Group of late Oligocene and early Miocene age deposited between about
30 Ma and 20 Ma years ago along the coastal plain in southwestern Saudi Arabia.
Thick sections of silicic volcanic rocks in the Liyyah Formation are thought
by Schmidt, Hadley, and Brown (1982, p. 13) to have been deposited near erup-

The normative compositions of the rhyolitic tuffs from the YAR were
reported by Schmidt, Hadley, and Brown (1982, p. 18) to fall "...in the projec-
tion of the low-temperature trough on the Ab-Q-Or face of the Ab-Q-0r-H20
tetrahedron (Wyllie, 1977, p. 44)..." from which these authors infer that
"...The magma equilibrated at a shallow crustal depth (1 to 2 kilobars, 4 to
7 km, fig. 11) in sialic crust beneath the continental rift. The rhyolites
crystallized from water-saturated partial melts derived from the hot underlying
crust."

Most of the rhyolites in the YAR have been shown by Civetta, La Volpe,
and Lirer (1978, p. 308) to have been explosively erupted as ignimbrites with
the total volume about equal to the thickness of the flood basalts in the
Yemen Volcanics. These authors also note that rhyolite is more common in
the upper part of the Yemen Volcanics than in the lower part. This observa-
tion accords with the interpretation followed on the geologic map of the YAR
(Grolier and Overstreet, 1978). Schmidt, Hadley, and Brown (1982, p. 32)
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(Composition plotted at center of symbol)
Symbo]l Sample numbers Rock names from tables
On Field 5 and 6
Tigure -
Tertiary lavas (table 5)
A 13 MJG-76-1A Welded tuff
ald MJG-76-18 Welded tuff
Al5 MJG-76-6 Vesicular welded tuff
Al6 75-0T-26 Crystal lithic tuff
Pleistocene and Holocene extrusive rocks
(olivine basalt of table 6)
n 20 75-0T7-2 Older lava
n2]1 , 75-0T7-1 Older lava
=22 75-0T7-9 Older lava underlying historical flow
023 75-0T7-8 Historical flow-bottom
o024 75-0T7-7 Historical flow-top

Figure 7. Plot of normative color index versus normative plagioclase
composition for volcanic rocks of Tertiary to Holocene age, Yemen
Arab Republic; classification for subalkaline rocks on left and for
alkaline rocks on right after Irvine and Baragar (1971, fig. 7A, 10).
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EXPLANATION

{Composition plotted at center of symbol)

Symbol Sample numbers Rock names from tables
On Field 3, 4,5, and 6
Figure

Precambrian igneous rocks (tables 3 and 4)
I 1 MJG-76-41A Diabase
. 2 MJG-76-54A Granodiorite gneiss
. 3 MJG-76-16 Granite gneiss
g 4 14JG-76-21 Granite gneiss
d 5 MJG-76-25 Granite gneiss
L4 6 MJG-76-28A Granite gneiss
o 7 MJG-76-56A Granodiorite
o 8 MJG-76-15 Granite gneiss
o) 9 MJG-76-268 Biotite granite
[e) 10 MJG-76-39A Alkali-feldspar granite
(e} 11 MJG-76-398 Alkali-feldspar granite
o 12 MJG-76-50 Riebeckite granite
Tertiary igneous rocks (table 5)
A 13 HIG-76-1A Welded tuff
A 14 MJG-76-18 Welded tuff
A 15 MJG-76-6 Vesicular welded tuff
A 16 75-07-26 Crystal lithic tuff
a 17 75-07-27 Alkali granite
a 18 75-0T-28 Alkali granite
a 19 MJG-76-72A Alkali granite
a 19A ROJ-1 Alkali granite

Figure 8.--Ternary diagram showing distribution of normative orthoclase +
albite (OR+AB)-quartz(Q)-anorthite(AN) in plutonic and volcanic rocks
of various ages from the Yemen Arab Republic; modal classification from
Streckeisen (1979, fig. 1) for volcanic rocks overlain only for comparison.
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observe that "Peralkalic granite and rhyolite were the ultimate magmatic
products of continental rifting, and their production must indicate optimum
high-temperature, low=-pressure, and perhaps source depletion conditions in

the crust beneath the continental rift...thus production of the ultimate
peralkalic magma would suggest an approaching end to the continental rift
stage." Increase in the Ky0 contents of the Miocene alkali granite and of

the rhyolitic tuffs in the YAR follows decreasing age (Civetta and others,
1978, table 1). These explosive episodes of rhyolitic volcanism may represent
a t1me interval of only a few million years (Schmidt, Hadley, and Brown, 1982,
p. 26), possibly mainly in the Miocene.

The age assigned to the Yemen Volcanics on the geologic map of the YAR
(Grolier and Overstreet, 1978), Tertiary and/or Cretaceous, appears by compar-
ison of major-element chemistry with equivalent rocks in Saudi Arabia (Schmidt,
Hadley, and Brown, 1982), by K-Ar ages (Civetta and others, 1978), and by the
fossil record (Geukens, 1966, p. B15-B16) to cover too great a span of geologic
time. Although the base of the Yemen Volcanics has not been dated, and the
top is eroded, the range in K-Ar dates obtained by Civetta and associates
(1978, p. 309-312) for 15 samples of the volcanic rocks and for two samples of
granite from Grolier and Overstreet (1978), the probable age of the Yemen
Volcanics is Oligocene and early Miocene.

Minor-element data.--Previously published data on the minor-element composition
of the rhyolite in the Yemen Volcanics (Overstreet and others, 1976, table 4;
Grolier and others, 1977, table 3) give little indication of associated metal-
1ization. In ten samples the mean values for La, Zn, and Zr reached or
exceeded the threshold abundances cited by du Bray (1983, table 5; this report,
table 8) as indicative of possible mineraliation in Precambrian posttectonic
granitic plutons in Saudi Arabia:

Element Mean value Element Mean value
(in ppm) for (in ppm) for
ten samples ten samples

Ba 500 Sb N(100)
Be 7 Sc L(5)
Bi N(10) Sn L(10)
Co L(5) Sr L(100)
Cu 15 W N(50)
La 150 Y 100
Mo L(5) In 200
Nb 70 r 1,000
Pb 30

Except for Cu and Zr these means are the same as or are within one labora-
tory reporting interval of the means for the Miocene alkali-feldspar granite.
As for the granite, no metallic mineral deposit has been observed to be genet-
ically connected with the rhyolite of the Yemen Volcanics (E1-Shatoury and
Al- Eryan1, 1977, p. 284-287; 1979, p. 122-125; Schulze and Thiele, 1978, p. 30- 47).
The uranium content of these rocks is d1scussed separately below.

Aden Volcanic Series (?).--The olivine basalt of the Aden Volcanic
Series (?) was assigned Holocene and upper Pleistocene ages on the geologic
map of the YAR (Grolier and Overstreet, 1978), as were the associated sedi-
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mentary rocks. New isotopic age determinations reported below indicate that
some basalt of the Aden Volcanic Series (?) may be at least lower Pleistocene
or upper Pliocene, which would bear importantly on the ages of the associated
sedimentary deposits.

K-Ar ages.--Two samples of olivine basalt were taken from the Hamdan volcanic
field if1g. 9, specimens 75-0T-1 and 75-0T-2) at a locality (15°36'45" N.;
44°00'35" E.) 8.7 km by road to the southeast of 'Amran in the YAR (Overstreet
and others, 1976, table 1). Both are from the oldest unit of the Aden Volcanic
Series (?), which is identified by the symbol Qaj; on the geologic map of the
YAR (Grolier and Overstreet, 1978). This unit consists of basalt flows that
form a continuous mantle over older rocks. At the locality where the samples
were taken the flow overlies Upper Jurassic limestone of the Amran Serijes.
Sample 75-0T-1 came from a position 1.2 m above the base of the flow, and
sample 75-0T7-2 was taken 0.7 m above the base of the flow.

Potassium and argon measurements were made during 1979 in the laboratories
of the U.S. Geological Survey using standard techniques of isotope dilution.
Measurements of potassium were made by P. R. Klock, and measurements of argon
and calculations of age were performed by B. M. Myers and S. E. Sims. The
calculated ages for these samples of basalt are:

Stratigraphic Field sample Calculated age
position above number (millions of
base of flow years)
(in meters)
1.2 75-0T-1 1.54+0.12
0.7 75-0T=2 2.21+0.13

The two samples are part of a massive flow lacking any stratigraphic
break in the interval of 0.5m between samples. Possibly the younger age is
the more precise. It is near the base of the Plejstocene (Van Eysinga, 1975).
The older age is Upper Pliocene. Within the Aden Volcanic Series (?) volcanic
activity has continued into geologically recent time with the historic flow,
represented by major-element analyses for samples 75-0T-7 and 75-0T-8, being
extruded about 1,700 years ago (Rathgens and Wissman, 1934, p. 105).

