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ABSTRACT

Tertiary volcanics cover a wide arca in Yemen, approximately one tenth of the national terntory. They
occupy the majority of the western part of the country. Relative crustal thinning (affected by intensive
tectonic activity) resulted in continental nfting (Late Oligocene - Early Miocenc), through which magmas
ascended and formed the Yemen Highlands and Plateaux, The Yemen Trap Series has mainly been controlled
by the NW-SE faulting trend, which 1s parallel with the Red Sea trend, or less commonly (NE-SW) with the
Gulf of Aden trend,

The Late Miocene-Quaternary volcanics are located in the coastal plain of the Guif of Aden and in the central
parts of Yemen. Yemen volcanics are composed of basic, 1o intermediate and acidic rocks.

Basic rocks are represented by basalts, which form the lower part of the volcanic complexes, whereas the
acidic types [rhyolites, volcanic glasses and pyroclastics] occupy the upper part of the Yemen Trap Series
volcanics,

This paper deals with the chemistry of the basaltic rocks and with the composition of their main
constituents (olivine, pyroxene and plagioclasc). The basaltic rocks have alkali-subalkali characters, The
clinopyroxene phenocrysts show concentric and hour-glass zoning that can be regarded as a good indication
of the magma evolution. The composition of the plagioclase ranges between labradorite-bytownite (for the
phenocrysts, Ang7.g3) and andesine-labradorite (for the plagioclase in the groundmass, Ang;_gp). The
olivine phenocrysts have higher forsterite content (Fogg.75) in their cores; but these values decline at the
rims as well as in the groundmass (Fog5.40)-
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THE EVOLUTION OF YEMEN BASALT IN RELATION TO THE RIFT
DEVELOPMENT AND THE CHEMISTRY OF ITS
MINERAL CONSTITUENTS

INTRODUCTION

The origin and evolution of Yemen volcanic rocks is regarded as the result of the nifting (synnfi, Late
Oligocene-Early Miocene Jand postrift (Miocene up to Recent ) phases of the formation of the Red Sca and
the Gulf of Aden (in which oceanic accretion started).

In the Late Eocene, a widespread emergence of the greater part of the Arabian platform occurred. It was
probably at that time that Gulf of Aden rifting was initiated, as the Indian Ocean spreading center propagated
eastward (Haitham, er al., 1990).

This study was carried out to investigate the mineralogy, petrology, and structursl geology of Yemen
volcanics. Our study covers both the Yemen Trap Series (YTS, Late Oligocene-Early Miocene), and the
Yemen Volcanic Series (YVS, Late Miocene-Recent) and their evolution in relation to the rift development
(Fig. 1). In this paper we deal only with the basic rocks and their analyses related to the chemical
composition of the basalts and their main constituents (olivine, pyroxens and plagioclase). We have also
correlated the generation and development of these volcanic complexes by using the data obtuined from
seismic and drilled wells in the coastal plains of the Red Sea and the Gulf of Aden. By using microprobe,
chemical and optical analyses erc.., we attempt to evaluate the chemical characters and the magma evolution
of the investigated volcanics.

STRATIGRAPHY, TECTONIC SETTING AND GENESIS

The volcanic rocks of Yemen can be divided into two senes i.e. Yemen Trap Seres (YTS) and Yemen

Volcanic Series (YVS),

The YTS bad been developed through the period from Late Ol gocene to Miocene (synnft-Shihr group ).

It is composed of thick volcanic rocks (lava flows, dikes, sills ete.) mionly of basaliic composition, which
form the lower part of the series, with intercalations of volcanoclastic deposits.

Genetically, the YTS had been associated with Tertiary continental and oceanic rifting and with the
geodynamic of the Afro-Arabian lithosphere plates.

Numerous Tertiary intrusive bodies, mainly of alkali granites and syenites, have also been reported in many
localities (particularly in the westem part of the study area // with the Red Sea main trend) and they are
closely associated with the volcani. complexes.

In Early Miocene, differentiated alkaline volcanic complexes poured out on to the continent ' (W-SW) part
of the country. The thickness of these volcanic complexes ranges from some metres in the easten part of YTS
to 2000 m in the westem part or more in the central part of the area.

