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ABSTRACT 

Katzir, Y., Litvinovsky, B., Eyal, M., Zanvilevich, A., and Vapnik, Y. 2006. Four 
successive episodes of Late Pan-African dikes in the central Elat area, southern 
Israel.lsr. J. Earth Sci. 55: 69-93. 

Four successive Late Pan-African dike suites are recognized in the central Elat area: 
(I) microdiorite and lamprophyre; (2) dacite porphyry with subordinate andesite and 
fcldspathic (Fsp) rhyolite porphyry; (3) quartz porphyry and Fsp-rhyolite porphyry 
with minor trachydolerite and trachyandesite; (4) trachydolerite, mostly high-Ti. 
Dike swarms formed over the period of -600 Ma to 530 Ma. The dike episodes alter
nated with plutonic. volcanic. and sedimentary events. Microdiorite and lamprophyre 
from suite I correspond to calc-alkaline, medium- to high-K trachyandesite. Dacite 
porphyry is prevalent in suite 2 and forms together with augite-bearing andesite and 
rhyolite a high-K calc-alkaline series. In suite 3 silicic rocks are dominant; they are 
alkaline (NK/A >D.9) and have chemical characteristics of A-type granites. Among 
the trachydolerites from suites 3 and 4, high-Ti varieties are abundant (2.8-2.9 wt% 
and 3.3-4.5 wt% TiO:!, respectively). Trachydolerites are enriched in REE, Zr, Y, Ti, 
and P. 

Although Late Pan-African dikes are postorogenic, magmas of the first two suites 
were derived from mantle sources that are characteristic of a subduction-related 
environment of active continental margins. Trachydolerites-3 and -4 were produced, 
however, from sources enriched in asthenospheric components. Late Pan-African dike 
swarms similar to those described in southern Israel are extremely abundant through
out the Sinai Peninsula and Eastern Desert of Egypt. Significant overlap of composi
tions in mafic dike rocks from southern Israel and the same rock types from southern 
Sinai suggest similar sequence and sources of dikes over a large region. 

INTRODUCTION 

Southern Israel, the Sinai Peninsula, and the adjacent 
basement outcrops of southwestern Jordan, comprise 
the northernmost part of the Arabian-Nubian Shield 
(ANS). The evolution of the ANS was accomplished 
in four main stages (Gass, 1982; Roobol et aI., 1983; 

Bentor, 1985; Stem and Hedge, 1985; Kroner et ai., 
1987; Stem et ai., 1988; GreHing et aI., 1994; Gar
funkel, 1999; Genna et ai., 2002). During the first and 
second stages (-900-650 Ma) oceanic and island arc 
crust was created. At the end of the second stage, the 
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oceanic and island arc terrains were amalgamated and 
accreted to form the ANS. The post-collision batlw
lithic stage III (-650-600 Ma) marks stabilization of 
the shield and is characterized by widespread calc
alkaline magmatism, mainly of intermediate to acid 
composition. At the boundary between stages III and 
IV a fundamental transition in tectonic and magmatic 
style, from compressional to extensional, took place 
(Stem and Hedge, 1985; Garfunkel, 1999). The!ollrth 
stage (-600-530 Ma) involves formation of mainly 
alkaline to peralkaline granites and rhyolites, repre
senting post-orogenic and within-plate magmatism. 
During the fourth (Late Pan-African) stage, wide
spread dike injection occurred throughout the whole 
territory of the ANS (Bentor and Eyal, 1987; Eyal and 
Eyal, 1987; Stem et aI., 1988; Baeret aI., 1993; Eyal et 
aI., 1995; EI-Metwally, 1997; Stein et al., 1997; Gutkin 
and Eyal, 1998; Iacumin et aI., 1998; Kessel et aI., 
1998; Voznesensky, 1998; Essawy and EI-Metwally, 
1999; Genna et aI., 2002). Dikes are concentrated in 
20-40-km-wide swarms that can be followed inter
mittently for several tens of kilometers. The density 
of dikes is unusually high: on average, dikes cover 
10% of the exposed area, although within some areas 
dikes may form >50% of alI rocks (e.g., Eyal and Eyal, 
1987; Gutkin and Eyal, 1998). Dike composition var
ies widely, from basalt to andesite to calc-alkaline and 
alkaline rhyolites. 

It has long been established that the formation of Late 
Pan-African dike swarms in the Sinai Peninsula and ad
jacent territories occurred in several episodes. However, 
the number and sequence of episodes remain debatable. 
In the early compilation of Eyal and Eyal (1987), two 
episodes of late (unmetamorphosed) dike formation 
were recognized, but studies performed in the Sinai 
Peninsula during the last decade have demonstrated that 
the sequence of dike injections was more complex. The 
relative geochronological sequence of dikes is variable 
in different areas, but in most cases it is given, from older 
to younger, as acid, intermediate-basic, lamprophyre, 
bimodal basalt-rhyolite, and alkaline basalt (Stem and 
Gottfried, 1986; Stem and Manton, 1987; Friz-Topfer, 
1991; Iacumin et al., 1998; Abu-EI-Ela and Salem, 1999; 
Essawy and EI-Metwally, 1999). 

In southern Israel almost all the main types of dikes 
that are characteristic of the northern part of the ANS 
are recognized (Sentor and Eyal, 1987; Eyal and Eyal, 
1987). Several dike swarms extend from the Sinai 
Peninsula to southern Israel (Voznesensky, 1998). A 
number of dike episodes are distinguished in the Elat 
and Timna areas. However, data on the sequence of 

episodes are ambiguous. Garfunkel (1999) consid
ers that, although some dikes predate young alkaline 
granite plutons, the most voluminous dike episode that 
can be divided into several stages took place after the 
formation of the alkaline Yehoshafat granite, but be
fore the deposition of a volcano-conglomeratic series 
(Elat conglomerate, alkaline rhyolite, andesite). On the 
other hand, it was demonstrated that a large swarm of 
quartz porphyry dikes intersects the Elat conglomer
ate (Gutkin and Eyal, 1998) and the rhyolite volcanic 
suite (Mushkin et aI., 1999, 2003). Stein, Navon, and 
Kessel (Kessel, 1995; Stein et aI., 1997; Kessel et aI., 
1998) recognized three Late Pan-African dike suites: 
(1) calc-alkaline andesitic to rhyolitic; (2) basaltic to 
rhyolitic, mostly tholeiitic (TH1); and (3) tholeiitic 
(TH2), later called alkali-basalt suite. 

In this paper, new data on the geology, petrography 
and chemical composition of the Late Pan-African dikes 
from the central Elat area, along with some consider
ations about probable magma sources, are presented. 

GEOLOGICAL SETTING 

General description 

The study was performed in the central Elat area, the 
largest exposed outcrop of the Precambrian basement 
in southern Israel. Metamorphic and magmatic rocks 
in this block represent most stages of the evolution 
of the ANS (Fig. 1). Orthogneisses, metapelitic, and 
psammitic schists (Elat schist, Taba gneiss, Roded 
schist and gneiss, Elat granitic gneiss) were formed at 
the beginning of the island arc stage, within the time 
span of 800-740 Ma (Eyal et aI., 1991). The Shahmon 
metagabbro dated to 640-650 Ma (Eyal et al., 1991) 
could be timed to the late island arc stage. Emplace
ment of the Roded quartz diorite and Shahmon gneiss
ic granite occurred in the batholithic stage at 630-640 
Ma (Katz et aI., 1998; Eyal et aI., 2004). At the late 
post-collision stage, the calc-alkaline peraluminous 
Elat granite (623 ± 24 Ma) formed a number of plutons 
(Eyal et aI., 2004). Intracratonic magmatism is repre
sented by the Yehoshafat alkaline granite (605 ± 4 Ma; 
Beeri, pers. comm.). The formation of shallow alkaline 
granite plutons was followed by fast uplift, extensive 
erosion, and differentiation of the area into basins and 
highs (Garfunkel, 1999). These processes were ac
companied by molasse-like sedimentation represented 
by the Elat conglomerate and by volcanic activity. 

Late Pan-African (unmetamorphosed) dikes of 
various sizes and compositions are abundant, although 
unevenly distributed, throughout the study area. The 
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Fig. 1. Simplified geological map of the central Elat area (after Drukman et aI., 1993 and Garfunkel et a1.. 2000. with modifica
tions after EyaI et aI., 2004). 

highest concentrations of dikes are observed in the 
western part of the area and within the Nahal Shelomo 
pluton composed of the Elat granite (Figs. 2,3). In 
places, about 100 subparallel dikes can be counted 
within a 500-600-m-wide zone. In these zones, the 
proportion of country rock constitutes only 5-10% of 
the total rock volume and dikes commonly border one 
another (Fig. 2, inset A; Fig. 4). In the vicinity of Mt. 
Shelomo, within an area of about 2 km by 1 km, the 
proportion of dikes exceeds 50% and in places attains 
80-90% (Gutkin and Eyal, 1998). Most of the dikes 
are vertical or steeply dipping; they are several hun
dred meters to 2 km long, and their width ranges from 

several tens of centimeters to about 30 m. In some 
large dikes, en echelon segments, commonly 0.5-1 km 
long, can be distinguished. 

Sequence of dike episodes 

The sequence of dike episodes has been recognized on 
the basis of study of more than 150 dikes, their cross
cutting relations, and their field relations to country 
rocks of different ages. Four successive dike suites 
were distinguished: suite 1, microdiorite and lam
prophyre (spessartite); suite 2, dacite porphyry with 
subordinate andesite and Fsp-rhyolite porphyry; suite 
3, quartz porphyry and Fsp-rhyolite porphyry with 
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small proportions of trachydolerite and trachyandes
ile; slI i te 4, lrachydole rire , mos tly high-Ti . 

