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ABSTRACT.  The Dubr-Igla intrusive complex (DIC) is a composite
batholith intruded into the Pan-African terrain of the Egyptian base-
ment complex. It represents an uplifted tectonic block, comprising a
diverse rock association ranging from gabbro to granite. These rocks
belong to two distinct suites; the gabbroid-diorite (mafic-
intermediate) and granodiorite-monzogranite (felsic) suites. The gab-
broid-diorite suite has a calc-alkaline affinity and an overall depletion
of Nb, Y, K, and Rb with slightly fractionated REE pattern (La/Ybn =
0.96 -3.72). The granodiorite and monzogranites are late to post or-
ogenic calc-alkaline rocks with metaluminous to mildly peraluminous
character and are relatively enriched in LIL elements but depleted in
HFS elements. They have fractionated REE patterns (La/Ybn  =2.62-
6.97), flat HREE (Gd/Ybn  = 0.89-1.10) and well-developed negative
Eu anomalies (Eu/Eu =0.74-3.0). The granitoid rocks of the DIC have
trace element and REE signatures characteristic of I-type granites
formed in subduction-related, arc environments.

The whole-rock Rb-Sr isochron ages of the monzogranites and the
diorite-quartz diorite from DIC are 644 ± 7 Ma and 704 ± 13 Ma, re-
spectively. The diorite-quartz diorite shows a narrow range of tNd
(+ 6.7 - + 8.5) and initial 87Sr/86Sr ratio (0.7022-0.7025). These iso-
topic characteristics and the overall depletion of the LIL elements and
LREE and low Rb/Sr suggest that they had been derived from a de-
pleted mantle source. The granodiorite and monzogranites have low
initial 87Sr/86Sri  ratio (0.7025 - 0.7035) and positive spread tNd
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(+ 3.4 - + 5.2), which indicate that their protolith was either mantle or
most likely juvenile lower crust that had been separated from the man-
tle.

Isotopic, REE data and numerical modeling performed on the three
rock types of the DIC (diorite-quartz diorite, granodiorite and mon-
zogranite) indicate that complex petrogenetic processes generated
them as follows: 1) the diorite-quartz diorite was formed by 10%-15%
partial melting of mantle-derived basaltic source similar in composi-
tion to the associated gabbroid rocks; 2) the monzogranites were de-
rived through: a dehydration melting (30%) of mafic metaigneous
lower crustal material due to underplating by a mantle-derived magma
which supplies heat budget for melting followed by about 70%-80%
fractional crystallization of a crustal derived- primitive granitic melt
to yield the differentiated monzogranites in the DIC; 3) the gra-
nodiorite shows abundant field and petrographic evidence for variable
extent of mafic-felsic magma interactions (mingling, mixing and het-
erogeneous hybridization). Least squares mixing tests, using trace and
major elements support the formation of the granodiorite rocks by a
simple mixing of two end-members, the diorite and the less dif-
ferentiated monzogranite. A proportion of the diorite end-member
ranging between 15 and 50% can explain the observed chemical vari-
ations in the granodiorite.

Introduction

Felsic and mafic intrusive complexes and chemically equivalent volcanic rocks
are abundant in the Proterozoic terrain of the Arabian-Nubian Shield. Under-
standing the origin of granitic rocks is a subject of longstanding interest, be-
cause it gives insight into the mechanisms that have operated during continental
growth. The mafic intrusives mostly occur as large masses of metagabbro-
diorite complexes which are interpreted by many workers as an integral part of
an ophiolitic melange in the Egyptian basement complex (El Sharkawy and El
Bayoumi, 1979; Hassanen, 1985). Recently, Mohamed and Hassanen (1996)
and Takla et al. (1981), broadly subdivided the gabbroid rocks in Egypt into
three major groups namely: ophiolitic metagabbro (O-type gabbro), arc-related,
calc-alkaline metagabbro formed in a subduction environment (I-type gabbro)
and the younger post-orogenic, unmetamorphosed arc gabbro (Y-type gabbro).
Felsic intrusive rocks are often accompanied by extrusion of calc-alkaline, inter-
mediate volcanic rocks (Stern and Hedge, 1985) locally contemporaneous with
unmetamorphosed post-orogenic gabbros.  This plutonic-volcanic complex is
interpreted by El-Gaby et al. (1988) as cordillera-type association. 