Huge amounts of basaltic flows built the lower part of the volcanic complexes as & ¢ neequenc: f
continental crustal extension,

In the Red Sea coastal plain, faults caused strong subsidence in Oligocene time, which generated W-dipping
blocks. Tilted blocks in the Gulf of Aden dip S. They have been affected by intensive tectonism (faull system)
of ESE-WNW and NNE-SSW orientation and are filled with volcanic rocks mainly of synnft traps (Fig. 2).

The YVS is found on the coastal plain of the Gulf of Aden from the west (southeastern part of the Red Sea)
Penm Island, Jabal-Kharaz passing onto Imran - Lattle Aden - Aden to the cast (Shugrah and Bir Al e7c,.), It
was penerited and developed through the postnit stage (upper part of Shihr Group) and 1t 1s considered 1o be
of Late Miocene to Recent time. It is also found in other localiies throughout the country (Sanaa-Amran,
Dhamar-Rada and Sirwah-Marnb). Volcanic cones, domes, sheets and lavs flows are the charactenstic teatures
of this series. It is composed mainly of basaltic lava flows and pyroclastics, except the Al-Lisi volcano (5 km
E of Dhamar city), which is completely consisting of acidic lava flows (rhyolite, rhyolitic glass and ash).
There is a sharp unconformity between the two series.

In the coastal plain of the Gulf of Aden (e.g. Imran well) thick continental basaltic traps occur, outpoured
duning aenal deposition, dated 18 + 6 Ma (EIf, 1990) with the same charactenstic features of those known
onshore. Such trap series is generated by synrift extensional fractures, which poured out huge amounts of
lavas dunng a short time respectively. Partly we agree with the idea related to the mode of this magma
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1990).
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Fig.3 Geological sections correlate the distribution of Yemen volcanics in the offshore of the Gulf of
Aden (a) and the Red Sea (b). The distribution of the volcanic rocks is also shown from the
seismic data of drilled well in the Gulf of Aden offshore (c).
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eruption but on the other hand there are some field evidences which also prove the central volcanic activity.
The dyke swarms within the YTS have the same mineral composition with the adjacent outcrops, and the
large extents of the pyroclastics (e.g. ignimbrites) without lateral variation in their thicknesses suggest
fissural eruption. On the other hand the difference in the mineral constituents between the basaltic lava flows
and the adjacent basaltic dikes and the presence of radial dike swarms support central volcanic activity (e.g.
Final Report, 1988). Therefore, both fissural and central eruption can be assumed.

There is & tectonic contact between a continental crust block and the synrift deposits. During the Tertiary
extensional phase, the continental crust had been streiched and broken. The resulting fault worked as a great
crustal fault during the synrift stage.

Based on the data obtained from two wells offshore of the Gulf of Aden (Imran well) and Red Sea (Al-
Janbiyah well) the thickness of the volcanic units may attain several ks, probably >3 kms (Fig. 3).

The upper part of the trap scries is represented by the stratigrophic level of the break-up of the continent
[(12-10 Ma)(Fig. 4) (Afier EIf Aquatine, 1970)|. Traps (Late Oligocene) are deposited on a first synnft
sedimentary unils,

An increase in heat flow happened which can be related to the beginning of the Tertiary rifting stage (40-12
Ma) and started decreasing from 12 Ma up 1o recent tine (Fig. 4 After EIf Aq., 1990),

Based on 1solope age data reported by many authors (e.g., Civette ef al., 1978, Capaldi et al., 1983, 1987;
Final Report, 1988; Chiesa ef al., 1989) and 1 Iso based on our rsdiometric age data [(16.6 + 1.8 Ma for the
upper part of Jubal-Rabbiy (Ibh); 27.5 + 2 Ma for the basalt of Al-Dalil village: 31.6 Ma for the basalt of
Al-sitan village SW from Ibb city); 1992 this paper] it can be inferred that the volcanic actuvity n the YTS
started about 30 Ma ago and continued for 11 Ma, Junng which differentiated rock types were erupted in
different phases.