Major-element data.--The presence of modal olivine in the five samples of
olivine basalt of the Aden Volcanic Series (?) from the Hamdan volcanic field
in the YAR (Overstreet and others, 1980, p. 8-9) is reflected in the normative
minerals derived from the major-element data (Appendix 4). These rocks fall
in the field of olivine basalts as defined by the relation between the differ-
entiation index of Thornton and Tuttle (1960, p. 670), and the normalized
weight percentage of Si02 (fig. 10). The differentiation index of each sample
is:
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Differentiation index

EXPLANATION
o Data from Kabesh and Ghoweba, 1976, fig. 8
s Data for older lavas, this report,samples 75-0T-1, 75-0T7-2, 75-0T-9

a Data for historic flow, this report, samples 75-0T-7 and 75-0T-8

Figure 10.--Diagram showing the relation of the differentiation index (the
sum of the percentages of normative quartz + orthoclase + albite; Thornton
and Tuttle, 1960, p. 670) plotted against the weight percentage of Si0p in
five samples of olivine basalt of the Aden Volcanic Series (?) from the
Yemen Arab Republic compared with plots for other Quaternary basalt from
the Yemen Arab Republic, after Kabesh and Ghoweba (1976, fig. 8).
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Source Sample number Differentiation index
(Sum of the percentages of normative
quartz + orthoclase + albite)

Older lava 75-0T-1 31.31
Do. 75-0T-2 28.47
Do. 75-0T-9 : 30.06

Historic flow 75-0T-8 39.50
Do. 75-0T-7 37 .64

The relation of (Nap0+Kp0) to Si0z in these five samples of olivine basalt
(fig. 4) shows that they are alkali-olivine basalt.

Chemical differentiation of the historic flow from the older lavas is
clearly defined in the differentiation indices and in the data shown on
figures 3-7 and 10. The classification of Irvine and Barager (1971) showing
the relations between the normative color index and the composition of the
normative plagioclase in figure 7 is particularly instructive; the older
basalt flows are alkali basalt whereas the historic flows are differentiated
to hawaiite.

On the basis of increasing content of the normalized percentage of K0
(Appendix 4), the alkali-olivine basalt (75-0T-9) underlying the historic flow
in the Hamdan volcanic field may be closer in age to the historic flow than
it is to the basal lavas represented by samples 75-0T-1 and 75-0T-2 (fig. 9).
The stratigraphic position assigned to sample 75-0T-9 is the unit Qa3 in the
upper part of the Aden Volcanic Series (?) (Overstreet and others, 1976,
table 1; Grolier and Overstreet, 1978).

Through the courtesy of Dr. M. L. Kabesh of Sana'a University, the positions
of the 17 samples of basalt collected by him and Dr. A. M. Ghoweba (1976, fig. 2;
Grolier and others, 1977, fig. 1B) can be plotted on the stratigraphic units of
the Hamdan volcanic field (fig. 9) as shown on the geologic map of the YAR
(Grolier and Overstreet, 1978). A possible increase in the normalized percentage
of Ko0 with decreasing relative age of the flows is indicated on figure 9 and
by the mean values:

Apparent stratigraphic position Mean normalized percentage
from youngest to oldest by unit of Ko0 (Kabesh and Ghoweba,
in the Aden Volcanic Series (?) 19/6% table 1; this report)
(Grolier and Overstreet, 1978)

Qay 1.12 1/

Qa3 1,13

Qaz 0.80

Qay 0.78

Y 1n determining the mean values for Qa, and Qa4, sample number 6 of
Kabesh and Ghoweba (1976, table 1 and fig. 2), having 0.76 percent
normalized K20 could not be assigned because its location plotted on
a boundary.
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Minor elements in rocks, ores, and slags

Analyses for uranium were made on samples of the Tertiary granite and
rhyolite to determine if the element was present in leachable phases that might
be removed by solution during weathering and thus permit its secondary concen-
tration in sedimentary rocks deposited in the Yemen Volcanics. Spectrographic
analyses of samples of rocks, ores, and slags collected during 1979 (table 1)
have been made for this report to expand the coverage of ancient mines in the
northern part of the YAR over material previously presented and to add to the
trace-element data on the Yemen Volcanics (Overstreet and others, 1976, tables
2 and 4; Grolier and others, table 3). ‘

Methods and results of analyses

Uranium.--Radiometric analyses by Geiger counter were made on all samples
from the YAR prior to spectrographic analysis, and none was found to be
radioactive at a lower limit of determination of 250 ppm equivalent uranium
(eU)(Grolier and others, 1977, p.39). This high lower 1imit is unsatisfactory
for the evaluation of possible secondary deposits of U formed through the
weathering of granitic rocks. In an earlier section of this report the
recommendation was made to study the Precambrian intrusive rocks of the YAR
by the methods of Stuckless, Van Trump, Christiansen, and associates (1983)
to determine favorability for mineralization, including roles as possible
source rocks for secondary deposits of U, but the methods are not applicable
for U in igneous rocks as young as the Tertiary alkali-feldspar granite and
the felsic rocks of the Yemen Volcanics. For the Tertiary rocks, special
analyses were made by T. F. Harms, U.S. Geological Survey, using procedures
to measure the easily soluble U and the total U in each sample (Grimaldi and
others, 1954; Adams and Maeck, 1954) in order to determine the amount of U
that might possibly be released from these rocks by weathering.

For the easily soluble U, 0.5g of sample was weighed, placed in a test
tube, and 5 ml of concentrated HNO3 was added. This was heated so that the
HNO3 refluxed and slowly evaporated over a period of 1-1/2 hours. The solid
residue was moistened with 8 ml of 15 percent HNO3, and this mixture was warmed
to re-dissolve the solubilized salts. Aluminum nitrate was added to the 15 per-
cent acid solution, heated to effect solution, and cooled to 20°-25° C. After
cooling, 10 ml of ethyl acetate was added and the mixture was shaken for 2
minutes then centrifuged for 10 minutes at 1000 R.P.M, Five ml aliquots of
blanks of the ethyl acetate and the standard U solutions and 5 ml aliquots of
samples were pipetted and transferred to clean, dry, platinum dishes. After
burning off the ethyl acetate the dish was ignited over an open flame to red
heat for 5-10 seconds. Two grams of flux consisting of (in percent) 45.5
NaoC03, plus 45.5 KoCO3, plus 9.0 NaF was added and the phosphor was prepared
over Fischer burner for 3 minutes. The fluorescence of the cooled bead thus
formed was measured in a Jarrell-Ash fluorometer and the results for the
samples were compared with those obtained from the standards.

For total U, 0.2g of sample was weighed into a small Teflon jar with
screw-cap Teflon 1id. To the sample 4 ml of concentrated HNO3 and 20 ml of
48 percent HF were added and this was allowed to stand overnight. Then the
sample was refluxed for 24 hours with the 1id on. After this, the sample. was
slowly evaporated to dryness. The residue was dissolved in 15 percent HNOj3,
and the volume adjusted to 10.0 ml. A 5.0 ml aliquot was taken, aluminum
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nitrate added to it, and the sample was taken through the rest of the pro-
cedure. Conventionally, total U is the sum of the U in the HF digestion plus
the U in the insoluble residue from the HF digestion which is later fused
with NapC03. In the samples from the YAR no insoluble residue was found,
probably because of the small weight of sample and the long time allowed for
digestion.

The two samples of carbonaceous siltstone from the Yemen Volcanics (MJG-76-3
and MJG-76-5) contained fair amounts of organic carbon; therefore, they were
ashed before the analytical procedures were begun. The amount of ash was 84 per-
cent of sample MJG-76-3 and 91.5 percent of sample MJG-76-5. The determinations
of easily soluble U and of total U were made on the ash.

The results of the analyses for U in 24 samples from the Tertiary rocks of
the YAR are given in table 9.

Semiquantitative spectrographic analyses.--The minor elements were deter-
mined by James A. Domenico, USGS, using the method described by Grimes and
Marranzino (1968). The sample was ground to <0.149 mm, weighed on a torsion
balance, and mixed with graphite powder. The mixture was packed into the
cavity of a preformed electrode and burned for 135 seconds at 12 amperes and
220 volts d.c. with the spectrum recorded on spectrographic film. Analytical
results were reported as the approximate geometric midpoints of ranges in
abundance the respective limits of which are:

Approximate geometric Range in values represented
midpoint (reporting value) by each midpoint

® 5

OO0 OO O+
- NN Wo

The accuracy of the reported values is + 30 percent of the actual concen-
tration of a given element. Under the uniform conditions of analysis in this
investigation, 75-85 percent of the reported values are within two reporting
units of the actual value. Where the upper or lower limits of reporting the
results of the spectrographic analyses are exceeded by values in table 10, a
letter symbol followed by the respective value is used:

N = Not detected at the lower 1imit of determination, or at value shown.

L = Detected, but below the Tower 1imit of determination, or below value
shown.

G = Greater than the upper 1imit of determination, or greater than value

shown.
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Table 9.

Uranium in Tertiary alkali-feldspar granite and in alkali-feldspar rhyolite and

carbonaceous sedimentary rocks of the Yemen Arab Republic {in ppm)

[Chemical analyses made by Thelma F. Harms, U.S. Geological Survey, 1984; descriptions
~of 75-0T series from Overstreet and others, 1976, table 1; descriptions of MJE-76 series
from Grolier and others, 1977, table 2.]

