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Geochemistry and petrogenesis of a late Proterozovic volcanic sequence at Gebriel area, South Eastern Desert, Egypt

ABSTRACT

Metabasalts and meta-andesites together with small
amounts of metadacite constitute the Magal Gebriel volanic
suite. Restricted amounts of unmetamorphosed rhyolitic
rocks are also present. The metavolcanics show a wide range
of Mg numbers (0.38 — 0.71), and are enriched in LILE and
LREE. The rhyolitic rocks are very rich in SiO: (72.0-76.6
wt.%), low in TiO:, Sc, V and high in LILE and LREE. The
geochemical trends defined by the basaltic to dacitic volcanic
rocks suggest fractional crystallization from a basaltic liquid
by removal of pyroxene, plagioclase and opaque minerals.

The Magal Gebriel metavolcanics (MGM) posses the geo-
chemical characteristics of an island arc tectonic setting while
those of the rhyolitic rocks f)osses that of within-plate tecton-
ic setting. The nearly flat HREE patterns of the studied
metavolcanic rocks {(Gd/Yb)n= 1.2-1.5} suggest that they
originated from a garnet-free peridotite source. The parent
magma may represent low-degree (5 - 8%) partial melts of a
depleted mantle. Fractional crystallization of the primitive
magma yielded the different volcanic rocks of Magal Gebriel
volcanic suit. The enrichment of the subarc mantle in the sub-
duction-derived component in Magal Gebriel area was mod-
elled. The calculated concentrations of some mobile elements
are generally lower than those estimated for other island arcs
in western Pacific and Mexico but with a similar order of
enrichment: Ba >Rb >K > La > Sr> Ce.

The rhyolitic rocks have REE patterns that are nearly par-
allel to those of the metavolcanic rocks suggesting similar
parental magmas. However, the rhyolitic mother magma must
have subjected to severe differentiation and extraction of large
amount of plagioclase as indicated by the strong negative Eu

anomalies and low Sr contents.

INTRODUCTION

Volcanic and volcaniclastic rocks cover vast areas in the
Egyptian Eastern Desert and constitute important rock units,
viz. the metavolcanics and Dokhan volcanics, within the
Precambrian Shield. The metavolcanics are widely distributed
in the central and southern parts of the Eastern Desert form-
ing extensive outcrops, which may attain a thickness of sev-
eral kilometers. They occupy about 12% of the total basement
in the Eastern Desert of Egypt (Stern, 1). The metavolcanic
rocks in the Central Eastern Desert are subdivided by Stern

[2] into old metavolcanics (OMV) and young metavolcanics

(YMV). The old metavolcanics pertain to the ophiolites and
are composed predominantly of pillowed metabasalts. They
are commonly spilitized and slightly metamorphosed, usually
in the lower greenschist facies. In contrast, the young
metavolcanics are represented mainly by andesitic flows, but
mafic and more felsic volcanics together with volcaniclastic
breccias and tuffs are also common. Stern [2] mentioned that
the YMV were formed in an island arc and were subjected to
regional metamorphism at least in the greenschist facies and
rarely may reach the amphibolite facies. The Dokhan vol-
canics are of limited distribution and cover about 2.5% of the
total basement rocks in the Eastern Desert of Egypt (Stern, 1).
They are mostly located north of latitude 26( N. These rocks
are unmetamorphosed and include acidic, intermediate vol-
canics and equivalent pyroclastics; welded tuffs and ign-
imbrites are also common (El-Gaby et al., 3). Rb-Sr whole
rock ages of the Dokhan volcanics range between 639 and
581 Ma (Dixon, 4; Stern and Hedge, 5). El-Gaby et al. [6]
believe that the Dokhan volcanics represent the surface man-
ifestation of the synlate-tectonic, calc-alkaline granites.

In this paper we discuss the petrogenesis and tectonic
evolution of a suite of metavolcanic rocks pertaining to the
younger metavolcanics and ranging in composition from
basalt to dacite, with help of petrographic and geochemical
data. The petrogenesis of younger rhyolitic rocks with an age
slightly higher than that of the Dokhan volcanics and crop out

in the southeastern corner of the study area is also discussed.

GEOLOGICAL SETTING

Magal Gebriel area lies at the southern part of Eastern
Desert Egypt, about 170km Southeast of Aswan city (Fig. 1).
The area is covered mainly by igneous and metamorphic
rocks belonging to the Precambrian Basement Complex. The
rocks in this area comprise a low grade metamorphosed vol-
cano-sedimentary succession intruded by granitoid rocks (old
and young granitoids). The metasediments are the oldest rock
units in Megal Gebriel district and crop out mainly as isolat-
ed masses in the southern and western parts of the study area.
They form low to moderate exposures of greyish and blackish
green colours and are invaded by different rock types includ-
ing the metavolcanics and granites. The metasediments com-
prise intercalated biotie schist, chlorite schist, quartzofelds-

pathic schist and tremolite-bearing marble and have a general
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Geochemistry and petrogenesis of a late Proterozovic volcanic sequence at Gebriel area, South Eastern Desert, Egypt

direction of foliation trending NW-SE. The metavolcanics
crop out in the central and eastern parts of the study area
forming low to moderate relief ridges. They are intruded by
granitic rocks commonly along sharp and irregular intrusive
contacts. Metabasalt and meta-andesite are the most common
rock types of the Megal Gebriel volcanic rocks that pertain to
the younger metavolcanics, however, few metadacites are also
present.