The age of suite I is constra ined by fie ld re lations 
in the lower rcaches o f the Nahal Ye hoshafat va lley 
(Fig. 4A : see Fig. 2. loca lity 35). Here. microd iorite 
dikes c ut the Elat granite . but both granite and the 
dikes are intruded by the al kaline Yehoshafat granite 
that. in turn. is intersec ted by Fsp-rhyolitc porphyry 
dikes fro m suite 3 and daci te porphyry fro m suite 2 
(not shown in Fi g. 4). Di kes of suite 2 are abundant 
in the Yehoshafat granite pluton (Fig. 2), but they 

do not cut the younger Elal conglome rate. Instead , 
in the northern part o f the study area (Fig. 2, locality 
244) two dikes of dacite porphyry that are character
istic only of suite 2 are overl ain by the cong lomerate. 
Numerous angul ar blocks of dac ite porphyry occur 
within the conglomerate immediate ly near these dikes. 
Rhyoli te porphyry and andesite porphyry cobbles and 
boulders up to 50 cm in diameler are also present in the 
conglome rate. The post-cong lome rate age of suite 3 is 
clearly demonst.rated by the abundance o r quartz por
phyry and. in pl aces, mafic d ikes that intersect the Elat 
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Fig. 3. Dikes from suites I and 3 in the Nahal 
Shelomo pluton. 

Correlation of Late Neoproterozoic dike episodes with plutonic. volcanic. and sedimentary events in southern Israel 

Plutonic and volcanic activity, sedimentation 

Trachyandesite and rhyolite volcanics, 
Elat conglomerate 

Dike suites 

4. Dolerite. mostly high-Ti. 531 ± 4.6 Malll 

3. Quartz porphyry. feldspathic rhyolite 
porphyry, with small proportion of 
trachydolerite and trachyandesite. mostly in 
composite dikes 
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605.4 ± 4 Mal:!) 
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623±24Mam 

2. Dacite porphyry with subordinate andesite porphyry 
and feldspathic rhyolite porphyry 

I. Microdiorite and lamprophyre (spessartite) 

Age data: (l)Beyth and Heimann, 1999. (:!'Unpublished U-Pb zircon dating performed by Y. Beeri in the NORDSIM Facility. 
Swedish Museum of National History, Stockholm. (J)Eyal et al.. 2004. 
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conglomerate (Gutkin and Eyal , 1998; Fig. 2). Several 
quartz porphyry dikes and composite dikes that are 
typical of suite 3 c rosscut alkaline rhyolite volcanics 
10 km to the north , in the Amram block (Mushkin et 
aI. , 1999,2003). Trachydolerites o f suite 4 intrude the 
Elat conglomerate, a subvolcanic andesite body, and 
d ikes of suite 3 (Fig. 2, loca li ties 128 and 187). 

The sequence of dikes and the ir temporal re lations 
with sedimentary and magmatic rocks is presented in 
Table I. It is noteworthy that dike episodes 1,2, and 3 
were divided in time by plutonic, volcanic, and sedi 
mentation events. 

Geology of dike suites 

Slfite J comprises two rock types, microdiorite and 
lamprophyre. The microdiorite dikes are smaller and 
homogeneous, whereas the lamprophyre dikes are 
infrequently more then 2 km long and the ir thickness 
varies from 6 to 12 m. A notable feature of the lampro
phyre dikes is that in places they are inhomogeneous, 
with subordinate (:s 5 vol %) fin er-grained fe lsic rocks 
that occur as rounded and irregular patches, schlie
ren, and ve ins ranging in composition from quartz 
mkrodiorite to microgranite. The lamprophyre dikes 
are younger than the microdiorites (Fig. 3, loculity 
78) . The two types are grouped into suite I since the 

lamprophyrc and microdiorite dikes arc c losely spaced 
and were found only within the Elm granite and meta
morphic rocks. 

Suite 2 is composed o f a spectrum of rock types, 
from andes ite porphyry th rough dacite porphyry to 
Fsp-rhyolite porphyry with significant prevalence of 
dacitic rocks. Each rock type forms individual dikes, 
with crosscutting relations to one another. In terre la
tions between mafi c and silic ic rocks were studied in 
the Nahal Yehoshafat valley (Fig. 2). Although dikes 
are sub-parallel. oblique inte rsec tions and thin apoph
yses enable one to di stinguish the order o f injections, 
from earlier andes ite porphyry to dacite porphyry to 
Fsp-rhyolitc porphyry. 

In Jlfile 3, silic ic rocks (quartz porphyry and sub
ordinate Fsp-rhyolite porphyry) absolutely dominate 
over basic rocks: the proportion of trachydo lerite and 
trachyandes ite porphyry is about 5%, Silic ic dikes are 
abundant throughout the Blat area (Fig. 5). Judging by 
the crosscutting re lations, the ir emplacement occurred 
repeatedl y. Several dikes are made li p o f ultrapotass ic 
quartz porphyry with K

2
0 ranging from 6 to 10 wt% 

and Na:p from 2 to 0. 15 Wl%. These rocks, as we ll as 
volcanic rhyo lite of similar composition , are con ven
tionally regarded as metasomatic (Agron and Bcntor, 
198 1; BentoI', 1985; Wachendorf e t aI. , 1985). Basic 
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rocks commonly form mafi c marg ins in compos ite 
dikes whereas indi vidua l mafic dikes are rare. The 
composite dikes are referred to as dikes of the last 
phase of the suite 3 format ion. In composite dikes 
the contac t between mafic and fe ls ic rocks is mostly 
planar and abrupt , but in some dikes it is gradat ional , 
with a 20-30-cm-w ide zone of hybrid rocks produced 
by magma mixing. 

The trachydolerite dike suite 4 is poorly ex hibited 
in the study area. Dolerite d ikes strike in va riolls direc-

lions (Fig. 2); they are scattered and heavily altered. 

Correlation between the strike and age of dikes 

Three moin trends of dike swarms, N-S. N40-50· W, 
and N30-40oE, are dominant in the study area. Dikes 

of N-S direction are abundant in the eas tern half of 
the Nahal Sheiolllo va lley, whereas numerous NW
striking dikes occupy its western part (Fig. 2). Near 
the northern border of area 2 (Fig. I ) dikes striking NE 
are fo und a long with d ikes of NW direc tion (Fig. 2. 
locali ty 127). Further to the north the NE directio n of 
dikes prevails (Fig. 5) . 

A prev ious study that focused on a smaller area 

within the Elat exposures argued that each dike suite 
is characteri zed by a diffe rent direct ion (S te in et al.. 
1997: Kessel et aJ. , 1998). However, our extens ive 
observations of the whole Elat area show that the re is 
no s imple corre lation between the age and strike of the 
dikes. This is clear ly demonst rated in the southweste rn 
part o f the Nahal Shelol11o area. Dikes formed during 
three sllccessive stages, from I to 3, strike N3SOW 
(Figs. 2 and 4B). Submerid iollal tre nds of both mi 
crodiorite and lamprophyrc dikes from suite I and 
an adjacent quartz pOIvhyry dike from suite 3 are ob
served in the Nahal Shelomo pluton area, as we ll as in 
the upper reaches of the Nahal She lolllo va lley (Figs. 
2. 3). Crosscutting relations between younger and 
o lde r dikes are c lea rly ex hibited within a narrow zone 
wherein dike swarms of different d irections overlap 
(the Nahal Shelomo valley. Fig. 2, locali ties 167, 174, 
nnd 209). Also we observed thnt sO l11e dikes within 
thi s zone change the ir direction (Fig. 2. locality 194): 
of six adjacent andesite porphyry dikes from suite 2. 
two dikes strike exact ly to the north , three d ikes strike 
N40oW. and one dike between these two grou ps strikes 
to the north , then turns to N40oW. 

All the above data suggest that in the study area the 
stress field that controlled the dike swarm direc tion 
preva iled from the earliest dike injec tion e pisode and 
did not change marked ly during the who le period of 
dike format ion. 

ANALYTICAL METHODS 

Whole-rock chemical ana lyses were made using a 
combination of wet che mi ca l methods, AAS. and 
titration (major e lements). and X-ray flu orescence 
(Rb. 5 1'. Ba, Y. Zr. and Nb) at the Geologica l Institu te. 
Siberian Di vision of the Russian Academy o f Sci
ences, Ulan-Ude. Rare earth and some selec ted trace 
clcments (Hf, Ta, Th. U. Ga, V. C u, Pb. Zn. Se, and Cs) 
were analyzed by the ICP-MS method at the Institute 
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of Mineralogy and Geochemistry of Rare Elements, 
Moscow, and in the National Taiwan University, Tai
pei. Analyses are considered accurate to within 2-5% 
for major elements, and better than 10-15% for trace 
elements. The accuracy for all the REE (except Lu) is 
1-5%; for Lu, it is 9-10%. 

Microprobe mineral analyses were carried out us
ing a modernized four-channel MAR-3 electron probe 
microanalyzer at the Geological Institute, Ulan-Ude. 
Analyses were obtained with a beam of 2-3 Jim di
ameter. Operating conditions were 20 kV, 40 J.lA beam 
current, and a counting time of lOs. The detection 
limits are 0.05-0.09 wt% for Na

2
0, MgO, AI

2
0

3
, and 

Si0
2

; 0.01-0.05 wt% for K
2
0, CaO, Ti0

2
, MnO, and 

FeO. 