Sample numbers Location Description Uranium content
Field Laboratory North rast 'Easily | Total
latitude ‘Tongitude soluble
Tertiary alkali-feldspar granite (fresh)
75-01-27 MAM-604 [13° 337 45°[44° 02' 30" |PTuton at Jibal Sabir 0.08 | 0.5
75-0T7-28 MAM-605 [13° 33' 50"[44° 02' 10" Do. . 22 | 4.0
MJEB-76-72A| MAM-932 [15° 11' 03"[43° 30' 42" |Pluton at Jibal Hufash .23 | 3.0
MJG-76-72B| MAM-933 [15° 11°' 03" {43° 30' 42* . .20 | 4.0
Yemen Volcanics (weathered)
Unit TKyg
75-07-13 MAM-591 [14° 41' 35")44° 20' 25"| Pink saprolite of 1ithic tuff .60 | 5.0
75-0T-14 MAM-592 [14° 41°' 35" 44° 20' 25"| Dk. red saprolite of 1ithic tuff <55 | 1.2
Unit TKy
MJG-76-2 MAM-826 |14° 43' Q5" 44° 21' 50° Grayis% buff ignimbrite 26 | 2.2
MJG-76-4 MAM-828 [14° 13' 25"({44° 35' 15" | Felsic tuff .26 | 3.0
Unft TXy undivided
MJG-76-73A] MAM-819 [15° 11' 07"|43° 31' 07" Yellow felsite .08 | 8.0
MJG-76-73C| MAM-821 [15° 11' 07"{43° 31' 07"| Crystal tuff .10 | 5.0
MJG-76-74A| MAM-822 [15° 10' 26" |43° 31' 03"| .Felsite .65 | 4.5
MJG-76-74B] MAM-823 |15° 10’ 26")43° 31' 03°] Felsite .20 | 8.0
Yemen Volcanics (fresh)
Unit TKyg
75-0T-15 MAM-593 |14° 41' 35"[44° 20' 25" Llithic tuff 20 | 3.0
75-0T7-17 MAM-595 [13° 24' 00" [44° 19' 35"| Vesicular tuff Jd4 | 1.5
75-0T-26 MAM-603 |13° 54' 40" |44° 19' 40"| Black crystal lithic tuff .08 | 1.5
) Unit TKy
MJG-76-6 MAM-830 [14° 26' 44" [44° 34' 37" Vesicu?ar glassy tuff A7 | 1.2
Unit TKy
75-0T7-30 MAM-607 |15° 29' 40" 44° 28* 15" mrp’lelrhyolite tuff .19 | 2.5
75-07-31 MAM-608 [15° 29' 40"{44° 28' 15"| Green rhyolite tuff 1.0 3.0
Unit TKy undivided
MJG-76-1A MAM-824 |15° 07' 50"|43° 55' 42"| Black obsidian Jd6 | 2.5
MJG-76-1B MAM-825 [15° 07' 50"[43° 55' 42"{ Pink ignimbrite A9 1.7
MJG-76-72C| MAM-934 [15° 11' 03"[43° 30' 42"| Grayish buff felsite .70 | 1.7
MJG-76-72D| MAM-818 |15° 11' 03"[43° 30' 42"| Purplish gray felsite .42 | 4.0
-—{arbonaceous siitstone interbedded in Yemen Vaolcanics (fresh)
K Unit TKy3
MJE-76-5 MAM-829 {15° 12' 30" [44° 02' 40"| Carbonate minerals absent .53 | 2.0
Unit TKy
MJE-76-3 MAM-827 [14° 15°' 15"[44° 33*' 15" Carbonste minerals present .46 | 1.0
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0f the 31 elements sought in each of the 55 samples analyzed, six elements
were found to be below their respective lower limits of determination in all
samples (in ppm): As, N(200); Au, N(10); Bi, N(10); Cd, N(20); Sb, N(100); and
Th, N(100). Several elements were detected at low abundances in a few samples:

Element Sample number and abundance (in ppm)
Ag 79-0T-2, 2; 79-0T-10, L(0.5)
Mo 79-0T-1, 20; 79-0T-3, 30; 79-0T-10, 20;

79-0T-24, L(5); 79-0T-25, L(5); 79-0T-48, 5;
79-0T-49, L(5); 79-0T-50, L(5); 79-TK-1, L(5)

Sn 79-0T-23, L(10); 79-0T-50, L(10); 79-0T-51, L(10)
W 79-0T-25, L(50); 79-0T-29, 29, 50
Zn 79-0T-2, L(200); 79-0T-5, 300; 79-0T-18, 300;

79-0T-50, 300; 79-TK-3, 200
Abundances of the other 20 elements are listed in table 10.
Uranijum in Tertiary granite and rhyolite
The mean values for easily soluble U and total U in the Tertiary alkali-

feldspar granite, rhyolite of the Yeman volcanics, and carbonaceous siltstone
of the Yemen Volcanics are low (table 9):

Rock Uranium
Easily soluble Total
Mean Standard Mean Standard
(in ppm) deviation (in ppm) deviation
Alkali-feldspar

granite 0.18 0.07 2.88 1.65
Weathered rhyolite .34 23 4,74 2.70
Fresh rhyolite .35 3 2.26 0.89
Siltstone 50 .05 1.50 J1
A1l rocks .32 24 3.10 2.07

The mean value for total U in all rocks is slightly greater than one-half
the value given by Stuckless, Van Trump, and others (1983, table 4) for
Precambrian postorogenic granites in the southeastern Arabia Shield (5.14 ppm)
which themselves are not regarded as favorable sources for secondary deposits
of U. Indeed, the carbonaceous siltstones of the Yemen Volcanics, which might
be expected to be geochemical sinks for U in weathering products from the
Tertiary igneous rocks, contain the least total U. They do, however, have
more of the easily soluble U, but 0.5 ppm is minor compared to average values
cited for black shales of 2-300 ppm U (Fix, 1958) or 3-1250 ppm (Levinson,
1980, p. 885). The low uranium content of the carbonaceous siltstones
suggests that very little U has been released from the Yemen Volcanics
during post-depositional weathering.

The weathered samples of rhyolite from the Yemen Volcanics contain essen-
tially the same amounts of easily soluble U as the fresh rhyolite, but the
weathered rocks have a mean content of U about twice that of the fresh rocks
and include the two highest values for U in the set of analyses (table 9).
Perhaps individual differences in original abundances of total U account for
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this relation. However, the general similarity in content of U from diverse
sources over wide areas of the YAR for the Yemen Volcanics also may be inter-
preted to indicate that the high values for U in these weathered samples are
attributable to adsorption or co-precipitation of the U with some relatively
insoluble weathering product.

Sa'dah area

Jabal Al Maidan open-pit iron mine.--The Jabal Al Maidan ancient open-pit
iron mine explores thick gossan of Quaternary age developed over sulfide-bearing
metavolcanic rocks in a vertical sequence of northerly trending Precambrian
metavolcanic and metasedimentary rocks exposed at Jabal Al Maidan (17°01'30" N.;
43°46'40" E.) about 9 km north of Sa'dah (fig. 1). Thirteen samples of wall
rocks and gossan (used as ore) were taken in a traverse from east to west
across the pit and its wall rocks (tables 1 and 10). Rocks represented are
metavolcanics (79-0T-1, -2, -10, -11), carbonaceous schist (79-0T-3), and
marble (79-0T-13). Weathering products from the pit include gossan (79-0T-7,
-8, =9, =12), ferruginous collapse breccia (79-0T-=5), ferruginous chert
(79-0T-6), and white chert (79-0T-4). The gossan and other weathering products
from the mined part of the deposit contain more Fe, Mn, and Be than the wall
rocks, and they are also the sources of the only reported Ag and Zn (table
10.) Nevertheless, the sparsity of base metals, precious metals, and elements
such as As, Bi, Cd, Mo, and Sb in the gossan, where secondary Fe and Mn oxides
and hydroxides would tend strongly to have scavenged these elements, shows
that they are indeed rare or absent from the source rocks from which the
gossan formed.

The weathering products from the Jabal Al Maidan mine are somewhat leaner
in Be, Co, Y and Zr than otherwise similar gossan exposed 8-9 km to the south
(16°56'20" N.; 43°47'40" N.) near Jabal Abbelle (Overstreet and others, 1976,
table 2).

Jabal Al Ma'aden open-pit iron mine.-- The ancient open-pit mine at
Jabal AT Ma'aden (16°53700" N.; 43°49'05" E.), situated 8 km by road to
the northeast of Sa'dah, also exploited Quaternary gossan as an ore for iron,
but at this locality the gossan is developed on gabbro and amphibolite of
probable Precambrian age (Grolier and Overstreet, 1978). Al1 12 of the
samples taken for analysis were from the gossan or adjacent spoil. Included
among the samples are such secondary minerals as goethite, hematite, magnesite,
calcite, clay, and chert (table 1). The goethite and hematite (samples 79-0T-
26, -28, =30, -31, =32, =33, and 79-TK-7) all contain G(20) percent of Fe,
but they are extremely poor in the other elements except for Be. Compared to
the gossan overlying metavolcanic rocks at Jabal Al Maidan, the gossan formed
on gabbro and amphibolite at Jabal Al Ma'aden contains less Mn and Sr and
more Be, Co, Cr, and V (table 1). The samples of magnesite and calcite are
enriched in Mg, Ca, and Sr, and depleted in Fe, Ti, Ba, Be, Co, Cr, Cu, Ni,
Pb, Sc, V, Y, and Zr compared with the ferruginous gossan.

The gossan, exclusive of clay and carbonate minerals, at Jabal Al Ma'aden
is less rich in Mn, Be, Ni, Sc, Y, and Zn and is richer in Ba than the gossan
near Jabal Abbelle, where the source is layered metavolcanic rocks (Overstreet
and others, 1976, table 2).
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The only W detected among the 55 samples was reported as L (50) ppm in
sample 79-0T-25 of clay, and as 50 ppm in sample 79-0T-29 of ferruginous
chert. The clay was also the source for L(5) ppm Mo. These samples are from
the southern and central parts of the gossan where a few small dikes of pink
granite intrude the gabbro. The source for the W and Mo was not determined.