Different granitic rocks are observed in the study arga
including coarse-grained, pale pink granite, medium-grainéd
granite and alkali feldspar granite. The coarse-grained granite
is restricted to the northemn part of the study area and may be
correlated with the synorogenic subduction-related, I-type
older granites (G1) according tot he classification of Hussein
et al. [8]. They are invaded by the medium-grained granite,
which corresponds to the younger graintes (G2) of Hussein et
al. [8]. The medium-grained granites form moderate to high
lying outcrops in the north central parts of the study area.
They have sharp intrusive contacts against the metavolcanics
and coarse-grained granites. The alkali feldspar granitic rocks
are mainly located in the eastern part of the study area. They
are intruded in the metavolcanics along sharp intrusive con-
tacts. The are arranged in NNW-SSE direction, which is near-
ly concordant with the major foliation of the metasediments.
The alkali feldspar granitic rocks may be correlated with the
crustal intraplate granites (G3) of Hussein et al. [8].

Restricted amounts of rhyolite and rhyolite porphyry
form another member of Magal Gebriel vﬁléénic suite. These
thyolite rocks (654-665 Ma, El-Shazly et al, 9) form the main
outcrop of Gebel Abu Swayel that intrude the metavolcanics
and metasediments as large extrusive in the southeastern part
of the study area. The given age of the rhyolites is somewhat
higher than that of the unmetamorphosed Dokhan volcanics.

The Megal Gebriel area is dissected by a series of faults;
the most common trends are NE-SW, NW-SE, ENE-WSW,
NNE-SSW and E-W.

PETROGRAPHY

The metabasalts range in texture from aphyric to por-
phyritic with small phqnoci'ysts of plagioclase and clinophy-
roxene in a ﬁne-graineii matrix. Ophitic texture is also com-
mon and well preserved. The clinopyroxenes are represented
by augite that is pérﬁaiiy or completely altered to actinolite,

tremolite and chlorite. The plagoiclase crystals (Ans«) are

highly sericitized. The metandesites are genrally porphyritic
and contain phenocrysts of plagioclase (An«s2) and amphi-
bole enclosed in a fine-grained groundmass of plagioclase
and amphibole with accessory quartz. The plagioclase
feldspar phenocrysts as well as those of the groundmass are
highly sericitized, while the amphibole is altered to chlorite
and epidote. Fe-Ti oxides are common in the groundmass of
the metabasalt and metandesite forming up to 8 vol.% in
some rocks. The metabasalts and meta-andesites are the most
predominant rock types in Megal Gebriel area . There is a glia-
dation between them forming metabasaltic andesites. The
metadacites cover small outcrops of the study area. They are
composed mainly of small phenocrysts of plagioclase and
quartz in a very fine-grained groundmass of the same con-

stituents. This rock type is very poor in ferromagnesian min-

_ erals that are completely altered when present. The metavol-
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canic rocks of the study area have a mineral assemblage indi-
cating low to moderate degree of regional metamorphism cor-
responding to the greenschist and low amphibolite facies.
The rhyolites are fine-to medium-grained unmetamor-
phosed rocks with a characteristic pale pink colour. They are
composed mainly of K-feldspar, quartz and sodic plagioclase
as well as small flakes of muscovite and biotite. The feldspars
are commonly fresh but few crystals are slightly altered to
sericite. The rock is very poor in ferromagnesian minerals.
Fe-Ti oxides and zircon are the main accessories. The
spherulitic intergrowth between K-feldspar and quartz is
characteristic. Some porphyritic varieties are occasionally
observed particularly at the margin of the mass, they contain
phenocrysts mainly of K-feldspar and quartz. The matrix
includes microcrystalline plagioclase, K-feldspar, Fe-Ti

oxides, muscovite and biotite.