This paper presents new petrological, geochemical and isotopic data on the
Dubr-Igla composite mafic-felsic intrusive complex (DIC) that crops out in the
central eastern Desert (Fig. 1). These data are used to help constrain the origin
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of the calc-alkaline granites in the Egyptian part of the Nubian Shield, their tec-
tonic significance and the  petrogenetic process(es) involved in the evolution of
the continental crust in the Egyptian basement complex.

FIG.  1.  Location of the Dubr-Igla intrusive complex (DIC) in relation to the major lithotectonic
and structural elements in the central Eastern Desert of Egypt based on the geological
map of Egypt 1:500,000 (Klitzsch et al., 1987; Bennett & Mosley, 1987).

General Geology and Tectonic Setting

The Precambrian terrain in the central Eastern Desert (CED) consists of sev-
en major lithological units (Fig. 1): 1) pelitic-psammatic schists and gneisses, 2)
volcano-sedimentary sequences, 3) ophiolitic melanges, 4) synorogenic gran-
itoids 5) calc-alkaline-intermediate volcanic rocks  (Dokhan volcanics), 6) in-
trusive rocks ranging in composition from gabbro to granites (Younger gran-
itoids) and 6) Hammamate molasse-type deposits (Akaad and El Ramly, 1960;
Hassan and Hashad, 1990; El Gaby et al. 1988, 1990). The Dubr-Igla Complex
(DIC) forms a suboval body exposed over about 240 km2

 at the extreme eastern
border of the CED (Fig. 1). It is elongated in a NNW direction, parallel to the
regional structural grains in the CED (Bennett and Mosley, 1987). The DIC rep-
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resents an uplifted tectonic block, bounded by a broad brittle to ductile shear
zone forming a dome-like structure (Stanek et al. 1993). Internal deformations
within the rocks of the complex are minimal. The eastern and northern margins
of the DIC are bordered by a belt (1-6 km wide) of acid volcanic rocks which
represent the NE extension of the Um Khariga Formation (Akaad and Essawy,
1978). The acid volcanics, the upper part of Um Khariga Formation, consist of
massive metapyroclastics and minor tuffaceous rhyolitic flows (Akaad and Es-
sawy, 1978). These volcanics have major and trace element composition char-
acteristic of calc-alkaline rocks with arc-affinity (Abu El-Ela, 1991). The Um
Khariga acid volcanics are unconformably overlain by molasse-type sediments
(Igla Formation; Akaad et al. 1977) which were deposited SE of the DIC (Fig.
2). The contacts with the latter are sharp and dip steeply under the Igla Forma-
tion with lack of any thermal effect. The Igla Formation consists of a sequence
of interbedded conglomerates, greywackes and siltstones that were deposited in
a NNE-SSW trending dextral strike-slip pull-apart basin (Rice et al. 1993).

The eastern and southern margins of the DIC are flanked by a thick sequence
of volcanosedimentary rocks (Igla Eliswid Formation; Akaad et al. 1977).
These rocks are highly deformed and foliated, generally parallel to the intrusive
contacts of the DIC. The volcanosedimentary sequence shows complex and
wide lithological variation. The metavolcanics include metabasalts, meta-
dolerite, metadacite and meta-andesite. They are overlain by and interbedded
with metasediments of biotite/chlorite schists, metagreywacke, phyllite and met-
asiltstone. Dyke swarms, having bimodal composition, cut across the DIC and
its adjacent rocks. They include granite porphyry, aplite, diabases and basalts
and minor andesite porphyry and comptonite. These dykes vary from 0.5 to 2 m
in width and from few tenths of meters up to 2 km in length. The dykes follow
two distinct trends, the most dominant trends NE-SW, related to the NW-SE
transtension tectonic (Stanek et al. 1993). The latter gave way to late- to post-
orogenic uplift of the deep-seated crustal block of the DIC (Stanek et al. op.
cit.). The second set trends NW-SE are parallel to the elongation of DIC and to
the Red Sea rift.