Jabal Ayub circular shaft mine.--At Jabal Ayub (17°01'00" N.; 43°48'00" E.)
about 1 km to the east-southeast of the Jabal Al Maidan mine (Schulze and "
Thiele, 1978, fig. 4), a steeply inclined circular shaft at least 30 m deep
and expanded by three short galleries 2-3 m in length, has been sunk on a vein
of magnesite. A mafic dike rich in olivine crosses the collar of the shaft.
Adjacent country rock is Precambrian hornblende granite and marble. No gossan
is present at the surface, and no evidence of sulfide minerals was seen on the
dump. It is not clear why ancient miners sunk the shaft. Perhaps they were
after the white magnesite, which may have been used for decoration on buildings
or for some metallurgical purpose in connection with the smelting of iron.

Results from spectrographic analyses of the 8 samples taken at the mine
(tables 1 and 10) 1ikewise fail to indicate anomalous metals that may have
been sought. A1l samples from the circular shaft mine have distinctly sparse
contents for Be, Co, Cr, Cu, Ni, Pb, Y, and Zr compared with other samples
from the Sa'dah area (table 10). Among themselves, the samples of magnesite
(79-0T-14,-15,-18) tend to have expectably high values for Mg, Ca, B, and Sr
and 1ow values for Fe, Ti, Ba, Co, Cr, Cu, Ni, Y, and Zr. Even lower concen-
trations of these depleted elements are found in the marble (79-0T-20-, -21).
The mafic rocks at the mine (79-0T-16 and -17) are by comparison richer in Fe,
Ti, Mn, Ba, Sr, V, and Zn, but even these values are ones characteristically
associated with mafic rocks. The hornblende granite at the mine (79-0T-19)
is excessively rich in Fe, Mg, and Ca, and contains more Mn, Sc, and V, and
less La, Y, and Zr than the other samples of granite from the Jabal Ayub area
(79-0T-23 and 79-TK-6). Petrographic description of the rock represented by
sample 79-0T-19 was not made, but the chemical data suggest that the rock is
more mafic than granite.

A sample of gabbro (79-0T-22) and two samples of granite (79-0T-23 and
79-TK-6) were collected from a locality (17°00'30" N.; 43°47'30" E.) to the
south of Jabal Ayub and near the gabbro in Wadi Agnam discussed below. The
granite forms a dike intrusive into the gabbro, and both samples came from
the same dike. The granite is fine-grained, holocrystalline with hydpidio-
morphic fabric and consists of major microcline which gives the rock a pinkish
tint, quartz, biotite partly altered to cholorite, oligoclase (An2g), and
accessory apatite. The chemical composition differs markedly from the
hornblende granite (79-0T-19) at the Jabal Ayub mine (table 10). The sample
of gabbro from this locality (79-0T-22) differs somewhat in minor element
composition from both samples of mafic dikes at the Jabal Ayub mine (79-0T-16
and -17) and the pyrite-rich gabbro (79-0T-24 and 79-TK-1) in Wadi Agnam
(table 10) principally in that it contains less Fe, Mn, Ba, Sc, and Y than
the other mafic rocks as well as more Mg, Co, Cr, Cu, Ni, and V.

Pyritic andesine gabbro from Wadi Agnam.--Spoil from a dug well
(16°59700™ N.; 43°48700™ E.) in Wadi Agnam about 1 km east of Ath Therwa
was the source of two samples of andesine gabbro with bright coatings of pyrite
on joints (79-0T-24 and 79-TK-1) and a specimen of red quartz syenite (79-TK-2)
from a dike that strikes northward and dips steeply in the gabbro (table 1).
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The dike that was the source for sample (79-TK-2) is exposed about 300 m
east of the site from which the samples of gabbro were taken. All specimens
were quite fresh, thus they provided excellent material for petrographic study.

The principal constituent of the andesine gabbro (79-0T-24 and 79-TK-1)
is augite which, with the color indices of the two samples >70, support the
mafic classification of the rock. The feldspar, however, is andesine (Angs),
which is not calcic enough to fit a normal gabbro. Potassium feldspar and
quartz are absent. From the mineralogical composition of the rock the name
andesine gabbro is proposed.

A thin section of the red quartz syenite shows that the rock is composed
principally of microcline. Andesine makes up about 30 percent of the rock,
and quartz constitutes less than 10 percent. Some green biotite is present
as an accessory mineral.

The values for Fe, Mg, Ca, Ti, Mn, B, Ba, Be, Ni, Pb, Sc, Sr, V, and Y
are essentially the same for the pyrite-bearing andesine gabbro at Wadi Agnam
(79-0T-24 and 79-TK-1) and the mafic dikes at Jabal Ayub (79-0T-16 and -17).
Despite the lack of olivine in the andesine gabbro, Co, Cr, and Cu are a little
more abundant in the andesine gabbro than in the mafic dikes at Jabal Ayub.
Those elements may reflect the presence of the pyrite. Chemically, the
greatest difference between the andesine gabbro and the mafic rocks at Jabal
Ayub (table 10) is the rise in abundance of La, Nb, and Zr in the andesine
gabbro.

The minor-element composition of the quartz syenite (79-TK-2) in Wadi
Agnam closely resembles that of the biotite granite (79-TK-6) at Jabal Ayub
(table 10), but both of these rocks differ greatly in composition from the so-
called hornblende granite (79-0T-19) at Jabal Ayub.

The geochemical data suggest that the pyrite-bearing gabbro and the
quartz syenite near Ath Therwa in Wadi Agnam lack economically useful metals.

Slag from iron smelting at Al Shatt.-~ Six samples of slag from iron
smelting at Al Shatt (17°01'45" N.; 43°46'15" E.) were taken to add to the
data on the minor-element composition of iron slags from the YAR (Overstreet
and others, 1976, table 2), to permit petrologic and mineralogic studies of
the slag in order to estimate temperatures reached in pyrometallurgical industry
in the YAR, and to allow comparison with old slags from the Warda iron mine,
Ajlun district, Hashemite Kingdom of Jordan (Overstreet and others, 1982,
p. 39-42). The ages of iron mining and smelling in the Sa'dah area have as
yet not been reported, although Sa'dah and the village of Al Shatt, N'shur,
Tawilah, and Gassaba overlie old piles (Schulze and Thiele, 1978, p. 32), and
descriptions of the smelting of iron and of the manufacture of steel at Sa'dah
have come down for a thousand years (Al-Hamdani, 945 A.D.). Evidently these
activities were surviving as late as 200 years ago (Niebuhr, 1774-8, v. 2, p. 363).

The wide range in physical appearance of the slag from Al Shatt (table
1) may relate more to conditions of smelting and cooling than to a framework
of technological development over time. When fragments of charcoal from the °
slag are dated by C-14 methods, and the results of age determinations are
compared with the archaeological stratigraphy, petrography, and chemical
composition of slags from the various sites identified by Schulze and Thiele
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(1978, p. 32), then it will be known how the pyrotechnology of iron smelting
developed over time in the YAR. Of equal interest would be the technolog-

jcal and historical reasons leading to the lack of exploitation of the large
gossans in the Kingdom of Saudi Arabia at Wadi Wassat and Wadi Qatan (Jackaman,
1972; Dodge and Rossman, 1975) about 120 km to the north-northeast of Sa'dah.

Microscopic examination of sample 79-0T-38 of black, ropy slag with
large gas bubbles showed a smooth-skinned, rounded surface with radial fibrous
arrangement of olivine crystals. The interior is finely vesicular with a
fine-grained nondirectional arrangement of olivine crystals. The dark-brown
scoriaceous slag represented by sample 79-0T-40 consists of a surface
composed of a "mush" of small, black crystals of olivine oxidized on their
outer surfaces to brown. The interior part of the slag is black and glassy.

X-ray diffraction patterns and microscopic studies of two of the samples
of slag from Al Shatt (79-0T-38, 79-0T-40) showed that they are olivine slags
(fig. 11). Diffraction patterns of the crusts of the slags yield broad, wide
peaks. Material from the centers of the specimens gives sharp, well-defined
patterns of olivine. On the basis of spectrographic data (table 10) and X-ray
diffraction patterns, which are somewhat different for the two samples, the
olivines are intermediate between fayalite and kirschteinite but close to
fayalite (fig. 12).

Powdered material from the crusts of these two samples of slag was
heated to 1,100° C and cooled slowly several times in an effort to improve
the crystallinity of the samples. Hematite was formed and the patterns for
olivine deteriorated further, probably because of oxidation of the iron.
Similar oxidation of the slag originally may be the reason for the poor
crystallinity of the crust and for the brown oxidation of oljvine on the
surface of the slag. :

The composition of these olivine slags falls on either side of the
minimum point E on the equilibrium diagram for the system CapSi0g-FepSilg
from Bowen and others (1933, fig. 2), given here as figure 12. This minimum
represents a composition of 81 percent of fayalite and a temperature of
1117° C. Bowen and associates (1933, p. 273) note that this equilibrium
diagram is important to metallurgists..." because slags having such compositions
are frequently used and are termed by them, monosilicate or singulo-silicate
slags, following a system of naming silicates that has fallen into disuse in
mineralogy." Thus, the slags at Al Shatt include mineralogical phases common
in modern metallurgy.