GEOCHEMISTRY

Major and trace element analyses of 28 samples were
performed by the X-ray fluorescence (XRF) method using a
fully automated Philips 24000 Spectrometer. Rare earth ele-
ments (REE) were analyzed by ICP-MS, after ion-exchange
separation. The analyses were carried out at the Mineralogical
Institute of Cologne University, Germany. Accuracies, as
determined by replicate analyses, are stimated at better than
1% for SiO:, AL:O;, Fe:0s, and CaO and from 1-3% for the
other oxides. On the other hand, trace element errors are gen-

erally less than 10%. The analystical results are given in
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Tablel. The composition range of Magal Gebriel metavol-
canics (metabasalt, metabasaltic andesite, metandesite and
metadacite) is demonstrated using the SiO: versus Zr/TiO:»
and Zr/TiO: versus Nb/Y diagrams (Winchester and Floyd,
10: figures are not shown). The metavolcanics show a wide
range of Mg number (0.38 — 0.71) and are quartz, diopside
and hypersthene normative. They are enriched in the large ion
lithophile elements (LILE) and light rare earth elements
(LREE). The thyolitic rocks are rich in SiO: (72 — 76.6 wt.%)
and are characterized by low TiO:, Sc, V and high LILE and
LREE.

- A major problem in the study of metavolcanic sequences
is the possible effects of metamorphism, which may change
the original chemical composition. The effects of alkaline
metasomatism on the mafic magmatic rocks can be illustrat-
ed using the (K:0+Na:0) vs. 100*K-0/(K:0+Na:0) diagram
(Hughes, 11). It is clear from this diagram (Fig. 2) that most
of the studied samples are located in the filed of “igneous
spectrum”, few samples seem to have signs of crustal con-

taimnation with potassium enrichment trend. On the other

hand, two andestic samples show a slight trend toward Na:O
enrichment that might suggest the effect of marine water on
these rocks. All the samples plot in the field of unaltered rocks
on the ternary diagram CaO/ALOs; — MgO/10 — SiO-/10 (Fig.
3) after Davis et al. [12]. However, the petrogenesis and tec-
tonic setting of the studied rocks are interpreted mainly using
the immobile trace elements and REE. The samples that were
chosen for geochemical analyses werr examined petrographi-
cally for evidences of significant alteration, metasomatism,
mineral disequalibrium, and unusual mineral assemblages. It

“1”

is worthy to mention that sample no. possesses unusual
enrichment in TiO:, Y and Nb, it has also high total iron con-
tent resulting in a low Mg # (Table 1). This sample is not rep-
resentative of the suite and is excluded from any petrogenetic
interpretation.

The Megal Gebriel metavolcanics (MGM) are sub-alka-
line in nature in terms of (Na:0 + Kz0)-versus SiO: classifica-
tion (Irvine and baragar, 13). They show a transitional tholei-
itic/calc-alkaline affinity on the AFM diagram (Fig. 4; Irvine
and Baragar, 13). The MGM fall in the fields of volcanic arc
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basalt (Vab) and island arc tholeiite (IAT) on the Nb-Zr-Y
(Meschede, 14) and the TiO2 — MnO — p20s (Mullen, 15) dis-
crimination diagrams (Figs. 5 and 6). In contrast, the rhyolitic
rocks fall mainly within the domain of within-plate granite on
the Nb-Y and Rb-Y+Nb (Pearce et al., 16) variation diagrams
(Fig.7). All the studied metavolcanics show prominent enrich-
ment of the LILE (K, Rb, Ba and Th) an depletion in HFSE
(Zr, Y and Yb) on the MORB-normalized spider diagram
(Figs. 8A & B). The enrichment of LILE relative to HFSE is
considered to be one of the most critical evidences of volcanic
arc magmatism. All the normalized patterns have a marked
trough in Nb and most of them show negative P and Ti anom-
alies that support the island arc tectonic setting of the MGM.
Most of the elements used in the normalized plot, except for
St, Ba and possibly Ti, are incompatible and hence the shape
of the patterns does not depend on the degree of partial melt-
ing or fractional crystallization that the rocks have experienced
(Pearce, 17). These processes affect only the absolute concen-
trations of the incompatible elements. The patterns of both the
basic and more evolved varieties of MGM are similar and
show the same general features, namely enrichment in LILE
and depletion in HFSE. Enrichment in LILE above normal
MORB values has been attributed to the transport of these ele-
ments by hydrous fluids resulted from the subducting slab
(Saunders and Tarney, 18). Sample from the MGM show REE
contents that increase from metabasalt through metandesite to
metadacite, while the negative Eu anomalies become progres-
sively more pronounced from metabasalt to metadacite
(EwEu* = 0.70 — 0.54). The REE patterns (Fig.9) show vari-
able LREE enrichment with (La/Sm)~ ratios ranging from 2.11
to 2.76 and (La/Yb) ratios from 3.12 to 4.25. The rhyolites
display more fractionated REE patterns {(La/Yb)x= 4.7, on
average} and are characterized by strong negative Eu anom-
alies (EwEu* = 0.15, on average). The REE patterns of the
metavolcanics and rhyolites have nearly flat and unfractionat-
ed HREE where the (Gd/Yb)n ratio varies between 1.2 and 1.5
for the different rock types of the metavolcanics and has an
average of 1.01 for the rhyolites. The increase of (La/Yb)~
ratio from 3.12 in the metabasalt to 4.25 in the metadacite sug-
gests clinopyroxene fractionation because the removal of
clinopyrozene would enrich the remaining melt in LREE more
than in HREE (Arth, 19).