The Dubr-Igla Intrusive Complex (DIC)

Field observations and petrography

The DIC forms a suboval composite batholith 22 km long and as much as 16
km wide. The mafic and felsic intrusive suites in the DIC show a wide composi-
tional variation from olivine gabbro and metagabbro to granite and granophyre.
The mafic suite is represented by three rock types of different abundances in the
mapped area. These are metagabbro, olivine gabbro (younger gabbro) and dio-
rite-quartz diorit. The mafic suite forms an arcuate mass dominated by diorite
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FIG. 2.  Detailed geological map of the Dubr-Igla intrusive complex (DIC) and associated li-
thologies.
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and quartz diorite chaotically interlayered with younger gabbro. Olivine gabbro
and subordinate gabbronorite and hornblende gabbro occur in the diorite massif
as nearly vertical sheets and minor irregular and lens-shaped outcrop patterns.
The metagabbro occurs as a large massive body occupying the eastern and
northeastern sectors of the mapped area (Fig. 2) and as small bodies of irregular
shape scattered in the diorite-quartz diorite suite. The metagabbroic rocks are
coarse grained, equigranular hypidiomorphic with blackish green color. They
are metamorphosed up to epidote-amphibolite facies (Essawy, 1976). Relict ig-
neous minerals include zoned plagioclase, clinopyroxene, magnetite and il-
menite, while chlorite, actinolite, epidote and quartz are common metamorphic
products. Subophitic textures are common. 

The diorite-quartz diorite occurs as two distinct masses. The largest mass oc-
cupies nearly the western part of the DIC outcrop with sharp and irregular con-
tacts against the granodiorite-granite suite. The other mass is small and lies at
the SE corner of the DIC (Fig. 2).  The diorite-quartz diorites are massive to
weakly foliated and medium- to coarse-grained but a fine-grained variety is also
encountered. Contacts with the granodiorite show a gradational zone (up to 200
m wide) with extensive hybridization, particularly at the extreme SE part of the
complex (Hassanen et al. 1996). In other places, sharp contacts and abundant
mafic granular xenoliths are recognized where mingling has occurred (Fig. 3A).
The rock consists of zoned plagioclase (An35 - An50), green-brown to green
hornblende, dark brown biotite and quartz. Accessory minerals include mag-
netite, ilmenite, titanite, apatite and scarce zircon.

The younger gabbro occurs in the diorite, mostly as sheets of about 10 m
wide and extends discontinuously up to 3 km long. Small irregular and lens-
shaped masses are also common. The olivine gabbro is the major component of
the younger gabbro masses (Y-type gabbro; Fig. 2), while hornblende gabbro
and gabbronorite are subordinate. The olivine gabbro is medium- to coarse-
grained rocks, having textures characteristic of cumulates. The rocks consist of
plagioclase (An75-An85; 40%-55%), clinopyroxene (30%-40%), olivine (5%-
20%), hornblende (< 1%- 5%) and opaque minerals (5%-10%). Dark green to
brownish green hornblende occurs as late-magmatic interstitial crystals and as
post-magmatic patchy replacement of pyroxene. Accessory minerals include
magnetite, ilmenite and apatite.

The monzogranites represent the second most abundant rock type, forming
the whole eastern sector and the perimeter of the DIC. The monzogranites are
nonfoliated, hypidiomorphic-granular rocks and subsolvous with pink to red
color. The rocks consist of zoned plagioclase feldspar (An10  An20), orthoclase
perthite, quartz, hornblende and biotite. Apatite, zircon, allanite, titanite and mi-
nor opaque minerals are common accessories. The monzogranites are character-
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ized by the presence of few pegmatitic veinlets and miarolitic cavities and by
the development of appinite at the granite diorite contact. Locally, the contact
between the monzogranite and the diorite is gradational and diffused with de-
velopment of hybrid zones of variable width (few centimeters up to tens of me-
ters) having granodioritic composition. In other instances the contacts are sharp
and display chilled and scalloped margins (Fig. 3A). This type of contact re-
lationship is generally developed when mafic and felsic magmas are mixed in
high-level plutonic settings  (Taylor et al. 1980; Marshall and Sparks, 1984) and
requires that the diorite should by liquid when it came in contact with the felsic
magma.