YTS can partly be correlated with some Oligocene-Miocene voleanic sequences of Alaji, Termaber, Galile,
and Trap Series, in Ethiopis (Zanattin ef al. 1980a; Zanattin 1992); and also with the continental alkali basalt
flows of Harrat As Sirat and Harent Hadun 1 Saudi Arabia (Fleck er al. 1973; Amo er al, 1980a), Such a
correlation is including hoth age und chemical affinities,

After a long interval (Late Miocene-Quuternary ) the extension continued and a widespread volcanic
eruption was created along the coastal plain of the Gulf of Aden and in some other localities throughout the
country (e.g. Sanua-Amran, Sirwah-Manb, Dhamar-Rada ete,.). This series was concentrated between 10 Ma
and 5 Ma, ¢.g. Jabal-Kharaz gave 8.8 Ma (Final Report, 1988). Such eruptions were central-vent composite
stratovolcanoes, e.g., Jabal Kharaz, and Jabal Shamsan at Aden city. The respective wide hiatus (9-10 Ma)
allows us to make such a nomenclature division hetween the above mentioned series,

Further volcamic complexes are known as recent volcanmc activities such as those found in Bir Ali, and AL-
Lisi volcano in the vicinity area of Dhamar Province. Furthermore historical volcanoes have also been

reported.
NATURE OF OCCURRENCE AND PETROGRAPHY OF THE BASALTS

Among the volcanic rocks of Yemen, basalts are predominant, They occur as 2-5 m lava flows. Columnar
Joints are also found, and in some localities exceed 50 m (e, g. Al-Dalil village). They also occur as dikes
ranging from 0.1 m to 1-2 m in thickness and may atlain several hundred metres in length. Thick basaltic lava
flows, can be found in several places, e.g., in Dhala , Museimir, Am-Shatt eic ., but the maximum thickness
{200 m) was observed in the central part of Sanaa.

Basalts are characterized mostly by porphyritic textures (holocrystalline, ophitic and pilotaxitic) and massive

structures, but amygdaloidal and vesicular (porous) structures are also reported. Amygdules are filled by
zeolites, calcedony, carbonate, chlorite. [n some cases the porous structures are devoid of any secondary
munerals; particularly in the volcanics of the younger stages (e.g. Shuqrah, Marih erc.) they can altain up to
40% of the rock volume .

PETROCHEMISTRY OF THE YTS BASALT
Chemical classification (Final Report, 1988; Chiesa er al. 1989; Mattash er al., 1990) of the Yemen
volcanic rocks is illustrated on the total alkali versus silica (TAS) diagram (after Le Bas er al., 1986)(Fig.

5a). It reveals that samples from Yemen Trap Series and Yemen Volcanic Series, lie along a trend of alkalic
differentiation. The samples are plotted in the basalt field. According to the field boundary of Irvine and
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Barager (1971), basic members of Yemen volcanic rocks are characterized by slkali basalt (most of the
samples of the northern regions ), and by subalkaline basalt (most of the samples of the southern regions);
only few samples occur along this field boundary. The more differentiated samples (undersaturated) are
plotted in the tephrite - basanite field (Ba), in which they characterize the volcanics of the north regions and
restricted to them only. This is also proved by AFM diagram (Fig. 5b), in which rocks from northern regions
of YTS point out some differences in the alkali content in comparison with rocks from the southern part. On
the other hand few samples are plotted in the hawaiite field (S)); but the more differentiated rocks form «
trend line from mugearite (87 field), to benmorite (Sy field). The samples which lie on the basalt - hawaiite
and tephrite - hawaiite fields are considered here as hawaiite.

Basalts from both mentioned localities are plotted in the Ti-Zr-Y diagram, the plotted values fall within plate
basalt (WPB) field except few samples of transitional character (Fig. 5¢).

MINERAL COMPOSITION

Olivine, pyroxene and plagioclase are the most abundant constituents and freqdently form phenocrysts
exceeding in some samples 30-50 % of the bulk.
llmenite, magoetite, apatite and less frequently biotite are the common accessories. The secondary minerals
are represented by chlonte, epidote, serpentine, iddingsite, carbonate, and rarely amphibole (homblende).
The glass phase 18 very rare and was only found in a very few samples, particularly in those lavas related to
the Q-Recent volcanics,
In this study we are only focusing on the main constituents.