DISCUSSION

The most primitive rocks of the metavolcanics in Megal

Gebriel area have a basaltic composition, while dacites repre-
sent the more evolved rocks. The broad geochemical trends
that are defined by these rocks suggest increasing degree of
differentiation. At low values of SiO;, the relatively undiffer-
entiated rocks have high MgO, CaO, MnO, TiO., Sr, V and Sc
and low imcompatible trace element abundances. At high val-
ues of SiQO:, the more differentiated rocks have lower abun-

dances of the above-mentioned elements, and higher incom-
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Fig. 3 : K:O+Na:0 vs K:0*100/(K:0+Na:0) variation
diagram, (after Hughes, 11). Symbols as in Fig. 2.
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Fig. 4 : The Mgo/10-Ca0/Al:0:-Si0:/100 ternary plot of
the Magal Gebriel volcanic rocks, (after Davis et al., 12).
Symbols as in Fig. 2.
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patible trace element concentrations. The increasing degree of
differentiation is also reflected in the REE patterns, changing
from less fractionated patters with small negative Eu anom-
alies in the metabasalt to more fractionated patters with more
pronounced negative Eu anomalies in the metadacite. REE
concentrations increase from metabasalt to metadacite
accompanied by a general increase in (La/Sm)~ ration. The
observed variations suggest franctional crystallization of
pyroxene, plagioclase and opaque minerals from a basaltic
liquid.

The Magal Gebriel rocks have a composition similar to
that found in modern island-arc basalt (IAB) as indicated by
their elevated LILE, depleted Nb, Ti, P and HFSE. The plot-
ting of the metavolcanics on the various discrimination dia-
grams confirms the island-arc tectonic setting of these rocks.
The metavolcanics have an affinity transitional from tholeiitic
and calc alkaline suites, which may be interpreted as repre-
senting immature/mature island-arc tectonic setting. The
metavolcanic rocks of Megal Gebriel area contain some prim-
itive varieties of basaltic composition (Samples no. 2,3,5 and
6), which have whole rock MgO (7.6-9.3 wt %), Mg # (0.63
—0.71) and Ni (147 — 286 ppm) that are close to those expect-
ed of mantle peridotite partial melts. In contrast, most of the
compositional range of MGM does not represent true mantle
melts but has undergone different degrees of franctionation.
The primitive varieties provide valuable probes for assessing
the composition and generation of MGM parental magma.

The chemical characteristics of the most primitive rocks
from MGM suggest generation from a mantle source region
that is enriched in LILE and LREE relative to the HFSE. This
pattern is common for arc basalts wordwide (Pearce and
Peate, 20). The most primitive rocks from MGM have low
concentrations of the high field strength elements Ti (4736 —
4916 ppm), Zr (77 — 85 ppm) and Nb (1 — 2 ppm) indicating
that their magma was derived from a source mantle that expe-
rienced a previous melt extraction event. This is mainly
because partial melting and melt extraction leaves a residual
mantle depleted in the HFSE, a hypothesis that is commonly
observed insubduction-related magmas (Pearce and Peate,
20). This mantle source is supposed to be located in the con-
vecting ashtenosphere mantle wedge above the subducting
slab (Davis and Stevenson, 21). The relative enrichment of
LILE and LREE compared with HFSE has been also inter-

preted by many workers as the result of metasomatism of the

mantle wedge by hydrous fluids driven off the subducted
oceanic slab (e.g. McCulloch and Gamble, 22). The depletion
of mantle peridotites as a result of partial melting followed
later by enrichment in LILE and LREE has been proved in

studies of peridotite nodules in basalts and alpine ultramafics
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Calc-alkaline
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Fig. 5 : The AFM ternary plot for the Magal Gebriel
volcanic rocks, (after Irvine and Bargar, 13).
Symbols as in Fig. 2.

Nb*2

Zr/4 Y

Fig. 6 : The Nb-Zr-Y discrimination diagram (after
Meschede, 14) for the MGM. AIL: within-plate alkali
basalts, AII: within-plate alkali basalts and within-plate
tholeiites, B: E-type MORB, C: within-plate tholeiites
and volcanic-arc basalts, D: N-type MORB and volcanic-
arc basalts. Symbols as in Fig. 2.
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(Frey and Prinz, 23; Frey et al., 24). This has also been
demonstrated by the metasomatized mantle xenoliths from
suprasubduction zone regions (Maury et al., 25). The mantle
wedge is considered to be the major locus of magma genera-
tion in subduction zones but there is a controversial question
as to whether it has MORB-like characteristics (e.g. Perfit et
al., 26) or oceanic island basalt characteristics (e.g. Saunders
et al,, 27). This leads to difficulties in assessing the sources
and processes responsible for the genesis of island arc basalts.
Constraints on the composition and characteristics of the
mantle source and extent of partial melting: '