The granodiorite is characterized by abundant mafic xenoliths, and their
abundance and size decrease irregularly away from the mafic contact over a
zone as wide as 300 m. Primary foliation in the granodiorite is defined by the
flattened and parallel mafic xenoliths (Fig. 3B & D).  The contacts of the gra-
nodiorite and monzogranite are also gradational and diffuse, which make con-
tact delineation difficult to recognize and based approximately on the dis-
appearance of the xenoliths in the rocks. The granodiorites are medium- to
coarse-grained rocks with hypidiomorphic texture consisting of strongly zoned
plagioclase (An27-52), quartz, hornblende, biotite and minor K-feldspar. Apatite,
zircon and ilmenite are accessory phases. The granodiorite near the contact with
diorite shows irregular variation in mafic mineral content over a distance of a
few centimeters to a few meters. 

Microgranular mafic enclaves

Well-rounded ellipsoid microgranular mafic enclaves in the granodiorite are
frequent and show different degrees of interaction with their host. They show
marked variation in their abundance constituting more than 50% of the outcrop
in a matrix of coarse-grained granodiorite imparting agmatitic-like structure
(Fig. 3C). The enclaves have sharp, cuspate margins convex toward the host
with fine-grained and hypidiomorphic granular to seriate texture. Some of them
are zoned with gradation and diffused contacts (Fig. 3D) and show evidence of
progressive stages of interaction with their host magma, similar to those re-
ported from mixed-magma intrusions (Taylor et al. 1980; Hildreth, 1981).
They display dark-colored, mafic-rich core of dioritic composition and an outer
zone of relatively light colored diorite or mafic-rich granodiorite and grade out-
ward into granodiorite matrix (Fig. 3D). Mineralogical composition of the en-
claves is similar to their host granodiorite with plagioclase crystals (An40-An50)
as the major abundant constituent (up to 60%), hornblende and biotite (30%-
35%) and accessories (interstitial quartz, apatite, zircon, titanite, magnetite ti-
tanomagnetite and ilmenite). Apatite crystals in the enclaves are acicular (axial
ratios as high as 40:1), smoky, pale brownish to greenish core and colorless rim.
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Similar acicular apatite morphology has been produced experimentally on ther-
mal quenching (Wyllie et al. 1962) and are present in some rapidly crystallized
plutonic rocks (Reid et al. 1983)

Sampling and Analytical Techniques

On the basis of field observations and petrographic studies, forty-two sam-
ples from the different rock units in the DIC, mafic xenoliths and spatially as-
sociated metagabbro were carefully selected for geochemical analyses. Owing
to the coarse to medium grain size of the rocks, large samples (average 4-5 kg
in weight) were collected and reduced to powder before analyses. Twenty sam-
ples were analyzed at the Technical University of Berlin, Germany and the oth-
ers at Bergen University, Norway. Major elements were determined by energy
dispersive X-ray fluorescence (XRF) on fused pellets. Trace elements (except
Hf) were also determined by XRF technique, but using pressed pellets and poly-
vinyl alcohol as the binding agent. Concentrations of rare earth elements (REE)
and Hf were determined by an inductively coupled plasma source emission
spectrometer (ICP-ESA) at the Special Research Project Arid Areas "SFB 69",
TU, Berlin, Germany, according to the method of Walsh et al.  (1981). Values
for loss on ignition (LOI) represent the percentage of weight loss following re-
peated heating at 1000 C of a preweighed sample. The precision for major ele-
ment analyses is within ± 5% for the amount present (± 2% for SiO2); trace ele-
ment precision range from 5% to 10%. Absolute accuracy of the REE has been
assessed by comparison with international reference materials analyzed along
with the samples and generally is better than 10%.  Analytical results for repre-
sentative samples are listed in Table 1 (Tables containing all analyses used in
this work are available from the author upon request).

The Rb-Sr and Sm-Nd isotope analyses were performed at the Mineralogical-
Geological Museum, University of Oslo (eight Samples) and in the Bergen Uni-
versity, Norway (eleven samples). The chemical separation procedures for Sr
and Nd isotope analyses were those described by Pin and Carme (1987) and
were determined by isotopic dilution. Total blanks are typically 1 ng for Nd and
Sr and thus are negligible for this study. Isotope ratios were measured on a fully
automated Five-Collector Vacuum Generators 354 (Oslo), and on ISOMASS
VG 54E mass spectrometers (Bergen University). The decay constants used
were λSm = 6.54 ×  10�12 y-1 and λRb = 1.42 ×  10�11 y-1 