OLIVINE

Based on microprobe analyses (Table 2) olivine phenocrysts have higher forsterite content (Fogg.75 in their
cores); whereas these values decrease at the rims and within the groundmass (Fop5_40). According to the
optical study olivines range from 0.1 mm to 5 mm, forming cuhedral to subhedral grains. In some samples
olivines are partly altered to serpentine (Fig. 6a) and “iddingsite” (Fig. 6b). Olivines have mg-numbers
ranging from 0.39 to0 0.91. ’

The Mg content of Marib basalts has the highest value (MgO = 49.13%) among the analysed basaltic rocks
of Yemen. Their mg-numbers (0.91) are also high, therefore, they may be considered to be of deeper origin
perhaps from the upper mantle. They are similar in their composition to those olivine xenocrysts described by

Kurat (1971) , Dietrich and Poultidis (1985).

Taking into consideration the lowest contents obtained from the Aden area (mg-numbers = 0.39), which
indicates & shallow magma origin in relation to Marib (mg-number = 0.91), the latter can be regarded as an
indirect evidence of deeper magma origin, in which the continental crust becoming thinner E-ward (Balhaf,
Al-Gawf-Marib etc.) .

The mg-number values decrease at the nims and in the
The NiO content slightly increases with increasing MgO (FI‘ 7a), and the CaO, MnO and FeO are
decreasing. The MnO content ranges between 0.19-2% (southern part of YTS ) and it reaches the maximum
in the Fe-enriched olivines and Mg-depleted particularly at the rims of some olivine crystals (e.g. Dhala and
Am-Shatt areas in the southern part of Yemen Trap Senes), but the MnO (0.12-0.63 wt%) decreases (Fig.
7b) through the connecting line between Ibb and Sanaa.

The CaO content in relation to FeO has linear distribution, but this distribution becomes concentrated with
decreasing FeO conteat (Fig. 7¢, southern part of Yemen Trap Series)

PYROXENE

Their grain size ranges from | mm to 7 mm. Some of the crystals have simple twinning. Zoning commonly
occurs, but concentric zoning and hour-glass structure are not uncommon (Fig. 8 a,b,c,d ).

Based on microprobe analyses (Table 1), pyroxenes show & compositional variation from diopsidic to salitic
and to augitic (Fig. 9a).
In the light of the diagram drawn by Leterrier er al. (1982), the majority of our pyroxenes compositions plot
within the alkali basaltic clinopyroxene (Fig. 9b). According to their Cr, Mg, Fe and Al contents they can
also be subdivided as follows: Chromian Ferroan DIOPSIDE, Aluminian Chromian Ferroan DIOPSIDE,

Wnoeiakn BiBAI0BAKN @cd@paaTog - Tunua MewAoyiag. A.M.0.