PETROGRAPHY 

Suite 1. Microdiorite is dark greenish with a fine
grained matrix of pilotaxitic and prismatic granular 
texture. Phenocrysts commonly make up 8-10% 
of the rock volume; some dikes are almost aphyric, 
whereas in others the amount of phenocrysts reaches 
50-55 vol%. Phenocrysts include euhedral crystals of 
zoned plagioclase (up to 62% An in the core) and am
phibole ranging from Mg-hornblende to tschermakite 
(microprobe analytical data for rock-forming minerals 
can be presented upon request). The matrix is made up 
mainly of plagioclase microlites (An ,7_

23
) and horn

blende. Also present are irregularly scattered Fe-Ti ox
ides, minor flakes of biotite, interstitial grains of quartz 
(7-8 vol%), and alkali feldspar. The latter also occurs 
in rims around the plagioclase crystals. Microdiorite is 
variably altered to chlorite, micas, epidote, hematite, 
sericite, and clay minerals. 

Lamprophyre (spessartite) is a dark-green pink
ish fine- to medium-grained rock of lamprophyric 
texture. The only phenocrysts are tabular brownish 
green grains of Mg-hastingsite and Mg-hornblende. 
The amount of phenocrysts varies widely in different 
dikes, from 8 to 40 vol%. The fine-grained matrix of 
hypidiomorphic and prismatic granular texture con
sists mainly of plagioclase laths and subhedral brown 
amphibole grains, with secondary flakes of chloritized 
biotite. Alkali feldspar (Or

96
Ab

4
) forms rare interstitial 

grains and fine rims around plagioclase crystals; small 
quartz grains constitute -2-3 vol% of the rock. Deu
teric alteration is significant, and not infrequently epi
dote, chlorite, sericite, and carbonate are as abundant 
as magmatic minerals. 

Suite 2. Although in appearance all rocks of this 

suite look fresh, the original minerals have been 
altered to a great extent both in the matrix and in 
phenocrysts. Significant sericitization and loss of Ca 
occurred in plagioclase; mafic minerals are replaced 
almost completely by aggregate of chlorite, epidote, 
opaque mineral, and calcite. Because of this, mineral 
composition of the rocks can be reconstructed roughly, 
and given characteristics are valid only for the least 
altered varieties. 

Dacite porphyry is a fine-grained porphyritic rock 
of pinkish brown to dark pinkish gray color. It consists 
of feldspars (75-80 vol%), quartz (10-15%), mafic 
minerals, and Fe-Ti oxides (10-15% in total) and ac
cessory apatite. The proportion of phenocrysts ranges 
from 15 to 30 vol% and more than 90% of them are 
feldspars. In less silicic varieties (60-63 wt% Si0

2
), the 

main phenocryst is euhedral plagioclase surrounded in 
places by narrow alkali feldspar rims. As silica content 
increases, crystals of alkali feldspar constitute as much 
as 10-15% of the phenocrysts. The rest of the pheno
crysts are Fe-Ti oxides and heavily altered mafic min
erai (augite is rarely preserved). Fine-grained and very 
fine-grained matrix of hypidiomorphic and spherulitic 
texture is made up mainly of the same minerals as the 
phenocrysts, but always contains quartz. In the less 
silica-rich varieties, some wedge-shaped interstices are 
partly filled by green cryptocrystalline material similar 
to that in the andesite porphyry. 

Andesite porphyry is a dark-gray porphyritic rock, 
with fine-grained matrix. Phenocrysts constitute from 10 
to 25 vol% and include mainly 1 to 4-mm-Iong prisms 
of andesine (An

41
) and rare smaller subhedral crystals of 

augite. In the matrix, along with dominant plagioclase, 
augite. and a significant amount of interstitial hypocrys
talline material of chlorite composition (-15%), minor 
quartz and alkali feldspar (together about 5%), Fe-Ti 
oxide, and accessory apatite are present. 

Fsp-rhyolite porphyry is a pinkish gray rock. Phe
nocrysts form from 2 to 7% of the rock volume and 
include euhedral crystals of alkali feldspar and albite. 
Phenocrysts of mafic minerals (biotite?) are extremely 
rare. The matrix texture is spherulitic. hypidiomor
phic, in places microgranophyric. 

Suite 3. Quartz porphyry and Fsp-rhyolite por
phyry are grayish pink and brick red porphyritic rocks 
with fine-grained and aphyric matrix. They are mostly 
homogeneous, though clear fluidal texture is infre
quently exhibited in dike margins. Miarolitic cavities 
and amigdules filled with quartz, calcite, and hydro
biotite constitute less than 1-2 vol%. The amount of 
phenocrysts, including quartz, alkali feldspar, and 



Y. Kat:ir et al. Four episodes of Late Pall-African dikes ill southern Israel 77 

rare albite, ranges from 2 to 15 vol%. In the Fsp
rhyolite porphyry, quartz phenocrysts are absent and 
albite phenocrysts are more common. The matrix is 
microgranophyric, cryptocrystalline, and spherulitic. 
It consists mainly of quartz and alkali feldspar, and 
evenly scattered needles of opaque mineral (up to 
2-3 vol%). Mafic minerals (biotite and amphibole?) 
are completely replaced by hematite. Accessories are 
zircon and apatite. Alteration products include clay 
minerals, hematite, and carbonate. 

Trachydo/erite is a dark greenish gray, very fine
grained rock of microporphyritic texture. Phenocrysts 
amount from 3 to 5 vol%; their size is less than 
0.5 mm. Elongated prisms of plagioclase (AnSI _55) 

prevail. Also present are subhedral crystals of augite 
enriched in Mg and Ca. The matrix has typical dol
erite texture defined by dominant plagioclase laths 

. and rounded augite grains. Subordinate minerals are 
interstitial alkali feldspar with approximately equal 
amounts of Or and Ab components, and Fe-Ti oxide 
that is evenly distributed throughout the rock. Chlorite 
fills interstices between plagioclase laths. Apatite is a 
common accessory mineral. 

Suite 4. Trachydo/erite from suite 4 is very simi
lar in appearance to dolerite from suite 3. However, 
alteration is so significant that reliable reconstruc
tion of primary minerals is impossible. Only in one 
dike labradoritic plagioclase and augite are retained 
in phenocrysts; minerals of similar composition are 
found also in the matrix. Mostly magmatic minerals 
are completely transformed to albite, chlorite, epidote, 
and hematite. 

GEOCHEMISTRY 

The geochemical data set contains III analyses from 
the four successive dike suites. Of these, 24 samples 
were analyzed for rare earth elements (REE). Data for 
60 representative samples are given in Tables 2 and 3. 
All samples are plotted in the classification and varia
tion diagrams (Figs. 6-11). A full set of chemical data 
can be obtained from the authors by request via e-mail. 
A large part of the dike rocks, mostly from suites 2 and 
4, is heavily altered to the extent that some mobile ele
ments could be partially lost. Consequently the Nb/Y 
vs. (Zrrri0

2
)* 10-4 (Winchester and Floyd, 1977) based 

on less mobile elements is used for rock classification 
(Fig. 6). 

Suite 1. Microdiorite corresponds to andesite and 
lamprophyre to andesite and andesite/basalt in Fig. 6. 
Since both contain alkali-feldspar they are referred to 

as trachyandesite and basaltic trachyandesite, respec
tively. In the K,O vs. SiO., diagram (Fig. 7), composi
tions of both rock types straddle the medium-K and 
high-K fields of the calc-alkaline series. In many mi
crodiorite samples the value of Na20-2 is ~ K20; this 
points to their sodic character, according to the lUGS 
classification (Le Maitre, 1989). Microdiorite is high
AI (A1

2
0

3 
> 16 wt%) and its #Mg value is commonly 

<50, whereas in lamprophyre the AI20 J content ranges 
from 14.4 to 16.2 wt% and the #Mg value is >60 
(Table 2). Compared with microdiorite, lamprophyre 
is enriched in MgO and FeOT

, and contains less Si02, 

Sr, and Zr (Fig. 7). REE patterns (Fig. 8a) in rocks of 
this suite display mild LREE enrichment and relatively 
flat HREE pattern; LalYbN ratio is -II in microdiorite 
and -7 in lamprophyre. Negative Eu anomalies are 
actually absent (Table 3). 

Suite 2. Rock types of this suite form an almost 
continuous compositional sequence from andesite por
phyry through dacite porphyry to Fsp-rhyolite porphy
ry (Fig. 6). The K20 content is typical of calc-alkaline 
high-K rocks (Fig. 7). In the mafic varieties, Na20-2< 
K,O (Table 2), which is characteristic of latite in the 
lUGS classification. In the Fsp-rhyolite porphyry K

2
0 

dominates over Na
2
0 (Table 2). 

The variation diagrams relative to Si02 (Fig. 7) 
demonstrate negative correlation trends for CaO, Sr, 
Al.,O" MgO, FeO*. as well as for TiO., (not shown) 
whereas trends for Zr, and less clearly for K

2
0 and Rb 

are positive. Also positive and similar to Zr are trends 
for Nb and Y (not shown). REE patterns for mafic and 
silicic rocks are sub-parallel and show a clear tendency 
to increase of ~REE with Si0

2 
increase (Tables 2 and 

3; Fig. 8b). The LalYb
N 

ratio is about 3-10; the Eu/Eu* 
value ranges from 0.82 in mafic to 0.37 in silicic rocks; 
it is positively correlated with Sr and Ca (Fig. 8b). The 
demonstrated correlations of major and trace elements 
(Figs. 7,8) suggest that the evolution of the dike rock 
compositions was controlled mainly by fractionation 
of plagioclase, which is the dominant phenocryst both 
in andesite porphyry and dacite porphyry, and of small 
amounts of pyroxene and Fe-Ti oxides. 