ε t
Nd and  

εtSr  values
were calculated relative to CHUR with present day 147Sm/144 Nd = 0.1967,
143Nd/ 144Nd = 0.512636, 87Rb/ 86Sr = 0.0736 and 87Sr/86Sr = 0.70391 (Allégre
et al. 1983). The least square isochron lines and other isotopic parameters were
computed using the computer program "Isoplot" by Ludwig (1991) and the re-
sults are presented in Table 2. 
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Geochemistry of the Dubr-Igla Complex

Rock classification and compositional variation

The plutonic rocks in the Dubr-Igla complex display a wide range of com-
positional variation from gabbroic to granitic compositions (SiO2 = 48-75%,
MgO = 0.6-10 % and K2O=0.13-5.5 %). The present sampling does not reveal
any spatial zoning, although granophyre is typically more abundant at the top of
the plutons (Hassanen et al. 1996). The DIC intrusive rocks and the metagabbro
have calc-alkaline affinity (or subalkaline: Irvine and Baragar, 1971)(Figs. 4A
and B). The DIC rocks plot in the calc-alkaline field of Ringwood (1975); while
the granitic samples cluster as a distinct group near the alkali apex (Fig. 4C).
The chemical variations , in terms of Harker diagrams, of the different DIC rock
units are summarized in Fig. 5. In these diagrams, the basic through inter-
mediate to acidic rocks are all distributed along more or less regular trends
(Al2O3, MgO, P2O5, Sr, V, Ni, CaO, Fe2O3 and K2O) with a compositional gap
between 61% -67% SiO2. With increasing SiO2, the elements Rb, K and Ba in-
crease, while Ca, P, Ti, Al, Fe, Sr and Ni decrease. These  major and trace ele-
ment variations are similar to other mafic-felsic intrusive rocks from the eastern
Desert of Egypt (e.g. Wadi El-Imra district, El-Sayed, 1994; Furnes et al. 1996)
and from the Arabian Shield (Jackson, 1986). The olivine gabbro samples are
characterized by wide range of abundance of Ni (31-521 ppm), high Cr and V
(153-851 ppm and 196-246 ppm, respectively) and low content in Rb, La, Nb,
Y and Zr (Table 1). They have a transitional tholeiitic to calc-alkaline affinity
(Figs. 4 B&C), very low K2O/Na2O (< 0.1), high Al2O3 (16.84-18.48) and wide
range of Mg-number (Mg/Fe+Mg =53.6-69.1). In spite of the compositional
overlap between the olivine gabbro and the metagabbro, the latter has lower
MgO, Ni, Cr and Zr/Y ratio and higher P2O5, K2O, REE, La/Ybn and K2O/
Na2O than the olivine gabbro. In terms of major and trace elements, both the ol-
ivine gabbro and metagabbro more closely resemble island arc basalts related to
subduction (White and Patchett, 1984).

The granitic rocks in the DIC (monzogranites) have 70-75% SiO2, a moder-
ate range in K2O/Na2O (0.89-1.21) and lower levels of compatible elements
(Ni, Cr, V, Sc, Sr, Y) and higher contents of Rb, Nb and Zr than that of the dio-
rite and quartz diorite (Table 1). The rocks are mildly peraluminous  (CNK=
0.95 - 1.18) with 0.8% to 3% normative corundum. The average (104Ga) /Al ra-
tio is 1.99 in the DIC monzogranites and thus very close to that of the typical
M-type (1.87) and I-type granites (2.1) as defined by Whalen et al. (1987).
These rocks belong to the post-orogenic granite group according to the clas-
sification of Rogers and Greenberg (1990) with arc affinity (Figs. 6 A and B).
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FIG.  4.  Compositional variation of the intrusive phases in the (Na2O + K2O) � Si O2 (A), FeO/MgO � SiO2
(B) and in the FeO � (Na2O + K2O) � MgO (C). Rock symbols : ● , monzogranite; ∆, granodiorite; ❍ ,
diorite-quartz diorite; ❋ , xenolith in granodiorite; + , metagabbro (I- type); ❒ , olivine gabbro (Y-
type). Stippled area in (C) represents the orogenic calc-alkaline field (after Ringwood, 1975).
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FIG.  5.  Harker variation diagrams for selected major and trace elements in the DIC. Lines I & II represent the
general trends of the mafic-intermediate and felsic suites respectively. Symbols are as in Fig. 4.
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FIG.  6.  The rocks of the DIC plotted in (A) Nb*2 - Zr/4- Y (Mescheda 1986) and (B) Rb (Y + Nb) (Pearce et
al., 1984). Fields in (A) from Mohamed and Hassanen (1996) and represent Y-type gabbro (heavy
stippled area), I-type gabbro (dashed area) and O-type gabbro (light stippled area). Field in (B) in-
cludes Egyptian post-collision, A-type granites based on data from Hassanen & Harraz (1996), Has-
sanen et al. (1995). WPG = within-plate granites; VAG = volcanic arc granites; syn-COLG = syn-
collision granites; WPA = within-plate alkali basalts; WPT = within-plate tholeiites; MORB = mid-
ocean ridge basalts; VAB = volcanic arc basalts.
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Compatible/incompatible element relationship