The REE patterns of oceanic island arcs are similar at
geographically diverse locations suggesting that the sources
and the processes of producing their magmas are not at ran-
dom (Arth, 19). A uniformity of both source mineralogy and
the process by which “least fractionated” magmas are gener-
ated may be implied. The chondrite-normalized REE patterns
of the studied metavolcanic rocks have nearly flat HREE pat-
terns {(Gd/Yb)n= 1.2 — 1.5} suggesting that they originated
from a garnet-free peridotite source. The mother magma may
représent partial melts of shallow (< 75 km) spinel-bearing
mantle (cf. Menzies and Chazot, 28). Melting of this mantle
source would produce the most primitive basaltic magmas in
magal Gebriel area. Successive fractional crystallization of
yiclded the

tholeiitic/calc-alkaline varieties of Magal Gebriel volcanics.

these primitive magmas voluminous

In order to put constraints on the composition of mantle
source region in which the parental magma of the MGM was
generated, it is useful to compare the compositional data of
the most primitive rocks with partial melting models of dif-

ferent endmember mantle reservoirs (Fig. 10). Non-model

TiO;

MnO*10

Fig. 7 : The TiO~-MnO-P:0s discrimination diagram
(after Mullen, 15) for the MGM. OIT: ocean-sland
tholeiite or semount tholeiite, MORB: mid-oceanic ridge
basalt, IAT: island-arc tholeiite, CAB: island-arc calc-
alkaline basalt, OIA: ocean-island alkali basalt or
seamount alkali basalt. Symbols as in Fig. 2.
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Fig. 8A & B : Discrimination diagrams of (A) Nb vs Y and (B) Rb vs (Y+Nb) for the Magal Gebriel rhyolitic rocks.
WPG: within-plate granitoids, VAG: volcanic-arc granitoids, sys-COLG: syn-collision granitoids, ORG: ocean-ridge
granitoids, (after Pearce et at., 16). Symbols as in Fig. 2. .
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total equilibrium melting was assumed in which the melt is
continually reacting and reequilibrating with the residual melt
until they are seperated. The equation of Shaw [29] has been
used in the calculations. Partial melting of garnet-lherzolite
produces REE patterns of lower HREE and higher LREE than
the REE patterns of the most primitive varieties in MGM
(Fig.11A). Similarly, the calculations show that partial melt-
ing of a gamet-bearing primitive mantle yields lower HREE
patterns when the degree of melting ranges from 5 to 20%
(Fig. 11B). The spinel-bearing primitive mantle source pro-
vides flat to gently dipping REE patterns, which are clearly
different from the patterns of the most primitive varieties in
MGM (Fig. 11D). In contrast, moderate degree of partial
melting (15-20%) of aspinel-iherzolite source yields REE
patterns that thave HREE abundances similar to the most
primitive varieties in MGM in addition to lower LREE abun-
dances (Fig. 11C). The latter model represents the best fit that
can be obtained from the different mantle sources with regard
to the distribution of HREE. However, this model yields very
low abundances of LREE compared with those of the most
primitive varieties in MGM, which cannot be interpreted only
by the metasomatic effects and dehydration of the subducted
slab that causes enrichment in the relatively mobile LREE.

Experimental data indicate that there is little or no enrich-
ment of HFSE related to subduction processes, i.e. the HFSE
are derived mainly from the mantle wedge (Stolper and
Newman, 32; Brenan et al., 33; Pearce and Peate, 20). Thus,
the internal consistency of HFSE ratios in the primitive rocks
from MGM can be used to place constraints on the composi-
tion and extent of batch melting required to generate the prim-
itive magma in Magal Gebriel area. Concentrations of Nb and
Zr from the primitive rocks and some varieties of basaltic and
andestic composition scatter about the values predicted for
melting of a depleted mantle source and away from those pre-
dicted for melting of an enriched mantle source (Fig. 12).
However, the abundances of Nb and Zr in the more differen-
tiated rocks are greater than would be expected for direct
melting of a mantle source. The estimated degrees of batch
partial melting for the most primitive samples in MGM vary
from 5 to 8% of the depleted mantle source (Fig. 12).
Compositional constraints of the subduction-derived com-
ponent:

The enrichment of the subarc mantle for the MGM can be

modeled using a procedure similar to that described by

McCulloch and Gamble [22] in their study of Pacific rim
island arc basalts. The concentration of an element in the
depleted mantle wedge source region following enrichment
by a slab-derived fluid component is given by the following

mass balance equation:
Cuwi = Cami (I-f5) + Crue 0 (£5) )

where Cwi is the concentration of element (I) in the wedge
after it has been enriched, Cami is the concentration of element
(D) in the depleted mantle wedge before the slab input, Criao
is the concentration of element (D) in the slab-derived compo-
nent, and fs is the fractional mass derived from the slab. We
have calculated the mantle source composition (Cui) for K20,
Rb, Sr, Ba, La and Ce using the batch melting equation
(Shaw, 29); the average extent of melting was derived from Zr
and Nb data (Fig. 12). The values of the depleted mantle
wedge (Cumi) are obtained from Michael [34]. The absolute
concentration of an element in the slab-derived component
“Cnisy” depends on the utilized model and f;, and hence it is
essentially arbitary, byt the ratios between the different ele-
ments are not (Stolper and Newman, 32). If the concentration
of an element in the fluid is know or assumed, then the conc-
netrations of the other elements can be calculated using the

following equation Michael, 34):
Cruigey Cuiap = (Coi-Comi)/(Cos — Cam) 3}

where (I) and (j) denote different elements and the other sym-
bols are the same as defined in equation (1). We have assumed
that the concentration of Ba in the slab-derived fluid compo-
nent in is identical (1371 ppm, cf. Wallance and Carmichael,
35) to that calculated by Stolper and Newman [32] in their
study of the subduction-related component in the Marianas.
The calculated concentrations of the different elements in
the subduction-derived component (Table 2) are generally
lower than those estimated for western Pacific island arcs
(McCulloch and Gamble, 22; Stolper and Newman, 32) and
for the subduction-derived component in Mexico (Wallace
and Carmichael, 35). However, the estimated concentrations
of K20, Rb, Sr, Ba, La and Ce in the subduction-derived
component relative to their concentrations in the depleted
mantle (Table 2) are in the order Ba>Rb >K >La> Sr> Ce,

similar to the order of enrichments deduced for arcs in the
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Western Pacific (Pearce and Peate, 20) and in Maxico
(Wallance and Carmichael, 35).
Generation of the rhyolitic rocks:

The rhyolites have nearly parallel REE patterns to those
of the metavolcanic rocks. They posses also flat HREE pat-
terns {(Gd/Yb=1.01, on average} indicating that garnet is
not involved in the source. These characteristics suggest sim-

ilar parental magmas for both of the rhyolites and metavol-

canic rocks, but the rhyolitic mother magma must have been
subjected to severe differentiation and extraction of large
amounts of plagioclase as indicated by the strong negative Eu
anomalies (0.15, on average) and low Sr contrents (52 ppm,
on average) exhibited by the rhyolites.
CONCLUSIONS

The volcanic suite in Magal Gebriel area comprises two
contrasting units. The first one is metamorphosed in the

1000 1000
A —&— Sample # 2 B —8—Sample # 19
—A—Sample # 3 =~ Sample # 22
100 £ —O—Sample # 9 100 ¢ —O—Sample # 24
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Y Yb Se¢ Cr

K Rb Ba Th Nb Ce

Sr P Zr Sm Ti

KRhbBaTh NbCe P Zr SmTi Y Yb Sc Cr

Fig. 9A & B: N-MORB-normalized patterns for the Magal

Gebriel Volcanic rocks. Metabasalt: 2 and 3, Metabasaltic

andestie: 9 and 13, Metandesite: 19, Metadacite: 22, Rhyolite: 24 and 28.
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Fig. 10 A & B: Chondrite-normalized REE patterns for the Magal Gebriel volcanic rocks. Metabasalt: 2 and 3,
Metabasaltic andesite: 9 and 13, Metandesite: 19, Metadacite: 22, Rhyolite: 24 and 28.
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, 1000

g

Rock/Chondrite

=)

La Ce Na Sm Eu

Rock/Chondrite
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Yb 4 |a Ce Né Sm Es GI Dy Ho E Tm Yo Lu

Fig. 11: Chondrite-normalized REE patterns of the most primitive varieties (Sample # 2 and 3) of MGM compared
with calculated chondrite-normalized REE patterns for liquids resulting from 5 to 20% partial melting of several
mantle sources with different REE values. A: Garnet-lherzolite (Bradshw et al., 30), B: Garnet-bearing primitive man-
tle (Hartmann and Wedephol, 31), C: Spinel-lherzolite (Hartmann and Wedephol, 31), D: Spinel-bearing primitive
mantle: (Hartmann and Wedephol, 31). (A 5% partial melting, O :10% partial melting,\¢ : 15% partial melting, 0:
20% partial melting.

greenschist to low amphibolite facies and ranges in composi-
tion from metabasalt to metadacite. This unit pertains to the
younger metavolcanics. In contrast, the other unit is unmeta-
morphosed and has a rhyolitic composition with an age (654-
665 Ma) slightly higher than that of the Dokhan Volcanics.