Chemical compositions of dike-like rocks col
lected from boulder-size clastic fragments in the Elat 
conglomerate that overlies the dike suite 2 are given 
in Tables 2-3 and Fig. 7. Both mafic and felsic rocks 
from pebbles are chemically similar to corresponding 
rock types making up dikes of suite 2. This is true for 
most major and trace elements (Fig. 7). 

Suite 3. The dominant silicic dikes include quartz 
porphyry and subordinate Fsp-rhyolite porphyry. 



Table 2 ...... 
00 

Chemical composition of representative dike rocks, major (wt%) and selected trace elements (ppm) 

Rock MD-I MD-l MD-I MD-I MD-l MD-l Lmp-l Lmp-I Lmp-I Lmp-I Lmp-I And-2 And-2 And-2 And-2 
::;-
~ 

sample no. 62-6 31* 27 163 35-4* 173-a 25 165-2 20 10-1 20-4* 148* 150 36* 228-1 !:t 

Si0
2 

57.50 58.25 58.5 58.80 59.30 60.00 52.10 52.2 53.3 53.6 54.30 54.70 54.8 55.50 55.80 ~ ::: 
Ti0

2 
0.98 0.92 1.04 1.05 0.89 0.92 1.10 1.01 0.86 0.84 0.85 1.13 1.09 1.08 1.21 ~ e.. 

AI20 3 
19.15 18.50 16.9 18.00 17.40 16.2 16.20 14.45 15.6 16.2 16.00 16.90 17.5 17.20 16.00 ~ 

Fe20 3 
2.49 2.66 3.38 3.52 2.23 2.94 2.90 3.05 2.11 2.37 2.23 7.60 3.32 2.81 6.89 ~ 

FeO 3.11 3.11 3.43 2.94 3.43 3.01 5.74 4.58 5.84 5.58 5.66 0.13 3.35 3.67 0.73 ~ ;::.. 
MnO 0.09 0.08 0.09 0.09 0.11 0.1 0.13 0.12 0.12 0.12 0.13 0.10 0.1 0.12 0.10 ~ 
MgO 2.62 2.56 2.66 2.69 3.07 3.59 7.06 9.69 7.65 7.94 6.59 4.75 4.93 4.80 3.89 ~. 

:::: 
CaO 5.45 4.22 5.34 3.73 3.94 3.99 4.78 5.09 5.23 5.59 5.69 4.00 3.74 2.69 2.26 C") 

~ 
Na20 4.38 4.60 4.16 4.74 4.56 4.36 4.38 3.35 4.06 3.57 3.52 3.93 3.83 4.43 5.76 ~ 
K

2
0 2.08 2.16 1.93 2.62 2.62 2.65 1.75 1.28 2.02 1.66 2.07 2.45 2.66 3.06 2.77 :-

P
2
0

S 
0.29 0.30 0.28 0.33 0.26 0.26 0.28 0.34 0.22 0.21 0.24 0.32 0.31 0.30 0.30 ~ 

LOI 2.14 2.44 1.58 1.62 2.08 2.1 3.74 4.6 2.74 2.61 2.72 3.54 4.49 4.40 3.84 tv g 
Total 100.28 99.80 99.29 100.13 99.89 100.12 100.16 99.76 99.75 100.29 100.00 99.55 100.12 100.06 99.55 

0-

Rb 50 60 49 76 70 78 56 29 60 51 66 90 96 110 55 
Ba 750 840 670 960 1000 770 490 670 580 570 690 570 470 580 930 
Sr 730 700 690 650 630 580 360 550 410 540 520 460 450 390 200 
Zr 170 190 180 200 170 170 130 200 120 120 140 200 200 170 200 
Nb 10 8 8 11 6 8 9 8 4 4 5 11 11 10 8 
Y 24 18 22 20 16 20 26 17 19 17 21 26 22 22 25 
#Mg 46.6 45.3 42.3 44.0 50.2 53.1 60.1 70.2 63.8 64.8 60.5 54.9 58.1 58.0 50.0 
(Na.,O-2)-K,O 0.3 0.4 0.23 0.1 -0.1 -0.29 0.6 0.07 0.0 -0.09 -0.6 -0.5 -0.83 -0.6 1.0 

Abbreviations (numbers denote the dike suite): MD = microdiorite; Lmp = lamprophyre; And = andesite porphyry; Dac = dacite porphyry; RhP = rhyolite porphyry; 
Qtzp = quartz porphyry; D-mTi and D-hTi = trachydolerite moderate and high-Ti, respectively; FCong = clastic fragment in Elat conglomerate. 
#Mg = 100 MgO/(MgO+FeO*), mol% and (Na20-2)-K20, wt% were calculated in mafic rocks. 
REE and selected trace element contents for samples marked with asterisk are given in Table 3. 



Table 2 continued 

Rock Dac-2 Dac-2 Dac-2 Dac-2 Dac-2 Dac-2 Dac-2 Dac-2 Dac-2 RhP-2 RhP-2 RhP-2 RhP-2 RhP-2 
sample no. 227-1 170 168 244 153* 147* 159 154* 163-1 201 198-2 D-42* 227 148-1 

Si02 57.8 58.2 60.0 61.9 62.00 62.40 62.30 67.9 68.5 73.7 71.1 71.1 76.5 77.1 
Ti02 0.95 1.06 1.02 1.02 0.88 0.98 0.89 0.60 0.55 0.17 0.34 0.3 0.12 0.1 
Al20 3 15.6 17.9 16.45 15.2 15.65 14.70 15.80 14.85 15 13.85 12.85 13.7 11.3 11.3 
Fe20 3 5.87 2.72 5.06 5.93 4.52 5.01 5.06 3.63 3.23 0.69 2.6 3.31 1.9 1.77 
FeO 0.5 2.68 0.78 0.11 1.19 0.82 0.15 0.15 0.07 0.79 0.45 n.d. 0.08 
MnO 0.1 0.1 0.18 0.13 0.08 0.08 0.08 0.12 0.05 0.05 0.04 0.04 0.07 0.02 
MgO 3.73 2.94 2.1 1.82 2.08 1.46 2.07 0.80 0.66 0.31 0.44 0.4 0.14 0.1 
CaO 2.22 2 2.05 2 1.89 2.56 2.25 0.65 1.1 0.38 0.93 0.8 0.29 0.2 
Na20 5.29 5.55 5.53 5.45 5.34 5.11 5.49 5.21 5.24 4.51 3.78 4.1 3.33 3.61 
K20 3.56 3.47 3.56 3.64 3.47 3.58 3.20 4.30 4.21 4.72 5.69 4.7 5.33 4.89 
P20S 0.24 0.29 0.35 0.3 0.03 0.31 0.25 0.17 0.12 0.05 0.06 0.05 0.03 0.03 
LOI 3.61 2.83 2.78 2.46 2.45 2.58 2.40 1.12 1.3 0.74 1.57 0.42 0.22 :-.:: 

Total 99.47 99.74 99.86 99.96 99.58 99.59 99.94 99.50 100.03 99.96 99.85 98.49 99.4 99.39 
~ 
N ::;. 

Rb 115 97 97 100 97 90 80 98 110 110 140 130 185 175 ~ 

Ba 650 820 940 860 920 800 750 920 1000 960 550 770 90 90 ~ 
Sr 260 420 280 210 270 220 210 130 140 180 87 100 30 57 ~ 
Zr 280 290 270 290 310 280 350 430 160 490 630 580 

::: 
300 ., 

Nb 11 14 17 12 15 16 13 17 19 8 31 14 36 31 ~ 
1::;. 

Y 22 27 24 31 28 35 28 33 34 23 40 40 76 70 c 
f} 

#Mg ~ 

(Na.,O-2)-K.,O ~ 
~ 

Abbreviations (numbers denote the dike suite): MD = microdiorite; Lmp = lamprophyre; And = andesite porphyry; Dac = dacite porphyry; RhP = rhyolite porphyry; ~ 

QtzP = quartz porphyry; D-mTi and D-hTi = trachydolerite moderate and high-Ti, respectively; FCong = clastic fragment in Elat conglomerate. ~ 
HMg = 100 MgO/(MgO+FeO*), mol% and (Na20-2)-K

2
0, wt% were calculated in mafic rocks. 