-506~-

Table 1. Representative microprobe analyses (average of 150 point analyses) of clinopyroxene from Yemen
volcanics.
2 2 b) L) s 3 ¥ 8
NT-2 HT-S NT-6 HT-14 NT-15 NT-18 WT-19 HT-27
Ngo 1).80 11.75 13.44 12.88 13.06 13.79 14.92 14.9%
A120) .73 5.35 2.80 4,57 9.26 5.38 5.13 2.88
si02 48.49 46.28 48.90 47.39 46.57 47.89 47.50 49.76
ca0o 24.17 24.15 20.30 24.67 22.26 22.35 24.07 20.32
Ti02 1.97 2.96 1.65 2.3 1.67 1.57 1.77 1.2%
0.00 0.0% 0.21 0.00 0.10 0.11 0.00 0.34
Fed 7.77 9.25 12.92 9.44 7.67 8.50 6.72 10.62
crzo3 0.25 0.00 0.00 0.00 0.0s 0.15 0.52 0.00
Xa20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
San 100.08 99.8) 100.22 100.3) 99.64 9.74 100.63 100.12
T site
Si4e 1.808 1.746 1.842 1.767 1.734 1.786 1.744 1.855
ALYV 0.144 0.238 0.124 0.201 0.266 0.214 0.222 0.127
Pale 0.031 0.016 0.034 0.032 0.000 - 0.034 0; 018
TOTAL: 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
M site
avi - G =) = 0.097 0.023 = =
ral+ 0.08) 0.086 0.065 0.099 0.074 0.098 0.143 0.076¢
T4 0.052 0.084 0.047 0.067 0.047 0.044 0.049 0.038
e 0.007 - - = 0.001 0.004 0.015 &
8y24 0.766 0.661 0.754 0.716 0.728 0.767 0.793 0.831
rez+ 0.092 0.169 0.134 0.118 0.05¢ 0.064 2 0058
TOTAL: 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
w02 site
+ - = 3 = = - 0.024 -
Fe2+ 0.036 0.021 0.174 0.014 0.109 0.103 0.029 0.179
Mn2+ - 0.003 0.007 - 0.003 0.003 = 0.011
caz+ 0.964 0.976 0.819 0.986 0.388 0.89) 0.947 0.811
TOTAL: 1.000 1.000 1.000 1.000 1.000 0.999 1.000 1.00)
ars: 4.038 4.034 4.033 4.044 4.025 4.014 4.060 «.012
XN : 5.999 6.000 6.001 €.000 6.000 5.959 6.000 6.002
DA name: KT-2 - aluminian Perroan DIOPSIDE - aluminian subeilici;
¥T-5 - alwminian subeilicic Ferxoan D1OPSIDE - alum!nian nn»::: ém:;??:"" SRORSTEE
KT-6 - aluminfan (Magnesium-rich) AUGITE MT-19 - alumi:ien chrowlan subsilicic Farroan Ol0PSIDE
KT-14 - aluminian Ferrcan DIOPSIDE HT-27 - aluminian [Magnesium-rich] AUGITE
MT-15 ~ aluminian subsilicic Perroan DXOPSIDE
MT-18 - aluminian FParrcan DIOPSIDE
MT-19 -~ aluminian chromian subsilicic Ferroan DIOPSIDE
¥T-27 - aluminian (Magnesium-rich) AUGITE
9 10 11 12 13 14 15 16
THAK 22470 25357 2246b 2409 2367 2576 2627
Mgo 13.54 13.41 13.27 13.02 15.14 13.48 13.20
Al203 5.85 .77 4.51 1.97 3.44 3.55 373
sioz 46.79 47.04 48.91 51.24 50.89 49.56¢ 49.30
Cal 2).84 23.9%4 21.18 23.21 20.92 22.53 21.47 2).84
Ti02 2.04 2.19 0.90 1.60 e.79 1.04 1.73 1.9¢
MmO 0.0% .05 0.39 0.1) 1.02 0.16 0.208 0.25
e 7.44 7.60 9.0) .66 11.12° €.38 .27 9.29
©x203 0.17 0.14 0.0b 0.27 0.15 0.28 ) 0.0 0.02
Xa20 0.00 0.00 0.46 0.351 0.58 0.50 0.67 0.69
Sam 99.76 100.14 99.0) 99.57 100.01 100.3¢ 100.04 100.28
T site
sS4+ 1.743 1.748 1.094 1.016 1.909 1.8¢6 1.845 1.83)
ALYV 0.257 0.252 0.106 0.184 0.0a¢ 0.134 0.155 0.14)
Fade - - - 0.000 0.00s = - 0.004
TOTAL: 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
M site
vI - 0.001 0.034 0.014 - 0.015 0.001 -
Pad+ 0.138 0.124 0.050 ©.109 0.084 0.0%0 0.10% 0.104
Tid+ 0.057 0.061 0.027 0.045 0.022 0.029 0.048 0.055
[~ =123 0.00s 0.004 - o.008 ©.004 0.004 0.001 0.001
Nygae a.752 0.74) 0.766 0.762 0.723 0.927 0.748 0.732
Pa2+ 0.048 0.067 0.123 0.062 0.167 0.031 0.097 0.106
TOTAL: 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
2 site
raz+ 0.046 0.045 0.108 0.036 0.090 0.087 0.073
nn2e 0.00) 0.002 0.012 0.004 9.032 0.009 0.008
Caze 0.952 0.95) 0.046 0.924 0.835 0.856 0.970
Na+ - - 0.03) 0.037 9.042 0.048 0.050
TOTAL: 1.001 1.000 0.999 1.001 a.999 1.000 1.001
Cars: 4.046 4.042 4.017 4.037 4.030 4.038 4.037
O0rON : €.001 5.999 5.999 6.001 3.999 €.000 6.00)
IMA name; THAN - aluminian subsilicic Ferroan DIOPSIDE 2409 - (Magnasium-rich) AUGITE
2247b - alwminfan subailicic Perrcan DIOPSIDZ 2367 - aluminian Fexrrvan DIOPSIDE
2557 - aluminian (Magneajum-rich) AUGITE 2576 - aluminian Perrvan DIOPSIDE
2246b - aluminian Perroan DIOPSIDE 2627 - aluminian rerroan DIOPSIDE
2409 - (Magnesium—rich) AUGITE
2367 - aluminian Perxoan DIOPSIDE
257¢ - alvminian Ferroan DIOPSIDE
2627 - aleminian Perroan DIOPSIDE
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Fig.6 Scanning electron images of olivine phenocrysis. The alteration to serpentine can be seen through the
cracks as well as at he rims. Fogy «he average conteni in the core, F"O ! the average content at the
rim (a), and (b) shows the alteration of olivine to iddingsite. Magnificarion: 54X, +N.
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Fig.8 Scanning electron images of zoned (a,b) and hour-glass structure (c,d) of clinopyroxene
phenocrysts, The numbers shown on the crysials indicare the points analysed by microprobe.
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crysts are plotted within the alkali basaltic clinopyroxene (see text),