Several covariation plots involving major and trace elements were tested to
determine possible petrogenetic processes and source region(s) that control the
composition and evolution of the rock units of the DIC. Two such examples are
presented in Figs. 7A and B, which reveal two distinct trends: 1) a negative cor-
relation of CaO and Sr and Ba; 2) positive correlation between CaO and Sr and
Ba. Similar behavior and trends are also recognized on the companion diagram
of V versus Rb (Fig. 8). The Rb/Sr versus 1/Sr plot (Fig. 9) displays a straight-
line trend for the diorite-granodiorite-granite association indicative of mixing
processes (Langmuir et al. 1978). The mafic rocks fall out of this trend and
therefore cannot be an end-member for this association.

FIG. 7.  The binary variation diagrams of CaO (wt. %) versus Sr (ppm) and CaO (wt. %) versus Ba (ppm) (B)
for the different intrusive phases in the DIC. The trends I & II and symbols are as in Fig. 4.

FIG. 8.  Plot of V (ppm) vs. Rb (ppm). Trends I & II as in Fig. 5. Symbols are the same in Fig. 4.
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Rare earth element geochemistry

REE analyses of representative samples from the DIC are summarized in Ta-
ble 1, and presented in Fig. 10. The intrusive rocks show an increase in the total
REE (31-381 ppm) and weakly fractionated REE patterns (La/Ybn = 0.96-6.97)
with increasing SiO2 content. The metagabbros show a nearly uniform flat and
depleted REE pattern (La/Ybn =0.96-1.53) with weak positive Eu anomalies
(Eu/Eu* = 1.06-1.21) similar to those of immature island-arc tholeiites (White
and Patchett, 1984) or intra-oceanic back-arc basin volcanics (Saunders and
Tarney, 1979). The olivine gabbro is characterized by low REE content and de-
pleted LREE (La/Smn = 0.5-0.53) with moderate positive Eu anomalies (Eu/Eu/
Eu* = 1.24-1.28) combined with the high Ni and Cr content. This confirms the
cumulate nature of this rock.

Two analyses of the diorite rocks display fractionated REE pattern  (La/Ybn
= 3.72-3.47) and barely detectable or indistinct Eu anomalies. The granodiorites
and monzogranites have the same overall REE pattern shape (Fig. 10) and flat
patterns in the HREE region (Gd/Ybn = 0.93 and 0.89 on average respectively).
The monzogranites have higher abundances of the total REEs, fractionated
LREE (La/Smn = 2.83-3.56) and larger negative Eu anomalies (Eu/Eu* = 0.46 -
0.30) than the granodiorites (Fig. 10). The monzogranites patterns are similar to
the calc-alkaline magmatism from subduction zone environments (Martin,
1986). The development of negative Eu anomalies and concomitant Sr de-
pletion in the DIC granitoids indicate that plagioclase is a major fractionated
mineral. 

FIG. 9.  Diagram Rb/Sr - 1/Sr. The heavy stippled arrow (FC) indicates a general trend of fractional crystalliza-
tion. PM is the partial melting trend. Symbols as in Fig. 4.