Higher melting temperatures than 1117° C may have been reached (Conophagos
and Papadimetriou, 1981, p. 367; Maddin, 1981, p. 311-312; Schmidt and Avery,
1983, p. 425-426), but the present data are inadequate to show what maximum
temperatures were obtained in the old furnaces of the Sa'dah area. Considering
the facts that samples 79-0T-38 contains 15 percent Ca and sample 79-0T-40
has 5 percent of Ca (table 10), that in both samples the abundance of Fe is
reported as G(20) percent, and that the curve at the postulated minimum is
relatively steep (fig. 12), temperatures on the order of 1200° C may have bee
reached. :

The low-Fe sample 79-0T-39 (table 10) is an agglomerate composed moétly
of particles of quartz sand and granule gravel cemented by slag. Its chemical
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Movement and processing of
mineral raw materials

Spatial relations among ancient
mines, wells, and routes of communication

The 98 localities in the YAR where metallic ores (44 sites) or industrial
minerals and rocks (54 sites) have been or are being mined (E1 Shatoury and Al
Eryani, 1977, figs. 4 and 5) conform well with the observations on location made
by Sabir (1983, p. 11-12) for over 1,000 ancient mines and prospects in base- and
precious-metal deposits in Saudi Arabia. That is, mines in the YAR are close to
ancient water wells and to major routes of communication. Doubtless the field work
undertaken since the compilation by E1 Shatoury and Al Eryani (1977) has led
to the re-discovery of other ancient mines and prospects, and these sites no
doubt strengthen the correlation with wells and routes. Owing to the vastly
greater density of population in the YAR, with its concomitant needs for water
and communication, the correlation on the basis of 98 mines would not have
been perceived and the significance of the relation would have been lost in
the overwhelming number of villages, wells, and routes in the YAR.

In commenting on the close spatial relation between ancient mines and
ancient wells in Arabia, Sabir (1983, p. 11) noted that water wells are rela-
tively more common where the ancient workings are extensive than where the
workings are small, and he postulated that the water table may have been
higher in Early Islamic time than it presently is. In that connection Sabir
(1983, p. 11) cited an example, taken from the old book titled Mujam al
Buldan (Yagut al Hamawi, 1178-1180 A.D.), of the ancient Arabian gold mine,
An Najadi, which was abandoned because the excessive inflow of water could
not be accommodated by available means. Reference to this old comment on
ground water is also contained in a report by Fakhry (1935).

The role of water supply for the small community at the Jabal Mokhyat
gold placer in Saudi Arabia, about 500 km to the north of Ma'rib in the YAR,
was discussed by Schmidt and associates (1982, p. 60), who concluded that the
miners brought in water from established wells from 10-26 km to the south.

The more southerly wells are in Wadi Mellah where a perennial supply of water
was reached from wells sunk in the active channel of the wadi. These perennial
wells (Schmidt and others, 1982, p. 60)"...are protected from most floods by a
broad accumulation of dung and sand, 4 m high, that has been well compacted

by man and animals over many centuries. The climate during the period of

placer mining was extremely arid, and the availability of water and food alone
must have limited the mining force. The placer stratigraphy clearly indicates
that the eolian sand accumulated during and before the ancient placering, as

it does today. Extreme dessication came to Arabia before the ancient placering,"
which was probably about 2,600 years ago (fig. 16).

The main old caravan routes from South Arabia passed through Ma'rib and
Sa'dah to converge at Najran in the Kingdom of Saudi Arabia at the border of
the YAR. From Najran a main route led northward and northwestward to Qal'at
Bishah (90 km west of the Jabal Mokhyat placer), thence west-northwestward to
At Ta'if and Mecca where it joined the great Darb Zubaydah which reaches '
northward to Al Madinah and, ultimately, Baghdad. In segments of the route
to the north of Najran large wells were noted (Overstreet and Rossman, 1970,
p. 6; Overstreet, 1978, p. 4) at Al Husayniyah, Bi'r Idimah, and Bi'r Malah
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where elongate piles of dung up to 4 m deep protect the wells. Al Husayniyah,
1ike Najran, is an important junction on this old route. At Al Hasayniyah

a route branches northeasterly to skirt the Rub' al Khali along its north-
western edge by passing through the sandstone badlands of the Jibal al Wajid,
turning eastward throught the mouth of Wadi ad Dawasir, thence passing north-
eastward to As Salamiyah, the oasis of Al Hufuf, and reaching the shore of
the Arabian Gulf at Dhahran.

On the route north of Najran, the water of Bi'r Idimah presumably was a
factor in travel over a long time. Just how long is unknown, but evidence
for its importance is seen in the impressive size of the mound of dung that
has accumulated around the well, the dimensions of which are about 70 m by
200 m. The vertical growth of the pile over the years has necessitated
repeated raising of the stone collar of the well, so that each course of
stone below the collar shows the grooves worn by ropes used to raise buckets
of water. The pile is about 4 m thick. Trapped in this pile is an assortment
of polien and food grains that could provide clues to the fluctuation of cli-
mate in this part of the Arabian Peninsula during the 1ife of the well, which
might be determinable by radiocarbon dating.

Many but not all the ancient wells on the most important routes are
surrounded by large dung piles 1ike those at Bi'r Idimah, Bi'r Malah, Wadi
Mellah, and Al Hasayniyah, but the writers have not observed similar wells
in the YAR., That lack of observation must be attributed to the briefness
of their visits and to the absence of traverses along the old caravan routes
in the eastern part of the YAR, where large wells must be preserved. Similar
wells with large dung piles have been noted south of Makkah at Ayn Zubaydah
(Sabir, 1983, p. 12), at intervals along the Darb Zubaydah (MacKenzie and
Al Helwa, 1980), and in south-eastern Jordan (Field, 1971, p. 28). These
piles constitute important palynological reservoirs that could reach back
several thousand years. Cores from them could be compared with palynological
records from archaeological sites, including relicts preserved in such
materials from pyrotechnological operations as pottery, slag, and lime
mortar, and the knowledge of paleoclimate in the western part of the Arabian
Peninsula, as interpreted from spores and seeds, could thereby be improved.

Effects of pyrotechnology on
local environment

The chronology of pyrotechnological development in the YAR is inadequately
known; hence, the effects of pyrotechnology on the local environment can only
be considered against what has been reported for other parts of the Middle
East. Kilns and furnaces must have been long established in the YAR as is
attested by the presence of 1ime mortar at Sudd Ma'rib and of plaster of
Paris, pottery, copper, and bronze in the Ma'rib area. Perhaps glass for
personal adornment was manufactured in the YAR through introduction by the
Persians in the 6th century A.D., because early glass-manufacturing centers
are known in the PDRY (Doe, 1971, p. 134-137). The amounts of wood consumed
for fuel in these operations, superimposed on domestic needs, must have had
local, if not regional, effects on the environment. Where the history of
lime burning and pyrometallurical operations in antiquity are well understood,
as in the lands bordering the eastern Mediterranean, deforestation, erosion,
and ecological changes began that are present to this day (Wertime, 1983),
Early methods were enormously wasteful of fuel. For example, in Cyprus about
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300 kg of charcoal are estimated to have been consumed to produce 1 kg of
copper on average during the period 4,000-500 B.C. (Constantinou, 1981, p. 22)
when primitive kiins required about 20 m of wood to yield 1 ton of charcoal.
Con§tantinou (1981, p. 22-23) estimated that a pine tree 80-100 years old yields
1 m° of wood. Thus over a period of 3,000 years when 200,000 tons of copper
was produced on Cyprus, the forests on the island were destroyed at least

16 times for pyrometallurgical purposes alone. The fact that some copper slag
piles, as among the more than 100 smelting sites in Oman (Ratnagar, 1981,

p. 15-16) having from 25-100,000 tons of slag, were re-smelted, at some places
with improved but at others with primitive methods, indicates that the tonnage
of slag is not a certain basis for the amount of fuel consumed (Weisberger,
1981, p. 28-29). During antiquity the denudation of farests to supply fuel
for copper smelting is thought by Doe (1983, p. 38) to have caused local
climate change in northern Oman.

Pyrotechnological industries, including fire-breaking in mines, cease
when the economic 1imit of transport for fuel is reached. Wertime (1981,
p. 357) studied areas of provisionment by donkey transport and concluded that
a perimeter of about 40 km was the economic 1imit. Transport by camel might
double that; nevertheless, if the sources for wood within the economic
perimeter failed of replenishment, as is highly likely under arid conditions,
the industry would close for lack of fuel. This explanation has been offered
for the cessation of metal mining and smelting in Saudi Arabia where slow-
growing acacia was the main source of fuel (Overstreet, 1971). The old glass
factory at Kawd Am-Sailah in the PDRY was situated where it had ample water,
trees, and brushwood, but the glass-makers were thought by Doe (1971, p. 137)
to have used re-forestation over the long term, because the area was compara-
tively well wooded as late as 1839, but thereafter was denuded of trees to
supply Aden (Doe, 1971, p. 137).

As early as the 3rd century B.C., according to Hughes (1983, p. 441),
Theophrastus noted local climate change resulting in the drying up of sources
of water and the onset of warmer weather following the clearing of trees at
Philippi in north central Macedonia, Greece. A search of old records in
Sa'dah, YAR, might reveal something similar as having resulted from the
cutting of trees to supply the iron smelting that produced the five large
slag heaps within or adjacent to the walls of the city (Schulze and Thiele,
1979, fig. 4). However, the greatest ecological changes of antiquity may
be those caused by the deforestation incident to the construction of agri-
cultural terraces in the Red Sea Escarpment and re-forestation introduced
along the margin of the eastern desert of the YAR through massive irrigation
projects, as at Ma'rib, where orchards were cultivated.

CONCLUSIONS AND RECOMMENDATIONS

Recommendations from conclusions of the present investigation are made
under the supposition that the many years of cooperation between the ongoing
program of the Mineral and Petroleum Authority of the YAR and various outside
geologic organizations will continue. Outside cooperative input has included
geologic mapping, evaluation of selected mineral deposits, geochemical
exploration, hydrologic surveys, evaluation of seismic hazards, and other
aspects related to the geology and mineral resources of the YAR. The present
investigation touches only parts of the Precambrian, Tertiary, and Quaternary
geology of the YAR, but it is clear that basic geologic contributions are
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needed to support advances in economic geology in those parts of the strati-
graphic column. Cooperative investigations with outside organizations could
realize these recommendations.