:::s 

~ REE and selected trace element contents for samples marked with asterisk are given in Table 3. 2· 
:::s 
::: 
~ 
~ 

s· 
~ ::: 
:;. 
~ 

~ 
~ 
~ 
~ 

-...J 
\0 
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0 

Rock FCong FCong FCong FCong FCong FCong QtzP-3 QtzP-3 QtzP-3 QtzP-3 QtzP-3 QtzP-3 QtzP-3 QtzP-3 RhP-3 
sample no. 131* 131-6 131-3* 131-4 131-1 249 18* 155 66-3* 150-1* 157 128* 144-2* 239 35-6 ~ 

~ 
SiO~ 56.00 58.80 70.8 71.70 75.00 77.30 74.70 76.10 76.20 76.40 76.70 77.00 77.20 78.40 72.10 ~ 

TiO~ 1.30 0.95 0.3 0.16 0.09 0.06 0.14 0.14 0.13 0.13 0.15 0.10 0.10 0.10 0.20 ~ 
AI

2
0

3 
16.90 17.60 14.2 13.90 12.80 11.50 11.20 11.60 11.60 11.10 11.30 11.90 11.70 10.10 13.30 ~ 

Fe
2
0 3 

3.05 4.42 2.33 2.87 1.52 1.21 2.60 2.20 2.74 1.85 2.85 1.65 1.97 1.98 2.73 a. 
~ FeO 5.29 2.19 0.45 0.19 0.13 0.26 0.16 0.00 0.18 0.19 0.07 0.15 0.11 0.11 0.08 
~ MnO 0.13 0.09 0.05 0.04 0.03 0.03 <0.01 0.02 0.01 0.01 0.02 0.01 0.06 0.02 0.04 ., 

MgO 4.44 2.52 0.38 0.35 0.24 0.25 0.10 0.20 0.13 0.23 0.17 0.29 0.06 0.05 0.29 
So 
~ 

CaO 2.89 2.00 1.26 0.78 0.41 0.36 1.13 0.20 0.19 0.55 0.01 0.48 0.14 0.48 1.00 l"': 
~. 

N~O 3.60 5.86 4.19 4.06 3.30 2.96 3.72 3.89 3.00 3.46 2.72 3.90 3.41 2.58 5.41 
~ 
l"': 
~ 

K:P 3.58 2.88 5.06 5.00 5.57 5.69 3.88 4.17 5.40 5.00 5.48 4.08 4.92 5.35 3.80 
;.., 

P
2
0

S 
0.33 0.25 0.33 0.04 0.03 <0.05 0.02 0.04 <0.01 0.05 0.03 0.01 0.01 0.02 0.02 ~ 

LOT 2.06 2.64 1.05 0.88 0.41 0.39 2.12 1.00 0.82 0.82 0.74 0.56 0.39 0.43 1.08 ~ 
Total 99.57 100.20 100.4 100 100 100 99.77 100 100.40 99.79 100 100.13 100 100 100.03 

N 
g 
0\ 

Rb 81 77 140 125 160 170 135 105 194 170 190 140 150 180 88 
Ba 670 780 1080 980 810 660 50 210 150 180 180 70 190 200 800 
Sr 320 270 150 130 110 90 50 35 60 43 55 13 27 38 28 
Zr 200 170 400 400 125 105 590 490 590 630 570 600 590 560 380 
Nb 11 8 19 17 14 10 35 23 34 35 34 29 33 31 18 
Y 32 23 42 40 17 13 68 77 75 75 68 78 68 64 42 
#Mg 46.6 
(Na~O-2)-K20 -1.98 

Abbreviations (numbers denote the dike suite): MD = microdiorite; Lmp = lamprophyre; And = andesite porphyry; Dac = dacite porphyry; RhP = rhyolite porphyry; 
QtzP = quartz porphyry; D-mTi and D-hTi = trachydolerite moderate and high-Ti. respectively; FCong = clastic fragment in Elat conglomerate. 
#Mg = 100 MgO/(MgO+FeO*), mol% and (Na20-2)-K20, wt% were calculated in mafic rocks. 
REE and selected trace element contents for samples marked with asterisk are given in Table 3. 



Table 2 continued 

Rock RhP-3 RhP-3 RhP-3 RhP-3 D mTi-3 D mTi-3 D hTi-3 D hTi-3 D hTi-4 D hTi-4 D hTi-4 D hTi-4 D hTi-4 
sample no. 147-2* 156-1* 245 D-40 196-1* N-l* 198-1 D-2Iaa* 166* AM-3 AM-15* MR-6* MR-203 

SiO~ 73.30 70.20 77.6 76.3 50.80 52.80 49.30 50.47 45.80 49.00 46.60 47.50 47.30 
TiO~ 0.20 0.39 0.09 0.14 1.83 1.72 2.88 2.77 3.34 4.09 4.51 4.18 4.26 
Al20 3 12.95 14.55 11.1 11.5 15.30 14.70 14.70 14.75 13.15 14.00 13.80 14.20 14.40 

Fe:P3 2.47 2.74 2.17 2.58 3.44 4.82 6.57 11.56 11.60 12.11 13.31 14.91 13.91 

FeO 0.15 0.11 0.08 0.07 4.35 4.10 4.35 0.00 1.82 n.d n.d n.d n.d 
MnO 0.06 0.04 0.01 0.03 0.17 0.18 0.14 0.10 0.10 n.d n.d 0.19 0.16 
MgO 0.30 0.61 0.1 0.25 4.47 4.60 4.99 4.37 4.28 8.36 5.08 4.26 4.35 
CaO 0.38 0.44 0.3 0.44 6.28 6.00 4.30 3.20 6.44 2.39 8.14 7.22 7.55 
Na~O 5.11 5.19 4.5 4.00 3.79 3.27 3.83 3.32 3.68 2.54 3.07 3.29 3.28 
K/) 4.00 4.08 3.38 3.83 3.78 2.76 3.22 3.36 2.42 2.90 1.45 1.59 1.76 
p;!°S 0.05 0.10 <0.05 0.04 0.38 0.40 1.07 1.19 1.80 0.87 1.00 0.94 1.03 
LOI 0.50 1.08 0.27 0.64 5.44 4.65 5.02 5.05 5.32 3.59 3.26 1.33 1.91 :--:: 

Total 99.47 99.53 99.6 99.82 100.03 100.00 100.37 100.14 99.75 99.84 100.21 99.63 99.90 ~ 
tI ::;. 

Rb 84 96 88 89 86 65 73 102 61 54 30 29 33 ~ 

Ba 760 840 140 760 940 750 840 657 1000 559 536 607 613 ~ 
Sr 25 96 17 58 460 430 400 167 540 230 583 520 525 ~ 
Zr 390 360 440 350 210 220 280 318 260 345 297 321 335 ::; 

Nb 18 16 21 17 13 18 14 22 23 42 35 39 41 ~ 
~. 

y 37 31 50 35 28 26 45 48 50 39 44 44 44 c 
f} 

HMg 51.7 49.3 46.4 42.8 38.4 57.8 43.1 36.2 38.3 ~ 

(Na20-2)-K20 -2.0 -1.5 -1.4 -2.0 -n.7 -2.4 -n.4 -n.3 -n.5 ~ 
E;" 

Abbreviations (numbers denote the dike suite): MD = microdiorite; Lmp = lamprophyre; And = andesite porphyry; Dac = dacite porphyry: RhP = rhyolite porphyry: ~ 

QtzP = quartz porphyry; D-mTi and D-hTi = trachydolerite moderate and high-Ti, respectively; FCong = clastic fragment in Elat conglomerate. ~ 
HMg = 100 MgO/(MgO+FeO*), mol% and (Na:p-2)-K

2
0, wt% were calculated in mafic rocks. 

::: 

~ Agpaitic index: NK/A = (Na;!O+K:p)/AI20 3, mol%. 
Samples AM-3 and AM-15 from Kessel (1995); samples MR-6 and MR-203 from Mushkin et al. (2003). 

£. 
::: 

REE and selected trace element contents for samples marked with asterisk are given in Table 3. ~ 
rt 
~ 

S· 
~ c s:: 
;;. 
~ 

~ 
~ 
tl 
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00 -



Table 3 00 
N 

REE and selected trace element contents in representative dike rocks (ppm) 

Sample MD-l MD-l Lmp-I And-2 And-2 Dac-2 Dac-2 Dac-2 RhP-2 FCong FCong QtzP-3 QtzP-3 QtzP-3 ~ 
~ no. 31 35-4 20-4 148 36 153 147 154 D-42 131 131-3 18 66-3 150-1 ~ -

La 24.0 22.8 13.5 19.3 17.5 29.2 31.1 19.9 20.0 22.2 40.5 60.0 43.4 27.0 ~ s:: 
Ce 54.8 52.5 30.5 43.2 39.7 58.8 64.1 64.5 90.0 52.3 84.4 120.0 102.2 78.7 ;J 
Pr 6.7 6.5 3.8 5.3 4.9 7.1 8.1 5.6 6.1 6.2 10.3 14.0 12.2 8.6 ::. 
Nd 26.8 25.1 15.9 21.2 20.1 27.4 31.4 22.6 25.0 25.7 40.3 55.0 49.8 35.1 .a. 