The metavolcanic rocks are subalkaline in nature with a
transitional tholeiitic/calcaline affinity. They erupted in an
island-arc tectonic setting and are characterized by enrich-
ment in LILE and LREE and depletion in HFSE, suggesting
that their parental magma were derived from a mantle source
that has been depleted through a previous melt extraction
event followed by enrichment in LILE and LREE via fluids
from the subducted slab. The HREE of the metavolcanics
have nearly flat patterns {(Gd/Yb)x + 1.2 — 1.5} indicating
that they orginated from a gamet-free peridotite source.
Model calculations show that the most primitive rocks from
the Magal Gebriel metavolcanics (MGM) have been generat-

ed by low-degree partial melting (5-8%) of a depleted mantle
source. Fractional crystallization is found to be an important
process in the evolution of the mafic to the intermediate vol-
canic rocks at Magal Gebriel area by the removal of pyrox-
ene, plagioclase and opaque minerals.

Model calculations have been used to put constraints on
the composition of the subduction-derived component in
Magal Gebriel area. These calculations show that the order of
enrichment of the different mobile elements in the subduc-
tion-derived component is as follows: Ba>Rb>K >La> Sr
> Ce, which is similar to the order deduced for arcs in the
western Pacific and Mexico. However, the absolute values of
these mobile elements are generally lower than those estimat-
ed in the island arcs of western Pacific and Mexico.

The rhyolitic rocks display a within-plate tectonic setting.
They have parallel REE patterns to those of the metavolcanic
rocks and exhibit also flat HREE patterns, suggesting similar
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Fig. 12: Nb vs Zr diagram for the MGM. Curves show batch melting models for

depleted and enriched mantle source regions calculated using compositional data

from Michael [34]. Curves are marked in increments of 1% melting and show a

maximum of 15% metling at far left.

parental magmas for the rhyolites and metavolcanic rocks.
However, the strong negative Eu anomalies and low Sr con-
tents of the rhyolitic rocks indicate that they were subjected to
severe fractionation and extraction of large amounts of pla-

gioclase.
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Table 1: Major, trace and REE abundances of the volcanic rocks of Magal Gebriel area.

Rock type Metabasatt Metabasaltic andesite
Sample # 1 2 3 4 S 6 7 8 9 10 11 12 13
$i0, 4784 4873 4894 49.14 4921 5006 5050 5135 5264 5359 5362 5405 5434
TiO, 363 0.82 0.79 1.22 084 0381 0.98 095 141 1.48 113 0.86 1.01
ALOy 13.73 1585 1549 1640 1562 1521 1565 15541 1593 1860 1473 1757 1767
Fe,O;* 15.60 8.78 962 12380 951 1033 1059 1132} 998 953 1200 9.01 888
MnO 0.23 0.15 0.15 021 017 017 0.20 619f 015 0.16 0.18 012 018
MgO 439 915 8.45 4.81 831 7.62 546 467 531 3.63 3.62 374 381
Ca0 752 991 1036 772 1052 1092 1069 10.70 7.09 3.06 7.10 8.76 9.21
Na,O 2.88 2.37 218 317 1.89 153 194 2091 318 355 313 2n 2,07
KO 1.06 058 056 089 0.51 0.50 0.15 0.15 1.65 297 067 055 0.79
P,0s 0.93 0.15 0.15 024 013 0.13 0.18 019} 018 0.22 0.23 014 016
SO, 0.19 0.03 002 004 002 003 004 004 010 003 0.03 0.08 0.04
LO.I 1.41 2.66 249 2.64 2.59 2.65 2.88 280 215 246 276 254 210
Sum 9941 9918 9920 9928 9932 9996 9926 9999 99.77 9926 99.21 100.14 10026
(Mg# 040 071 067 047 067 063 0.55 049 055 047 041 0.49 0.50
Sc 22 28 33 35 36 34 33 32 17 27 28 28 26
v 287 198 218 297 239 243 280 269 146 190 292 219 221
Cr 102 655 502 87 415 380 1o 173 107 85 81 129 166
Co 35 38 34 34 38 36 39 33 38 30 34 27 22
Ni 58 286 220 43 166 147 66 88 78 32 40 53 n
Cu 57 56 59 17 68 70 128 120 28 68 17 141 T
Zn 147 64 68 101 67 69 91 82 137 117 83 59 98
Ga 22 i2 14 19 13 14 18 19 19 19 16 17 16
Rb 23 22 19 13 18 18 4 7 32 92 6 20 27
Sr 502 318 298 325 281 263 47 449 n 130 316 295 301
Y 53 19 20 26 18 19 23 23 20 29 24 21 22
Zr 347 85 84 17 81 77 95 106 149 161 111 96 108
Nb 3 1 1 3 2 2 4 3 4 5 3 s 3
Cs 13 13 14 1 16 17 5 4 bd. 25 6 6 16
Ba 367 230 228 458 223 220 57 98 207 507 122 117 223
La 6.65 821 11.34 14.32
Ce 1420 1615 20.70 22.72
Nd 892 1030 13.50 1515
Sm 198 220 3.01 364
Eu 048 061 0.58 0.70
Gd 271 317 357 3.99
Dy 251 298 342 395
Ho 0.52 059 0.70 0.85
Er 153 190 214 244
Tm 024 030 037 040
Yb 144 1.76 199 237
Lu 020 024 0.28 0.34
\i bd. 29 28 bd. 26 25 7 9 1 bd 14 22 13
Pb 7 5 6 5 [3 5 6 5 12 1 1 6 1
Th 5 7 7 3 S 6 2 3 6 7 2 8 S
U 4 5 5 1 7 7 b.d. 2 2 5 b.d. bd. 3