Rock ages and geochemistry

Precambrian granitoid rocks

In the northern part of the YAR the stratigraphy of the Precambrian
metavolcanic and metasedimentary rocks seems to be identical with that described
in Kingdom of Saudi Arabia (Johnson, 1983, p. 2). From the major-element
chemical composition of the late Precambrian granitoid plutonic rocks exposed
as far south as Al Bayda near the border with the PDRY a nearly exact corre-
pondence is seen with the posttectonic Precambrian plutonic rocks of Saudi
Arabia. Chemical data on the older Precambrian plutonic rocks are scarce,
but because of the similarity of the metavolcanic and metasedimentary host
rocks, it seems probable that the origins, ages, and metallogeny of the older
plutonic rocks will also be similar in the YAR.

The Precambrian granitoid rocks in the southeastern part of the YAR
include a posttectonic suite of latest Precambrian age, probably between 620
Ma and 560 Ma (Schmidt and Brown, in press). They are among the youngest
Precambrian rocks in the YAR, and they were so shown on the geologic map
(Grolier and Overstreet, 1978). However, the most strongly gneissic members
were mapped with the oldest of the Precambrian granitoid rocks in a unit
called gneissic granite. It is probable that this unit includes some of the
younger Precambrian gneissic rocks in other areas where the unit of gneissic
granite was mapped. Among the younger Precambrian granites in Saudi Arabia
that are chemically similar to the ones in the YAR are granitoid rocks
significantly enriched in Be, Li, Mo, Nb, Sn, and W as well as rare-earth
elements. Geochemical programs have been developed in Arabia to permit
separation of the granitic plutons with highest potential for mineralization
from those with the least potential (du Bray, 1983; Stuckless, Knight, and
others, 1983; Stuckless, Van Trump, and others, 1983).

A similar program of geochemical investigations for rare metals is
therefore recommended to be directed toward the youngest Precambrian peralkaline
granite and syenite shown on the geologic map of the YAR as subcircular to
circular plutons identified as the units "gp" and "sy" (Grolier and Overstreet,
1978). Each pluton should be mapped in detail, studied petrographically, and
chemically analyzed for major and minor elements. In Saudi Arabia the
geochemically anomalous granites have been found to be enriched, compared to
global averages, in the minor elements Be, Pb, Li, F, Rb, Y, Nb, Bi, Ag, Sn,

W, and Mo (du Bray, 1983, p. 5). These elements must, therefore, be included
in the analyses of rocks from the YAR along with such other commonly determined
minor elements as As, Au, B, Ba, Cd, Ce, Co, Cu, La, Nd, Ni, Sb, Sc, Sr, V,
IZn, and Zr. Major-element determinations for Si02, A1203, Fep03, FeO, Mg0,
Ca0, Na20, K20, Ti02, P20g5, and Mn0 are also necessary for petrologic
classification and comparison with the minor-element data. Some, perhaps
most, of these analytical requirements will have to be met outside the YAR,
but the chemical data are necessary for an inventory of the rare-metal )
potential of the younger Precambrian granites in the YAR. For that reason, a
cooperative program with an outside organization to inventory geochemically
the younger Precambrian granites is recommended.
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K-Ar age determinations should be done on selected plutons

Older units of the granitoid rocks in the YAR should also be studied for
major and minor elements and K-Ar ages to complete a petrologic and tectonic
understanding of their genesis and potential for economic minerals.

Tertiary volcanic rocks

The results of the major-element analyses of the rhyolites from the
Yemen Volcanics give convincing evidence that the rhyolite tuffs in the YAR
are correlative with the Liyyah Formation in the Jizan Group of Late Oligocene
and Early Miocene age in Saudi Arabia (Schmidt, Hadley, and Brown, 1982, p. 13).
The thick sections of silicic volcanic rocks in the Liyyah Formation are inter-
interpreted by Schmidt, Hadley, and Brown (1982, fig. 2) to have been deposited
near eruptive centers within the continental rift of the developing Red Sea
structure, and most of the rhyolites in the YAR were shown to have been
explosively erupted with a total volume about equal to the thickness of the
flood basalts in the YAR (Civetta and others, 1978, p. 308).

The volcanic and sedimentary rocks of the Yemen Volcanics lack systematic
study to identify the base and the top of the sequence, of which the top may
have been lost (fig. 24D) throughout the country owing to erosion during the
Middle Tertiary (Brown, 1970, p. 84). Sections close to major eruptive centers
need to be measured. Many more major-element analyses of both the basaltic
and rhyolitic phases of volcanism are necessary to permit petrologic,
geochemical, and tectonic interpretations relating the deposition of the
Yemen Volcanics to the development of the Red Sea Rift. Sedimentological
and paleontological investigations of the sedimentary rocks in the Yemen
Volcanics are needed to compare the stratigraphy with that being developed in
Arabia. The margin of the Red Sea structure ih the Tihama and Escarpment of
the YAR deserves continuing detailed geologic and geophysical study; therefore,
a long-term investigation of this problem is recommended.

Little is known of the potential for metallic mineral deposits in the
Yemen Volcanics. The few data available appear to be unfavorable for uranium,
but there may be a hydrothermally altered zone in the Yemen Volcanics to the
east of Manakhah where base metals may be present. The recommended long-term
study should include an evaluation of the possibility for deposits of base
metals in the Yemen Volcanics.

Aden Volcanic Series (?) of
Quaternary and Pliocene age

Alkali olivine basalt

The new total-rock K-Ar isotopic ages determined on old flows of alkaline
olivine basalt of the Aden Volcanic Series (?) of 1.54+0.2 Ma and 2.21+0.13
Ma show that these rocks are at least as old as the Upper Pliocene in the
YAR. The youngest flows in the YAR are historic. These results conform with
ages assigned the late volcanic rocks in Saudi Arabia (Brown, 1970, p. 84-86;
Coleman and others, 1975, p. 41-43) and show that the age of the unit is
Quaternary and Pliocene. The geologic map of the YAR (Grolier and Overstreet,
1978) gives too short a geologic age for the Aden Volcanic Series (?).
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Reflectance criteria from LANDSAT imagery used on the geologic maps of
the YAR to discriminate the relative ages of the alkali olivine basalt of the
Aden Volcanic Series (?) appear to have worked well, both where isotopic ages
can be compared with the interpretation from reflectance, and where the
normalized percentage of Ko0 in the basalt can be compared with reflectance.
The mean normalized percentages of K20 increase with decreasing relative age
where Qaj are the oldest and Qag are the youngest flows (fig. 9):

Relative age Mean normalized
of flow percentage of Ko0
Qaq 1.12
Qa3 1.13
Qaz 0.80
Qay 0.78

Further tests of these relations are recommended, including total rock K-Ar
ages and major-element analyses of samples from flows in local stratigraphic
sequence in the major lava fields of Quaternary and Pliocene age: (1) Ta'izz-
Al Mukha area including flows to the south and southeast of Al Mukha near the
border with PDRY, (2) between Rida' and Dhamar, (3) north and west of Ma'rib,
and (4) east of the 'Amran-Raydah area (Grolier and Overstreet, 1978).

The economic geology of deposits of pumice and pumicites in the lava field
east of Dhamar has been discussed by the German Geological Advisory Group in
Yemen (Schulze and Thiele, 1978, p. 64-86). Recommendations given in that
report are also applicable to other discoveries of this industrial raw material
in the Aden Volcanic Series (?) elsewhere in the YAR.

Sedimentary rocKs

Little is known about the ages, stratigraphic succession, and economic
geology of the sedimentary rocks of Quaternary and Pliocene age in the YAR or
of their relations with the igneous rocks of the Aden Volcanic Series (?).
These sediments were the source of placer gold at Sirwah, and other proximate
gold placers may be present in eluvial or alluvial sediments near exposed
auriferous base-metal deposits in Precambrian hosts. Modern beach placers
have been investigated in the YAR with negative results (Schulze and Thiele,
1978, p. 69-71). Sedimentary rocks of Quaternary age contain such nonmetallic
industrial minerals as diatomite in Saudi Arabia (Whitney, 1982) and bentonite
in the Hashemite Kingdom of Jordan (Overstreet, W. C., written commun., 1978).
Silts of this age, either naturally deposited or accumulated under.the influ-
ence of man (Dayton, 1975; 1979; Wade, 1979), are among the major agricultural
soils of the YAR.

Several investigations of the sedimentary rocks are recommended.

Stratigraphy.--The broad outlines of the erosional history and surficial
geology, as developed in Saudi Arabia (Chapman, 1971; 1974; McClure, 1976;
Al-Sayari, 1978; Whitney, 1982; 1983; Whitney and others, 1983), are needed
in the YAR to define the stratigraphic succession and effects of climate
change in the Pliocene and Quaternary sedimentary rocks. Interrelated appli-
cations of geomorphology, sedimentology, palynology, paleontology, radiocarbon
geochronology, and archaeology are required with emphasis on both the erosional
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and depositional history of the area. The work of Whitney in Saudi Arabia
affords a model of the required approach (Whitney, 1982; 1983; Whitney and
others, 1983).

Economic geology.--Except for possible gold placers, about which very
1ittle is presently known, the economic mineral deposits that could be expected
in the Pliocene and Quaternary sedimentary rocks of the YAR are Tow-unit-value
industrial materials such as heavy minerals in beach placers, diatomite in
lake-bed deposits in the sand seas in the eastern YAR, and bentonite associated
with sabkhah deposits adjacent to large lava fields.