~ Sm 5.1 4.9 3.3 4.3 4.1 5.4 6.1 5.1 6.0 5.4 7.8 11.5 11.6 8.7 ::t 
Eu 1.47 1.41 0.97 1.08 1.07 1.23 1.20 1.06 0.70 1.30 1.29 0.30 0.28 0.20 :::-

~ Gd 4.30 4.05 2.91 3.80 3.67 4.58 5.31 4.81 5.60 4.79 6.54 11.0 11.00 9.05 i\' 
Tb 0.60 0.59 0.43 0.56 0.55 0.67 0.78 0.77 1.00 0.72 1.02 1.90 1.93 1.55 

::: 
I") 

Dy 3.08 3.13 2.54 3.24 3.21 3.90 4.68 4.72 6.50 4.21 6.26 11.00 11.19 10.22 ~ 

Ho 0.58 0.59 0.55 0.71 0.68 0.85 1.02 1.04 1.30 0.92 1.39 2.30 2.33 2.23 ~ =-
Er 1.63 1.63 1.46 1.88 1.79 2.23 2.67 2.88 4.20 2.41 3.79 6.90 6.73 6.07 Va 

,!JI 
Tm 0.22 0.23 0.22 0.27 0.26 0.33 0.41 0.43 0.70 0.35 0.57 0.98 1.02 0.91 tv 

Vb 1.53 1.54 1.41 1.66 1.63 2.09 2.57 2.79 4.40 2.25 3.66 6.50 6.57 5.72 
c 
~ 

Lu 0.22 0.23 0.21 0.25 0.24 0.33 0.38 0.42 0.57 0.34 0.57 0.98 0.98 0.84 

mEE 131 125 78 107 99 144 160 137 172 129 208 302 261 195 
Eu/Eu* 0.96 0.97 0.96 0.82 0.84 0.76 0.64 0.66 0.37 0.78 0.55 0.08 0.08 0.07 
(La/Yb)N 11 II 7 8 8 10 9 5 3 7 7 7 5 3 

Hf 4.3 4.1 2.7 3.7 3.7 5.8 5.7 7.1 n.d. 4.3 9.6 14.0 14.4 13.2 
Ta 0.8 2.0 0.9 0.7 0.7 1.2 7.5 1.9 4.4 0.8 3.3 3.0 2.8 3.7 
Th 3.9 4.7 2.2 4.6 4.5 7.2 8.0 9.0 n.d. 5.4 11.4 17.3 17.7 15.2 
U 1.1 1.4 0.7 1.3 1.3 2.5 2.6 3.9 n.d. 1.7 3.7 4.7 5.7 5.0 
Ga 24 26 14 16 15 15 17 19 n.d. 18 12 21 19 16 
V 112 150 122 116 128 50 45 11 n.d. 182 17 45 54 20 
Cu 29 16 23 24 22 6 34 7 n.d. 20 36 7 10 5 
Pb 12 15 6 25 11 21 35 27 n.d. 9 5 13 65 27 
Zn 82 89 61 101 156 103 131 74 n.d. 114 31 37 37 59 
Sc 8 11 17 15 15 10 11 8 n.d. 20 9 n.d. n.d. 1 
Cs 2 8 2 7 5 2 2 n.d. 4 2 1 I 2 



Table 3 continued 

Sample QtzP-3 QtzP-3 RhP-3 RhP-3 D mTi-3 D mTi-3 D hTi-3 D hTi-4 D hTi-4 D hTi-4 
no. 128 144-2 147-2 156-1 196-1 N-l D-21aa 166 AM15 MR-6 

La 29.3 39.3 31.8 17.5 24.0 28.4 34.1 38.1 47.5 40.0 
Ce 69.4 89.2 87.7 66.2 52.0 57.9 81.9 90.6 117.0 91.0 
Pr 8.7 10.5 8.4 4.7 7.1 6.8 11.0 12.2 13.1 12.0 
Nd 34.9 41.0 32.0 19.5 30.0 27.7 50.0 55.3 60.8 52.0 
Sm 8.8 9.8 6.2 5.0 6.1 5.6 11.0 12.0 12.8 11.0 
Eu 0.14 0.18 0.82 0.87 1.50 1.58 3.19 5.94 3.72 3.50 
Gd 8.76 9.40 5.24 4.88 6.36 5.23 10.13 11.46 10.70 11.00 
Tb 1.53 1.63 0.83 0.84 0.80 0.81 1.53 1.60 1.44 1.50 
Dy 39.76 10.30 5.21 5.12 4.23 4.69 7.94 8.96 7.71 7.50 
Ho 2.18 2.31 1.17 1.13 0.80 0.94 1.50 1.82 1.43 1.40 
Er 6.01 6.32 3.18 3.01 2.35 2.60 3.95 4.34 3.62 3.80 
Tm 0.90 0.95 0.49 0.46 0.33 0.37 0.53 0.58 0.51 0.50 :--c: 

Yb 5.65 5.92 3.08 3.03 1.96 2.45 3.37 3.36 3.14 2.90 ~ 
Lu 0.83 0.90 0.49 0.47 0.29 0.37 0.48 0.48 0.45 0.40 N 

==i' 

l:REE 187 228 187 133 138 145 221 247 284 239 
~ 
s:::: 
:-

Eu/Eu* 0.05 0.06 0.44 0.54 0.74 0.89 0.92 1.55 0.97 0.97 
~ 

(LalYb)N 4 5 7 4 9 8 7 8 11 10 ::: 
'"'I 

Hf 13.2 13.7 7.7 7.8 5.2 4.7 6.8 5.6 n.d n.d ~ ::;-
Ta 3.6 7.4 1.9 2.2 1.2 0.6 1.5 1.6 n.d 3.0 Q 

~ 
Th 15.4 17.0 9.4 10.5 4.2 3.7 4.5 3.3 4.3 4.3 :,., 

U 4.1 5.6 3.5 3.5 1.2 0.8 1.5 2.0 0.9 1.3 ~ 

Ga 20 21 17 17 23 20 34 22 31 24 ~ 
V 2 5 5 5 206 165 161 184 198 276 ~ 

s:::: 
Cu 3 6 5 5 47 43 7 31 180 1I8 ;:: 

Pb 8 26 19 18 11 10 II 17 n.d 14 ~ 
Zn 55 35 56 66 97 104 348 140 337 175 ~ 

s:::: 

Sc I 8 7 n.d. n.d. n.d. 26 n.d n.d 
;:: 

S: 
Cs 2 4 2 2 1 n.d. n.d. ..... 

~ :,., 

Abbreviations as in Table 2. s· 
Sample AM-15 after Kessel, 1995; sample MR-6 from Mushkin et ai., 2003. 

:,., 
~ 
~ 

Eu* = (Sm*Gd)~. n.d. = concentration of element was not determined. :=-
~ 

~ 
~ 
~ 
!t 

00 w 



84 Israel Jourl/al of Ear/II Sciences Vol. 55. 2006 

o 
o 
o 
o 
~ 0.1 
6' 
~ 
N 
'-' 0.01 

J 

0.00 1 
0.01 

rI '" .. ~"" 
'" 

52 56 60 

100 

52 56 60 

20 

'h 
A 

" ... ~ 
" 

., . '" III 
A 

" 

Suite I 
6,microdiorite 
o lamprophyre 
Suite 2 

• andes ite porphyry 
I2l dacire porphyry 
D rhyolite porpbyry 
Suite J 

• trachydolerilc * quarrz porphyry 
+ rhyo lite po rphyry 
SI/ire -I 

<> dolerite 

Andes ite --01. 

A ndes ite/Basalt 

Subalkalinc Basalt 

0.1 NblY 

10 MgO 

.. 
6 • 

'" 

Sw/ei 
t:. IIlICtol.ho nh: 

• laIl1Jlrol)h~TC 
Sww] 

• :Ul<kSllc porphHY 
!a ,]ac;k I'.,rph~ !') . 
o Ihyoht.: porph ~ r~ 
III c l:Lsli ~ f r:J.gI1l<.'n lS III 

Ihe 1:131 congIQIll~r:\lc 

" " 76 
~~2-"-56~"-~60~~ .. ~"-~~c-,~GO,=:'~D~01~7nE6~ 

51' 

.. 

ef'" 
'" 

9r-r-r-",,-,-,-.-.-.-.-.-, 

• -. 

56 60 " 
Zr 

'00 

68 " 

o 

FeOT 

76 

o 
o 

ta ~9 0 

'" 

Fig. 6. Dike roc k composit ions plotted 
0 11 Ihe NbfY vs. I (Zrmo,)*o.OOO I J clas
si fication diag ram, after Winchester and 
Floyd ( 1977). 

K,O 

• 
J 

52 56 60 

52 56 60 " 
200 Rb 

160 

If/f.:/t·}":CIJl.'rlI'S 

68 72 76 

o 
~. 
J;;J 00 

• o. 

68 " 76 

• • 

'5~2-"-:56o-L-60=-"-~"C-L-"=-"-~7~2-L-=76~ 
5iO, 

Fig. 7. S ili ca va ri a ti on diagrams for dike rocks from suit es I and 2, In the K
2
0 vs. Si0

2 
diagram the boundary lines are afler 

Lc Mailre ( 1989) alld Ri ckwood ( 1989). 



Y. Kat:.ir et al. Four episodes of Late Pan-African dikes in southern Israel 85 

Smt~J 
AmiClodiorite 
• lamproph)Te 
Suite2 

1 • andesite Iphyry 

A 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

B 

La Ce Pr Nd 

5QO • andesite POrphYIY. J B daci!c porp~ 
Drhyolile~~ 

300 

100 D 

0.3 0.5 

ra 
ra 

EutEll* 

ra 

0.7 

_ Sr CaO I 

- - 1 3~ I ra _ i 

;t_D ___ .a
a 

_1 
0.9 0.3 0.5 0.7 0.9 

ElliEu· 
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and rhyolite porphyry from dike suite 2. Here and in the 
other figures, chondrite values are after Sun and McDonough 
(1989). 

Silicic rocks are alkaline (the agpaitic index NKIA 
is >0.9) and are referred to as typical A-type granite 
(Fig. 9). 