h.

¥

WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lNM.O.



Fig. 10 Scanning electron images of titanaugite phenocryst. The average content of the 710, in the core is
1.O7%, and the average at the rim is 2.23%.
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Fig. 11 {a) The variation of Cr versus mg-nuber, (b) shows the Al/Ti content and (c) illustrates the Ti versus
mg-number.
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Aluminian Chromian Subsilicic Ferroan DIOPSIDE, Aluminian Ferroan DIOPSIDE, Aluminian subsilicic
Ferroan DIOPSIDE, Aluminian Titanian Subsilicic Ferroan DIOPSIDE, [Magnesium-rich] Augite and
Aluminian [Magnesium-rich]'Augite. It is worth to mention that the augite is the most common and it is
mostly euhedral. Titanaugite was also observed mainly at the rims of the pyroxene grains (Fig. 10). In some
samples, pyroxene has been partly altered to chlorite, carbonate, epidote, and rarely uralitized (homblende).

The Cr content of the clinopyroxene increases with increasing mg-numbers and attains the maximum value
through the interval (0.7-0.9 mg-numbers). The CryO3 content in the core of some pyroxene crystals
(Aluminian Chromian Ferroan DIOPSIDE) ranges up to 1.09 wt%, but the CryO5 content decreases at the
rims and within the groundmass (Fig. | la).

However, Dobosi ef al. (1991) in their study found that the Cr content increases in those sectors having Ti-
enrichment. The results found in our study are not in conformity with their findings, since our analyses
showed that the Cr content decreases with increasing Ti. Some of our pyroxenes (Ti-poor seclors) are also
having more Si, Mg and less Fe and Al.

AlyO3 and TiOp have wide variation ranging between 0.40-5.34% for TiO and 1.39-8.88% for Al,O4.

The relationship between Al and Ti distnbution is given in (Fig. 11b). It shows that the Al content increases
with increasing Ti .
The Ti/Al ratio can be considered as an approximation for a qualitative indication of the pressure prevailing
during crystallization (Clark er al., 1962; Kushiro, 1969). According to most of our analyses of the
pyroxenes, the Ti/Al ratio varies between 0.1-0.2, which indicates high pressure ongin. This ratio is higher
at the rims of the pyroxene crystals rather than in their cores, a particular characteristic of the lLitanaugite
varieties, indicating lower pressure than that of the above mentioned pyroxene cores. On the other hand, the
high AIY' content and high AIYI/AIY ratio also indicates high pressure origin (Aoki and Kushiro, 1968;
Wass, 1979). This ratio in our samples is between 0.30 and 0.40 in the cores wnd <0.26 at the nms and
within the groundmass. The latter value indicates lower pressure respectively. The majonity of the Ti contents
are increased with decreasing mg-numbers, with exception of few samples (Fig. 11c).