Beach placers.--The most common industrial minerals mined from beach placers
elsewhere in the world are ilmenite, rutile, zircon, monazite, and magnetite.
Exploration for these minerals has been conducted along the Red Sea coast of
the YAR (Schulze and Thiele, 1978, p. 69-71) and of Saudi Arabia (Skipwith,
1973, p. 123-125; Jacquin and others, 1983), with generally negative results,
both in terms of concentration of these minerals and in terms of the chemical
acceptibility for industry of the ilmenite and magnetite. Inasmuch as these
investigations were restricted to visible black-sand deposits of the present
storm beaches, they may not have fully reflected the composition or tenors of
the wanted minerals in other geomorphic environments in the coastal plain,
such as buried placers inland from the present beach. Nevertheless, the
general conditions leading to the enrichment of titanium minerals, zircon,
and monazite in beach placers are not met along the Red Sea. These conditions
are the presence of Cretaceous or Tertiary sedimentary rocks backing the
beaches and serving as a protore in which the industrially valuable heavy
minerals have been previously concentrated and the unwanted heavy minerals
such as amphibole, pyroxene, and epidote have been depleted by solution.
Futher investigations of placer minerals along the coastal plain deserve a
low priority, because the present data are in&dequate.

Diatomite.--Fresh-water, fossiliferous, calcareous lake-bed deposits were first
reported from inter-dunal areas in the Rub' al Khali by Philby (1933), and

lake terraces have been described by others subsquently (Bramkamp and others,
1963; Powers and others, 1966, p.D99; McClure, 1976), but the first siliceous
lake-bed sediments to be described were found on the southwestern edge of the
An Nafud (Whitney, 1982; 1983, p. 65-66). This diatomite is 2.2 m thick and

is of industrial grade. In Saudi Arabia the sand deserts were found by

Whitney (1983, p. 64) to be more sensitive to variations in climate than the
low-gradient, alluvial drainage systems on the Precambrian Shield. Thus, the
possible presence of inter-dunal, lake-bed deposits of diatomite in the Rub'

al Khali and the Ramlat as Sab'atayn in the northeastern and eastern parts of
the YAR is a priority for study and could be investigated as part of a geomorphic
and stratigraphic study of these sand deserts.

Bentonite.--Sites in the YAR suitable for exploration for possible bentonite
deposits are the areas of loessic silt adjacent to extensive lava fields
formed by the Aden Volcanic Series (?) in the vicinity of: (1) Ta'izz-Al
Mukha area including flows and cones to the south and southeast of Al Mukha,
(2) between Rida' and Dhamar, (3) north and west of Ma'rib, and (4) east of
the 'Amran-Raydah area (Grolier and Overstreet, 1978). If the silts overlie
khabra or sabkhah basin deposits, and are adjacent to crater fields, then
the geologic similarity to the setting for bentonite deposits at Al Azrak in
Jordan would be complete. At Al Azrak beds of bentonite 1-1.5 m thick are
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present at depths of 1.5-3 m in gypsiferous sand and silt of Quaternary age

in large khabra deposits off the edge of a basalt plateau (Overstreet, W. C.,
written commun., 1978). The bentonite, which is a mixture of the minerals
montmorillonite, beidellite, and nontronite, formed through the weathering of
beds of volcanic ash. Ash falls from cones in the lava field appear to have
been interspersed with periods of subaerial erosion and redeposition by sheet-
wash and flash floods. The thickest beds of bentonite are uncontaminated by
erosional debris, but some thin beds of ash are disturbed and mixed with sand.
Water flowing from the adjacent lava field caused the ash to weather to bentonite.
In the YAR the areas of silt adacent to the lava fields east of Rida' and Dhamar
and north and west of Ma'rib may offer the most suitable sites for testing.

Sulfide deposits of the Sa'dah area

The similarity of the stratigraphy of the Precambrian rocks and Quaternary
gossan in the Sa'dah area, YAR, to these features at massive sulfide deposits in
southwestern Saudi Arabia, combined with some high.alues reported for As, Ni,
Cu, Co, and Zn in the gossan (Schulze and Thiele, 1978, p. 39) lead the authors
to recommend that a high priority be given to the physical exploration of these
deposits. Inclined diamond-drill holes should be sunk from offset sites on
either side of the deposits to intersect the sulfide mineralization below the
zone of weathering. Polished sections and thin sections of the core must be
studied to identify the sulfide minerals and to establish their paragenetic
sequence in order to determine the genesis of the ore and any effects of post-
ore metamorphism. Major and minor elements in the ore should be determined
by analysis, and the grade of the ore evaluated. Drilling should be done in
two phases: (1) a first phase to determine if any deposits are of economic
grade, and (2) a second phase of detailed drilling on deposits of commercial
grade to permit the estimation of reserves to . vertical depth of 200 m.

Detailed geochemical exploration should be conducted to the west and north
of Sa'dah as far as the border with Saudi Arabia to search for base- and precious-
metal deposits in the Precambrian rocks.
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Appendix 1. Normalized oxide values, normative minerals, and adjusted molar oxide values
based on the chemical composition of six samples of older Precambrian igneous rocks
from the Yemen Arab Republic (in percent).

[Dash=no entry.]

Rock type and field number
Petrologic Diabase |[Granodiorite gneiss Granite gneiss
parameters MJG-76-41A MJG-76-54A MJG-76-16|MJG-76-21 [MJG-76-25[MJG-76-28A
Normalized
oxide values
Si0p 47.71 63.47 71.46 73.87 75.50 73.22
Al703 16.34 17.62 14.97 13.81 12.89 13.58
Feo03 4,35 1.57 1.06 1.56 0.40 1.04
FeQ 7.19 3.56 1.48 0.76 0.96 1.50
Mg0 9.65 1.30 0.93 0.18 0.39 0.55
Ca0 11.17 3.59 2.64 0.96 0.88 1.42
Naz0 1.85 4,77 3.22 3.87 2.13 3.20
K20 0.24 3.11 3.76 4.68 6.55 4,94
Ti0» 1.18 0.59 0.30 0.21 0.19 0.38
P20g 0.13 0.24 0.10 0.04 0.08 0.11
MnO 0.19 0.17 0.08 0.05 0.02 0.05
Total 100.00 99.99 100.00 99.99 99.99 99.99
Normative
Minerals
Quartz -- 12.803 30.917 31.218 35.280 31.533
Corundum -- 0.461 1.060 0.726 0.894 0.658
Orthoclase 1.408 18.352 22.196 27.660 38.687 29.196
Albite 15.688 40.363 27.255 32.778 18.038 27.076
Anorthite 35.570 16.233 12.414 4,491 3.833 6.316
Nepheline -- -- - -- - --
Acmite -- -- -- -- -- --
Wollastonite 7.909 -- - -~ -- --
Enstatite 20.103 3.235 2.313 0.452 0.981 1.378
Ferrosilite 6.692 4,591 1.500 -~ 1.149 1.359
Fosterite 2.760 -- -- -~ -- --
Fayalite 1.012 -- -- -- -- --
Magnetite 6.307 2,281 1.537 1.989 0.586 1.503
Hematite o -- -- -- 0.192 -- -~
ITmenite 2,242 1.118 0.575 0.402 0.365 0.726
Titanite -- -- -- -- -- --
Rutile -- -- -- -- -- --
Apatite 0.319 0.577 0.239 0.096 0.091 0.262
Total 100.009 100.015 100.006] 100.003| 100.004] 100.006
MoTar data ad- .
justed oxides :
S0, 50.54 70.13 77.68 80.74 82.05 79.72
Al1,03 10.20 11.47 9.59 -8.90 8.26 8.72
Feo03 1.73 0.65 0.43 0.64 0.17 0.42
FeO 6.37 3.29 1.35 0.69 0.87 1.37
Mg0 15.24 2.14 1.51 0.30 0.64 0.90
Cal 12,67 4,25 3.07 1.12 1.02 1.66
Na,0 1.90 5.11 3.39 4.10 2.25 3.38
K20 0.16 2.19 2.60 3.26 4,54 3.43
Ti0p 0.94 0.49 2.25 0.17 0.16 0.31
P20 0.06 0.11 0.05 0.02 0.04 0.05
MnO 0.17 0.16 0.07 0.05 0.02 0.05
Total 99.98 99.99 99.99 99.99 100.02 100.01
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Appendix 2. Normalized oxide values, normative minerals, and adjusted molar oxide values
based on the chemical composition of six samples of younger Precambrian 1gneous rocks
from the Yemen Arab Republic (in percent).

[Dash=no entry.]