In silica variation diagrams both quartz porphyry 
and Fsp-rhyolite porphyry do not show clear trends, so 
that their mutual arrangement in the plots cannot be re
garded as evidence of magma differentiation (Fig. 10). 
Quartz porphyries form slightly elongated clusters 
in variation diagrams and a distinct field in the REE 
abundance patterns (Fig. 10). They are characterized 
by higher contents of K

2
0, Rb, Zr. Y. and REE, and 

lower contents of NazO and Ba relative to Fsp-rhyolite 
porphyry. An unusual chemical feature of Fsp-rhyolite 
porphyry is enhanced Ba, even though K

2
0 and Rb 

are lower and Na,O is higher than in quartz porphyry 
(Fig. 10). Quartz porphyry is richer in REE, and nega
tive Eu anomaly for this rock type is much more pro-
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Fig. 9. GaiAI vs. N~O + K20, Nb, Zr, and Y diagrams for 
silicic rocks from dike suite 3. Rectangles denote the fields 
of S-. 1-, and M-type granitoids; A = A-type granite (after 
Whalen et aI., 1987). 

nounced: Eu/Eu* values are 0.05--0.08 vs. 0.44--0.54 
(Fig. II, Table 3). This shows that the quartz porphyry 
magma was highly differentiated. Lower concentra
tion of REE in the Fsp-rhyolite may reflect lower 
abundance of accessory minerals, which is manifested 
in lower Zr and Y (Fig. 10). Although the Fsp-rhyolite 
from suite 3 is very similar to Fsp-rhyolite from suite 
2 in mineral composition and texture, this rock type 
can be readily distinguished by K20, Na20, and Rb 
contents, as shown in Fig. 10. 

Mafic members of the suite are trachydolerite 
and rare trachyandesite porphyry. Andesitic rocks 
frequently exhibit evidence of hybrid origin (magma 
mixing); their chemistry will be discussed elsewhere. 
On a K,O-SiO, plot the trachydolerite compositions 
are confined to -the fields of high-K calc-alkaline and 
shoshonitic series. Two subgroups of trachydolerites 
are distinguished by Ti0

2 
content, high-Ti and mod

erate-Ti with 2.8-2.9 and 1.7-1.8 wt% Ti0
2

, respec
tively (Table 2). Rocks of both subgroups are mostly 
low-AI (Al,O, = 14.7-15.6 wt%), with comparatively 
low MgO, from 4.3 to 5 wt%. They are similar in Si0

2 

content (49.3-52.8 wt%), as well as in Ba and Na20, 
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Fig. 10. Silica variation diagrams (A) and REE patterns (B) for silicic rocks from dike suite 3. 

whereas high-Ti trachydolerite is noticeably richer in 
P20S. Zr, Y, and FeOT and contains less Sr (Fig. IIA; 
Table 2). The REE patterns of both subgroups are 
gently dipping and almost parallel (Fig. lIB). High-Ti 
dolerite is richer in l:REE. 

Suite 4. In the central Elat area rocks of this 
suite are mostly heavily altered, so we used both 
our own data and published chemical analyses of 

trachydolerites from the adjacent Amram block (Kes
sel, 1995; Kessel et aI., 1998; Mushkin et aI., 2003). 
The chemical characterization of the trachydolerites 
from suite 4 should thus be regarded as preliminary. 
They differ from trachydolerites of suite 3 by higher 
Ti (3.3-4.5 wt%), FeO*, Zr, and Nb contents; REE 
patterns overlap almost entirely (Fig. 11). Commonly 
Eu anomalies are inconspicuous, however. a positive 
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Eu anomaly suggesting the presence of cumulate 
plagioclase crystals is revealed in one dolerite sample 
(Fig. 11, Table 3). 

DISCUSSION 

The sequence of dike suites established in the central 
Elat area is more or less comparable with the dike se
quence proposed by Stein, Navon, and Kessel (Kessel, 

1995; Stein et aI., 1997; Kessel et aI., 1998). However, 
the distinction is significant. We found that the calc
alkaline dike suite recognized by Stein and cowork
ers includes two successive calc-alkaline suites. The 
first one consists of amphibole-bearing microdiorite 
and lamprophyre, and the second suite incorporates 
mainly dacite porphyry with subordinate rhyolite 
porphyry and Cpx-bearing trachyandesite porphyry. 
We also found that the basic rocks of suites TH 1 and 
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Tablc4 
Average chemical composition of the mafic rocks from four successive dikc suites (Elat area) and from southern Sinai 

(wt% and ppm) 

Rock MD-I Lmp-I And-2 D mTi-3 D hTi-3 D mTi-4 D hTi-4 AmphD CpxD D 
(10,2)* (9. I) (6.2) (3,2) (3. I) 3 (3.3) (16. 16) (47.47) (5,5) 

Si01 58.90 53.52 55.03 51.07 49.09 48.27 47.24 57.16 48.41 47.74 
Ti0

2 0.95 0.90 1.10 1.90 2.82 2.13 4.08 1.4 3.06 2.78 
AI20 3 

17.59 15.80 17.09 15.20 14.68 15.33 13.91 16.29 13.67 14.74 
FC

2
0

3 
2.71 2.28 4.99 4.05 10.08 8.61 13.16 5.34 

FeO 3.26 5.43 2.01 4.79 4.35 1.67 1.82 7.56 14.62 7.64 
MnO 0.10 0.12 0.11 0.19 O.ll 0.04 0.15 0.13 0.2 0.20 
MgO 3.00 7.32 4.75 5.16 4.55 5.54 5.27 4.95 7.04 4.82 
CaO 4.50 5.10 2.83 6.45 4.50 5.86 6.35 7.19 7.67 6.95 
N~O 4.42 3.87 4.65 3.60 3.68 3.71 3.17 3.43 2.58 3.56 
K10 2.31 1.93 2.83 2.76 3.19 2.18 2.02 1.78 1.43 1.71 

PzOs 0.29 0.24 0.29 0.40 1.09 0.78 1.13 0.38 1.32 1.03 
LOI 1.93 3.27 4.13 4.54 5.04 4.70 3.08 3.14 

Total 99.93 99.77 99.81 100.11 98.60 98.83 99.87 100 100 99.65 

Rb 62 56 95 63 85 58 41 53 37 49 
Ba 875 612 623 750 729 924 663 504 838 872 
Sr 664 474 393 483 232 503 480 683 560 644 
Zr 178 140 186 210 293 273 325 143 288 291 
Nb 9 6 9 14 18 19 36 9 26 22 
Y 19 20 23 26 45 30 44 27 59 49 
Hf 4.2 2.7 3.7 4.9 6.8 5.6 7.5 
Ta 1.4 0.9 0.7 0.9 1.5 2.3 1.4 
Th 4.3 2.2 4.5 4.0 4.5 4.1 
La 23.4 13.5 18.4 26.2 34.1 41.9 22 41 40.2 
Ce 53.6 30.5 41.5 54.9 81.9 99.5 56 102 98.2 
Pr 6.6 3.8 5.1 7 II 12.5 11.4 
Nd 25.9 15.9 20.6 28.8 50 56.0 29 60 54.8 
Sm 5.0 3.3 4.2 5.9 11 11.9 13.6 
Eu 1.44 0.97 1.07 1.54 3.19 4.39 3.81 
Gd 4.18 2.91 3.73 5.80 10.13 11.05 10.64 
Tb 0.60 0.43 0.55 0.81 1.53 1.51 1.16 
Dy 3.11 2.54 3.22 4.46 7.94 8.06 9.56 
Ho 0.59 0.55 0.69 0.87 1.50 1.55 1.70 
Er 1.63 1.46 1.84 2.48 3.95 3.92 4.86 
Tm 0.23 0.22 0.26 0.35 0.53 0.53 
Yb 1.54 1.41 1.65 2.21 3.37 3.13 4.02 
Lu 0.23 0.21 0.24 0.33 0.48 0.44 0.56 

(Na2O-2)-K1O 0.1 -0.1 -0.2 -1.2 -1.5 -0.5 -0.9 -0.2 
LREE 128 78 103 141 219 256 255 
(LalYb)1S II 7 8 9 7 10 7 

Abbreviations. Elat area (numbers denote the dike suite): MD = microdiorite, Lmp = lamprophyre, And = andesite porphyry. 
D-mTi and D-hTi = trachydolerite moderate and high-Ti, respectively. SOll1hem Sinai: AmphD and CpxD = amphibole- and 
augite-bearing Neoproterozoic dikes from Wadi Feiran. Wadi EI-Sheikh, and Gebel Minadir areas (lacumin et al.. 1998); D = 
Pan-African dikes. generations L I and S2 from the Wadi Feiran area, (Friz-Topfer. 1991). (10, 2)* = number of analyses used 
for calculation of average compositions: the first figure for major elements and Rb. Ba, Sr. Zr. Nb, Y: the second figure for 
REE, Hf. Ta, and Th. 
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TH2 (Stein et al., 1997) are typical trachydolerites 
rather than tholeiites. Considering this correction, a 
significant part of the TH 1 suite can be correlated with 
our dike suite 3. 

Suite 4 is distinct from suite 3 by its younger rela
tive age and by being composed solely of mafic dikes. 
Suite 4 in Elat thus resembles other high-Ti02 dolerite 
dike swarms that constitute the youngest dike gen
eration throughout the northernmost Arabian-Nubian 
Shield (Friz-Topfer, 1991; Iacumin et al., 1998; Kessel 
et al., 1998; Beyth and Heimann, 1999; Essawy and 
EI-Metwally, 1999; Jarrar, 2001). The heavy alteration 
of suite 4 in Elat hampers reliable correlation by pe
trographic features and mobile element contents. The 
HFS element contents (Ti, Zr, and, particularly, Nb) 
of suite 4 trachydolerites are comparable to those of a 
spectacular NW-trending mafic dike swarm exposed in 
SW Sinai (Essawy and EI-Metwally, 1999). However, 
suite 4 is less enriched in HFSE relative to the Amram 
dolerites that constitute the AB suite (alkaline basalt, 
formerly termed TH2) of Kessel et al. (1998; Table 2) 
and to the youngest dolerites in southern Jordan (Jar
rar, 2001). Future age determinations may allow better 
distinction between different episodes of dolerite dike 
emplacement that forms the youngest magmatism in 
the crystalline basement of the ANS. 