PLAGIOCLASE

Their grain sizes range from | mm to 8 mm. Albite, carlsbad and peniclir: twinns are characternstic
features. Zoning is also common (Fig. 12 ¢,d ).

Based on microprobe analyses (Table J), the plagioclase composition ranges between labradonte-bytownite.
The highest An conteats in our studied samples reached Ang7_g3. in which the lower value characterizes the
An content at the nms (Fig. 12 a,b).

Plagioclase within the groundmass has an average composition of laboradorite-andesine (Angy_g0), but in
some samples the An content declines {andesine composition). The plagioclase has partly been altered into
carbonate and epidote.

The groundmass also consists of augite (being strongly altered into chlonte) and euhedral crystals of olivine
+ opagque minerals (ilmenite + magnetite).

CONCLUSIONS

Yemen volcanics are parts of an extensive elongate oulcrops associated with the Red Sea, Gulf of Aden and
Afar (Ethiopia) nifts. They have been generated in the Late Oligocene-Early Miocene (synrift phase) and in
the Late Miocene to Recent (postrift phase), and are mainly composed of basaltic rocks, The YTS emplaced
in Oligocene and reached the maximum activity in Early Miocene times, in which both fissural and central
eruplions took place. These volcanic complexes had been affected by faulting mainly of NW trend (Red Sea
trend) and E-NE trend (Gulf of Aden trend). According to the available radiometric age data the Tertiary
intrusive bodies (alkali granite, syenite erc..) are closely associated with the Tertiary volcanics (YTS).

Yemen alkali olivine basalts have generated by fractional crystallization (differentiation). Duda and
Schmincke, 1985; Bedard er al., 1988; Dobosi, 1989 showed in their study that zoned pyroxenes are the best
records of magma evolution. In our samples, zoning and hour-glass structure are common and charactenstic
features of the analysed pyroxenes, this gives good information about the evolution of the basaltic magma.
The chemical composition of the pyroxenes proves that the magma had been crystallized and developed in
deep (elevated pressure) and shallow magma chambers. The ratio of Al to Ti in the clinopyroxenes, the wide
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Fig.12 (a) An-Ab-Or ternary diagram illusirates the composition of the feldspars from Yemen alkali
basalis,(b) scanning electron images of feldspar phenocryst having an average content of Anzg in the core
and Angy at the rim. Zoning is also shown by the scanning electron images (c) and by theoptical microscope
(d). Magnification : 34X + N.
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range of Mg content of the olivine phenocrysts, and the gap of the An content among the plagioclase
phenocrysts indicate deep and shallow magma origin respectively.

According to the recent data obtained from seismic and drilling through the coastal plain (offshore) of the
Gulf of Aden (EIf Aqu., 1990), and of the eastern side of the Red Sea (Total, 1989), it can be concluded that
the thickness of the volcanics (mainly of basaltic composition) may attain more than 3000 m below the sea
level,

YTS can partly be correlated in both age and chemical characters with some younger volcanic sequences of
Late Oligocene-Miocene in Ethiopia and Saudi Arabia. On the other hand the Late Miocene - Quaternary
volcanics of Yemen (YVS) are corresponding to those volcanics reported from Afar volcanic field (Ethiopia)
and to those volcanic fields reported from the southern and western parts of Saudi Arabia. They are in
accordance in age and in chemical trends.

According to the optical study of many basaltic samples, the presence of olivine in a stable form, and the
availabality of titanaugite indicate an alkaline character for these rocks. In general the Yemen volcanics
mostly show an alkaline trend, but tholeiitic affinity is partly represented by some basaltic rocks of the YTS
e.g. the south-westernmost area (Am-Shatt). [t is the nearest part (of the YTS) to the Gulf of Aden, which is
probably affected and generated at that time in which the western part of the Gulf of Aden (rift phase) had
been generated,
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