Rock type and field number
Petrologic Granodiorite |Granite gneiss| Biotite ATkaTi-feldspar Riebeckite
parameters granite granite granite
MJG-76-56A MJG-76-15 MJG-76-26B [MJG-76-39A | MJG-76-39B| MJG-76-50
Normalized
oxide values
Si0p 64.88 77.67 74.19 76.95 78.36 78.65
Al505 15.46 12.49 14.26 12.51 12.10 11.67
Fey03 1.67 0.64 0.32 1.16 0.33 0.80
Fe0 3.41 0.17 0.85 0.34 0.15 0.43
Mg0 1.30 0.13 0.31 0.01 0.03 0.05
Ca0 2.70 0.53 1.04 0.38 0.32 0.28
Na»0 4,40 2.58 3.79 3.59 3.07 3.86
KZO 4.76 5.64 4.94 4,90 5.57 4,17
T102 1.05 0.10 0.20 0.12 0.04 0.07
P205g 0.26 0.02 0.06 0.02 0.02 0.01
Mn0O 0.11 0.02 0.03 0.02 0.01 0.01
Total 100.00 99.99 99.99 100.00 100.00 100.00 .
Normative
Minerals
Quartz 13.269 39.812 30.231 36.549 38.547 39.595
Corundum -- 1.228 0.922 0.657 0.495 0.327
Orthoclase 28.151 33.348 29.209 28.940 32.902 24.627
Albite 37.203 21.791 32.089 30.378 25.938 32.678
Anorthite 8.392 2.513 4.770 1.764 1.464 1.298
Nepheline -~ -- -- - -- --
Acmite -- -- -- -- -- -
Wollastonite 1.400 -- -- -- -~ --
Enstatite 3.227 0.326 0.773 0.025 0.075 0.127
Ferrosilite 3.348 - 1.023 | - - 0.022
Fosterite -- -- -- -- -~ --
Fayalite -- - -- -- -- --
Magnetite 2.426 0.325 0.464 0.818 0.402 1.167
Hematite -- 0.419 -- 0.592 0.054 --
ITmenite 1.996 0.919 0.380 0.229 0.076 0.135
Titanite -- - -- -- -- -
Rutile -- -- -- -- -- --
Apatite 0.604 0.048 0.142 0.048 0.048 0.024
Total 100.015 100.001 100.003 100.001 100.001 100.001
Molar data,
adjusted
oxides *
Si0p 71.62 84.08 80.61 83.47 84.53 84.55
© Alo03 10. 06 7.97 9.13 8.00 7.69 7.39
* Fep03 0.69 0.26 0.13 0.47 0.13 0.33
FeO 3.15 0.15 0.77 0.31 0.14 0.38
Mg0 2.13 0.21 0.50 0.02 0.05 0.08
Ca0 3.20 0.62 1.21 0.44 0.37 0.32
Nao0 4.70 2.70 3.99 3.78 3.21 4,02
K20 3.35 3.90 3.43 3.39 3.83 2.86
T10 0.87 0.08 0.16 0.10 0.03 0.06
P20g 0.12 0.01 0.03 0.01 0.01 0.00
Mn0 0.10 0.02 0.03 0.02 0.01 0.01
Total 99.99 100.00 99.99 100.01 100.00 100.00
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_Appendix 3.

Normalized oxide values, normative minerals, and adjusted molar oxide values

based on the chemical composition of eight samples of Tertiary igneous rocks of the

Yemen Arab Republic (in percent).

[Dash=no entry.]

Rock type and field number

Petrologic Welded tuff Vesicular Crystal Alkali granite
parameters welded tuff|lithic tuff
MJG-76-1A|MJG-76-1B MJG-76-6 | 75-0T-26 [75-0T-27| 75-0T-28|MJG-76-72A] ROJ-1
Normalized
oxide values
Si0o 73.72 74.26 75.69 72.63 66.32 74.53 73.82 74.89
Al203 12.23 13.82 11.58 12.74 16.31 12.64 12.64 12.53
Feo03 2.02 2.89 3.03 2.63 2.07 1.46 2.68 2.39
FeO 1.09 0.21 0.04 1.16 1.44 1.28 0.51 --
Mg0 0.39 0.12 0.13 0.52 0.74 0.12 0.10 0.10
Cal 0.73 0.24 0.46 1.42 1.25 0.49 0.33 0.36
Na,0 3.33 3.55 3.67 4,16 6.14 4,31 4.40 4.83
K20 4,71 4,17 5.05 3.68 4.49 4.76 4.92 4.78
Ti02 0.55 0.58 0.25 0.82 0.84 0.23 0.40 --
P20g 0.06 0.03 0.03 0.12 0.21 0.03 0.03 --
MnO 0.15 0.13 0.07 0.11 0.18 0.13 0.19 0.11
Total 99.98 100.00 100.00 99.99 99.99 99.98 | 100.02 99.99
Normative
Minerals
Quartz 34.368 37.049 34.308 31.099 10.479 29.880( 28.928 28.667
Corundum 1.483 3.113 -- -- -- -- -- --
Orthoclase 27.828 24,632 29.856 21.733 26.542 28.128] 29.044 28.240
Albite 28.155 30. 046 31.062 35.217 51.960 36.491| 37.198 37.860
Anorthite 3.222 0.973 0.191 5.228 3.667 1.081 0.237 --
Nepheline -- -- -- -- -- -- -- --
Acmite -- -- -- -- -- -- -- 2.650
Wollastonite -- -- 0.613 0.425 0.488 0.477 0.492 0.739
Enstatite 0.980 0.308 0.327 1.283 1.839 0.304 0.253 0.254
Ferrosilite -- - -- -- -- 1.003 -- --
Fosterite -- - -- - -- - -- --
Fayalite -- -- -- -- -- -- -- --
Magnetite 2.412 -- -- 1.733 2.791 2.124 1.121 0.366
Hematite 0.356 2.892 3.025 1.432 0.149 -- 1.903 1.226
ITmenite 1.050. 0.721 0.236 1.565 1.595 0.444 0.754 --
Titanite -- -- 0.313 -- -- -- -- --
Rutile -- 0.197 -- -- -- -- -- --
Apatite 0.151 0.073 0.072 0.293 0.503 0.072| 00.072 --
Total 100.005 100.003 | 100.002 - 100.008 100.013 100.003] 100.004 100.001
Molar data,
adjusted
oxides ‘
Si0o 80.69 81.82 82.79 . 79.34 73.65 81.17 81.06 81.82
Al503 8.54 8.97 7.46 8.20 10.67 8.11 8.18 8.07
Feo03 0.83 1.20 1.25 1.08 0.87 0.60 1.11 0.98
Fe0 1.00 0.19 0.04 1.06 1.33 1.17 0.47 --
Mg0 0.64 0.20 0.21 0.84 1.22 0.20 0.17 0.17
Ca0 0.86 0.28 0.54 1.66 1.49 0.57 0.38 0.42
Na20 3.53 3.79 3.89 4,41 6.61 4.55 4.68 5.12
K20 3.29 2.93 3.53 2.56 3.18 3.31 3.44 3.33
Ti02 0.45 0.48 0.21 0.68 0.70 0.19 0.33 --
P20s5 0.03 0.01 0.01 0.06 0.01 0.01 0.01 --
MnO 0.14 0.12 0.07 0.10 0.17 0.12 0.18 0.10
Total 100.00 99.99 100.00 99.99 99.90 100.00 | 100.01 100.01
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Appendix 4. Normalized oxide values, normative minerals, and adjusted molar oxide values
based on the chemical composition of five samples of Quaternary extrusive rocks from
the Yemen Arab Republic--olivine basalt of the Aden Volcanic Series (?), (in percent).

[Dash=no entry.]

Rock type and field number
Petrologic
parameters Older Lava Historic flow
/5-0T-2 75-0T7-1 75-0T7-9 75-0T-8 75-0T-7
Normalized
oxide values
Si0; 48.00 47.74 46.70 48.54 48.22
A1,03 16.93 16.18 16.59 17.16 17.27
Feo03 4,94 3.12 3.04 3.92 3.37
Fe0 6.48 7.63 8.10 7.31 7.79
Mg0 7.79 8.37 7.57 6.81 6.89
Ca0 9.29 9.92 10,32 8.18 8.32
Na o0 2.79 3.36 3.13 3.94 4.02
K20 0.82 0. 85 1.13 1.12 1.11
Ti02 2.30 2.18 2.44 2.26 2.26
P20sg 0.48 0.47 0.77 0.57 0.57
MnO 0.18 0.18 0.20 0.18 0.18
Total 100.00 100.00 99,99 99.99 100.00
Normative
Minerals
Quartz -- - -- -- --
Corundum - -- -- -- -
Orthoclase 4,851 5.025 6.699 " 6.16 6.536
Albite 23.618 26.279 23.362 33.335 31.098
Anorthite 31.246 26.543 27.863 25.803 25.820
Nepheline -- 1.170 1.706 0.018 1.573
Acmite - -- -- -- -
Wollastonite 4,875 8.197 7.627 4.601 4.904
Enstatite 16.585 5.455 4,880 3.047 3.115
Ferrosilite 3.728 2.142 2.249 1.221 1.475
Fosterite 1.971 10.789 9.800 9.746 9.841
Fayalite 0.488 4.668 4,978 4,303 5.139
Magnetite 7.157 4,521 4.408 5.688 4.885
Hematite -- -- -- -- --
ITmenite 4,366 4.134 4.639 4,291 4,298
Titanite -- -- -- -- --
Rutile -- -- -- -- --
Apatite 1.142 1.103 1.831 1.362 1.346
Total 100.027 100.026 100.042 100.032 100.032
Molar data, .
adjusted
oxides
Sio 52.10 50.94 50.31 52.89 52.38
A1283 10.83 10.17 10.53 11.01 11.05
Fep03 2.02 1.25 1.23 1.61 1.38
FeO 5.88 6.81 7.30 6.66 7.08
Mg0 12.60 13.31 12.16 11.06 11.15
Cal 10. 80 11.34 11.91 9.55 9.68
Na,0 2.94 3.48 3.27 4,17 4.23
Ko0 0.57 0.58 0.78 0.78 0.77
Ti02 1.88 1.75 1.98 1.85 1.85
P20g 0.22 0.21 0.35 0.27 0.26
MnO 0.17 0.16 0.18 0.17 0.17
Total 100.01 100.00 100.00 100.02 100.00
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