Judging by the available geochronological data, the 
time span between the first and last dike episodes was 
prolonged. The U-Pb age of 605 ± 5 Ma for the Yeho
shafat granite that followed the first dike suite (Beeri, 
pers. comm.) and the 39 Ar/40 Ar age of 531 ± 4.6 Ma 
for the latest high-Ti dolerite dike in the Timna block 
(Beyth and Heiman, 1999) indicate that the formation 
of dike suites lasted for at least 70 My. This estimate 
is supported by Rb-Sr dating of Late Pan-African 
dikes in Sinai: the oldest age is about 590 Ma (Stern 
and Manton, 1987). The main dike episodes were di
vided in time by plutonic, volcanic, and sedimentation 
events (Table 1). In light of these data it is clear that 
dikes from different suites, despite their close asso
ciation in space, were produced from different magma 
sources rather than from a single magma chamber. 

In order to investigate the nature of magma sources 
and magma genesis, we focused on the mafic rocks 
from each dike suite, assuming that mafic magmas 
were derived from mantle sources. 

Sources of magmas 

Microdiorite and lamprophyre from suite 1 are me
dium- to high-K calc-alkaline rocks (Fig. 7). Pheno
crysts of hornblende occur in both rock types along 

with plagioclase in the microdiorite. According to 
experimental data, early crystallization of amphibole 
in the absence of plagioclase points to high water con
tent in the melt, about 4-6 wt% H

2
0 at a pressure of 

2 kbar (Anderson, 1980 and references therein; Baker 
and Eggler, 1983; Sisson and Grove, 1993). Liquidus 
crystallization of both hornblende and plagioclase oc
curs at lower water contents (s 3 wt% H

2
0, Sisson and 

Grove, 1993). These experimental constraints point to 
significant water enrichment of the lamprophyre and, 
to a lesser extent, diorite magmas. 

The chemical composition of microdiorite (average 
composition, see Table 4) is shown on a MORB-normal
ized multi-element diagram (Fig. 12A). Enrichment in 
LILE (K, Rb, Ba, Th) relative to HFSE (Ta, Nb, P, Zr, 
Ti. Y, REE), clear negative Nb anomaly and weak Ti 
trough are typical of calc-alkaline subduction-related 
rocks from orogenic belts. Its strong incompatible ele
ment enrichment and steep REE patterns (La/YbN = I I; 
Fig. 12B, Table 4) are comparable to high-K and me
dium-K ca1c-alkaline volcanic rocks that are abundant 
at active continental margins (Gill, 1981; G6mez-Tuena 
and Carrasco-Nunez, 2000). The multi-element and REE 
patterns (Fig. 12A, B) of microdiorite fit in well with the 
composition of basaltc;; from the classic Oligocene west
ern Oaxaca province (Mexico) formed in a subduction
related environment (Martiny et al., 2000). 

The position of lamprophyre in the MORB-nor
malized diagram is similar to that of microdiorite, but 
in comparison with typical calc-alkaline rocks they 
contain less LREE and MREE (Fig. ] 2B). The higher 
contents of MgO and FeO*, and lower Si0

2
, Sr, and Zr 

in the lamprophyre compared to microdiorite (Fig. 7) 
suggest that the lamprophyre melt can be considered 
as parental for microdiorite. However, this assump
tion is inconsistent with the similar contents of CaO, 
Ti02, K20, Rb, and HREE in the microdiorite and 
the lamprophyre (Table 4 and Figs. 7,8). In addition, 
such a model requires that the residual melt should be 
water-enriched compared to the parental magma, but 
the real situation is inverse. It is likely that although 
these rocks are related they are derived from slightly 
different sources. 

Andesite porphyry dikes of suite 2 represent the onset 
of a new dike episode following the Yehoshafat alkaline 
granite emplacement. It is characterized by lower Si0

2
, 

CaO, Ba, Sr, and LREE and higher MgO, TiO., and FeOT 

relative to the suite] microdiorite (Figs. 11, i2B; Table 
4). However, the pattern of andesite porphyry in the 
MORB-normalized diagram shows significant similari
ties to suite I microdiorite (Fig. 12A). The main mafic 
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Fig. 12. MORS· and chondritc-norm:tlizcd diagr:tms for basic rocks from thc four successive dikc suites (uvcragc composi. 
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mineml in the andesite porphyry is augite. which suggests 
that the magma was impoverished in H

1
0. It follows thai 

andesitic magmas from the first and second suites could 
have been derived from the same source: first melting of 
a wei mantle source that is rich in incompat ible elements 
followed by melt extraction from the already drier, less 
enriched source. 

Thus, the mafic magmas o f the first and second dike 
suites were similar to those formed in a subduction· re
lated setting. The negati ve spike in Nb and the trough 
in Ti cou ld be caused e ithe r by retenlion of Nb· and 
T i·bcaring phases in the solid residue (Ryerson and 
Walson, 1987; McCulloch and Gamble, 199 1; Maury 
e. aI. , 1992; lacumin et aI. , 1998), or by the effec. of 
slab·de ri ved fluid that defined zoning in mant le wedge 
(Ste in et aI. , 1997). According to the model devised 
by Stein and coworkers, Nb is enriched on ly in the 
lower zones of the col umn . The source region for calc
alkaline magmas was iocatcd in the zone above the Nb 
concentration front in the centra l part of the fossilized 

wedge. The timing of di ke injection of sui tes I and 2 
far post-dated acti ve subduc tion in the ANS. This sug· 
gests that the source region in the lithosphe ric mantle 
was only slightly modified afte r the fa nner subduc
tion even. Ihat had been completed more than 50 My 
before the tirst dike episode. A similar concl usion was 
drawn by other authors studying the Late Pan-Afri
can dikes in the Sinai Peninsula and Eastern Desert 
(Friz·T6pi'e r, 199 1; I"cumin et aI. , 1998 ; Abu· EI·Ela 
and Salem. 1999 ; Essawy and EI·Metwally, 1999: 
Moghazi. 2003). 

The high·Ti Lrachydolerite pauerns (suites 3 and 4) 
a re show ll ill MORB - and cho ndriLc- llo rmali zed 
diagrams (Fig. 12C,D). along with patterns of Parana 
Flood Basa lis and O IB used for comparison. Chemical 
characteris tics of trachydole rites from both dike suites 
arc rather similar and resemble those of alB. How
ever, a lmost total similarity is exhibited wilh Parana 
Flood Basalts. one of the most representative conli
nenlal fl ood basali provinces (Thompson e l aI. , 1983). 
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Although processes defining the typical chemistry of 
flood basalts are still a subject of debate (e.g., Light
food and Hawkesworth, 1988), all authors agree that 
their high-Ti and high-P abundances reflect derivation 
of basic magma from enriched mantle sources. Crustal 
contamination could not play an important role since 
the contents of Ti and P in crustal rocks are low (Rud
nick and Fountain, 1995). It follows that K and Rb, as 
wel1 as REE and other HFSE enrichments in dolerites 
(Tables 2 and 3), stemmed from an asthenospheric 
component, as suggested for giant Late Pan-African 
dike swarms from the Adrar des Iforas, Mali (Liegeois 
and Black, 1987). The asthenospheric effect could be 
combined with melting of the metasomatized mantle 
wedge (Stein et at, 1997). 

The occurrence of Late Pan-African dike swarms is 
not limited to southern Israel. Similar dikes are abun
dant throughout the Sinai Peninsula and eastern desert 
of Egypt. Although the chronological sequence of dike 
episodes is not always sufficiently clear, the similar
ity in chemistry and petrography with dikes from the 
central Elat area allows one to compare their patterns 
in multi-element diagrams. In Fig. 12 compositions 
of amphibole-bearing andesite and basaltic andesite, 
pyroxene-bearing basalt, and basaltic trachyandesite 
(lacumin et al., 1998), and high-Ti dolerite (Friz-Tap
fer, 1991) from southern Sinai are shown. The average 
compositions of these rocks are given in Table 4 (for 
calculation of the average composition of the high-Ti 
dolerite we chose samples with Eu/Eu* sl and SiO., 
ranging from 45 to 51 wt%). Almost entire overlap 
of dike rock compositions from southern Israel and 
southern Sinai is observed. This suggests that data on 
sequence, composition, petrography, and chemistry of 
dike swarms obtained in southern Israel are appropri
ate for Late Pan-African dikes of the Sinai Peninsula 
and adjacent areas. 

CONCLUSIONS 

1. In the central Elat area four successive Late Pan
African dike episodes are recognized. The dike 
episodes alternated with plutonic, volcanic, and 
sedimentary events, and formation of dikes lasted 
over a long period of about 70 My, from -600 Ma 
to 530 Ma. 

2. There is no correlation between the strike of the 
dikes and their age. This suggests that the stress 
field that controlled the dike swarm trends existed 
(or appeared) stil1 at the earliest dike stage and did 
not markedly change during the whole period of 
dike formation. 

3. Dike rock compositions systematically changed 
over time from calc-alkaline medium-K to high-K 
and shoshonitic series. 

4. Although Late Pan-African dikes are postorogenic, 
generation of magmas during the formation of 
the first two suites occurred from mantle sources, 
which are characteristic of a subduction-related 
environment at an active continental margin. 
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