54.75
0.98
15.08
10.24
0.18
351
8.68
253
0.58
020
0.05
299
99.77
0.44

27
223
167

25

75

97

18
15
525
27
134

334

55.75
0.60
1743
8.96
0.15
4.54
6.24
297
027
0.06
0.04
2.56
99.57
0.54

28
137
153

29

52

91
19

27

16
100

198

W W N

5594
1.27
16.92
9.52
0.13
3.54
279
4.08
218
0.45
bd
262
99.44
0.46

121
61
19

50
92
19

185
43
249
15

995

58.67
1.04
1201
1037
0.16
3.04
6.06
4.07
0.65
0.34
0.04
267
99.12
0.41

214
105

20.74
42.29

6.31

Metandesite
17 18
5739 57176
0.82 0.50
1611 1423
898 7.34
0.23 0.18
3 427
459 1003
4.93 2.09
0.26 112
0.18 0.08
0.03 0.03
2.49 217
99.72  99.80
0.49 0.58
21 28
121 167
134 165
28 21
40 70
44 43
90 59
16 1
8 23
284 184
24 15
163 85
10 2
bd. 6
267 198
21 bd.
4 1
6 7
b.d. 2

61.49
0.95
16.06
7.53
0.14
2.03
4.50
341
2.66
0.25
0.06
0.76
99.84
0.39

21
s

16
55
16
7
16
69
150
39
214

bd
1041

21
62.66
0.90
15.13
731
0.14
1.96
5.0t
339
1.64
0.23
b.d.
087
99.24
0.38

20
76
130
15
53
15

18
45
153

Metadacite
22
65.15
0.80
14.19
6.24
0.10
2.04
413
388
158
0.13
0.04
120
99.48
043

16

56

141

18

65

23

75

16

39
212
44
241
13

5

413
24.60
51.00
27.30
5.61
1.02
587
6.34
128
3.89

23
72.02
0.40
13.00
4.99
0.10
0.59
244
4.06
228
0.06
b.d.
0.91
100.85
0.22

13
bd
93

42
15
19
17

119
58
309
15

684

16
10

74.83
0.20
12.57
1.52
0.03
0.24
0.77
3.68
4.50
0.03
bd
0.86
99.23
027

179
bd
58

38
17
109
47
69
215
25

809
41.60
80.81
38.90

7.56
033
7.50
8.93
1.83
557
ro1
587

Rhyolite
25 26
7561 7571
0.12 0.19
1271 1251
1.07 1.44
0.05 0.02
0.18 0.23
0.52 0.74
4.09 372
4.19 4.49
0.02 0.03
0.03 bd
0.82 0.77
99.41  99.85
0.28 0.27
S 7
6 8
180 166
3 2
49 52
8 8
61 39
21 18
132 103
3 41
61 70
181 210
27 24
2 3
620 808
28 12
20 20
31 26
6 3

27
76.30
0.08
12.80
0.84
0.09
0.09
0.40
4.20
4.01
bd
0.03
0.69
99.53
0.20

b.d.
186

53

w

149
29

118
26
b.d.

31
3
34

28
76.59
0.14
12.06
1.22
0.02
0.14
0.45
3.65
4.61
0.02
bd.
0.40
99.30
621

801
45.31
86.34
40.51

8.07

8.23
10.04

6.12
L10
6.72
098

26
27

Fe:0s *= total iron as Fe:0s, b.d. = below detection limit
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Table 2 : Composition of the subduction-related component in the Magal

Gebriel area correlated with other areas.

Chuiagy (MGM) MG 91 SN 94 WC 99

K,0 (wt%) 3.1 5.4 8.5 3.8
Rb (ppm) 121 124 147 72
Sr (ppm) 1336 4654 4681 2473
Ba (ppm) 1371 1371 1371 1371
La (ppm) 30 - 99 53
Ce (ppm) 47 27 — 91
MG 91:  Subduction-related enriching component estimated by McCulloch and

Gamble (1991) for Pacific Rim arc basalts.
SN 94:  Subduction-related enriching component estimated by Stolper and

Newman (1994) for Mariana Trough basalts (Western Pacific).
WC99:  Subduction-related enriching component estimated by Wallace and

Carmichael (1999) for the Mexican Volcanic Belt.

All compositions are normalized to Ba= 1371 to facilitate comparison.
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