Mantle-crustal Source of Mafic-Felsic Magmas in the... 121

Sr and Nd Isotopic Data

Isotopic data of the different rock units from the DIC are shown in Table 2.
Rb-Sr whole-rock regression line (Fig. 11B) for the monzogranite provides an
age of 644 ± 7 Ma with an initial 87Sr/ 86Sr ratio of 0.7031 ± 0.0002. This age is
interpreted as the time of emplacement of the calc-alkaline felsic intrusive suite
of the DIC and fall within the range  (675-500 Ma) of the second episode of ig-
neous intrusion in the eastern Desert of Egypt (Hashad, 1980). Also, it is in
agreement with 621 Ma for  Gabal Igla Ahmr pluton (Hashad et al. 1972) and is
similar to the age at 650 Ma for the late-tectonic calc-alkaline granites from
Wadi El-Imra district (WI, 30 kms NW of the DIC, Fig. 1) (Furnes et al. 1996).

FIG. 10.  DIC Chondrite-normalized REE patterns. Normalizing values from Sun (1982).
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The five analyzed diorite-quartz diorite samples yield an age of 704 ± 13 Ma
(MSWD = 19), and an initial 87Sr/86Sr ratio of 0.7023 ± 0.0001 (Fig. 11A). A
similar age of 709 Ma  (single zircon model age, Stern and Hedge, 1985) was
reported for tonalite (quartz diorite) from Wadi Kreiga. Also, U-Pb age on zir-
con from quartz diorite (Gabal Dahanieb, southeastern Desert) gave 711 Ma ± 7
Ma (Dixon, 1981). Gillespie and Dixon (1983) define a group of an older to-
nalite to granodiorite (OTG) suite, using Pb isotope data, with ages in the range
610-710 Ma. In spite of the high MSWD of the studied diorite- quartz diorite,
the low intercept and comparison with other petrologically and chemically sim-
ilar dated rocks in the Eastern Desert of Egypt indicate this age is probably
close to the true age.

The intrusive ages of the other rock units in the DIC are still uncertain. Many
workers reported the ages of granodiorites from different localities in the East-
ern Desert. Kamel et al. (1983) dated a cycled gabbro-granodiorite form Umm
Rus (UM, Fig.1) at 573-615 Ma. Also, granodiorite from Umm Gidri was dated
at 593-615 Ma (K/Ar method, Kamel and Abel Aal, 1987). Stern and Hedge
(1985) reported ages 614-620 Ma for granodiorites from different localities
(Abu Ziran, Wadi Dib, and Wadi Hawashia) in the ED of Egypt. Accordingly,
the initial Sr isotope, C- tNd  and C- tSr, listed in Table 2, were calculated assuming
ages of 614 Ma for the granodiorite, 880 Ma for the metagabbro (Abdel Rah-
man and Doig, 1987) and 573 Ma for the younger gabbro (Kamel et al. 1983).
The low initial Sr ratios of the DIC (Fig. 13 and Table 2) fall within the range
(0.702-0.704) reported by Stern and Hedge (1985) for all igneous rocks in the
eastern Desert of Egypt.

FIG. 11.  Rb-Sr whole-rock isochron diagrams for the monzogranite (A) and diorite-quartz diorite (B).
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The DIC Nd and Sr isotopic variation is reported in the C- tNd  - C- tSr diagram
(Fig. 12), in addition to the compositional fields of SE Sinai granites (Moghazi,
1994), wadi El-Imra granites, eastern Desert (Furnes et al. 1996), and the Ara-
bian-Nubian Shield  (ANS) basement rocks (Duyverman et al. 1982). In Fig.
12, the DIC granitoid and mafic rocks show a narrow range of initial Sr isotope
ratios (0.7022-0.7035) and relatively more varied C- tNd values (3.38- 9.15). All
the DIC samples are clustered within the field delineated for the ANS and over-
lap those from the Egyptian basement complex. The wholly negative C- tSr and
positive C- tNd  values indicate a source region with high Sm/Nd ratio and suggest
that the DIC protolith was either the mantle and/or juvenile crustal material de-
rived from the mantle. Similar results are also reported for the mafic and gran-
itoid rocks from Eastern Desert, Egypt (Furnes et al. 1996). Moreover, the DIC
rocks show an inverse correlation between C- tNd and C- tSr (Fig. 12), which is prob-
ably a result of mixing or high-level assimilation-fractionation processes (AFC).
However, the hypothesis of simple differentiation processes occurring within a
chemically homogeneous reservoir is ruled out by the significant variability of
Sm/Nd ratio (0.1-0.63) in the Dubr-Igla granitoids, since these processes do not
greatly affect the Sm/Nd ratio (Allegre and BenOthman, 1980). The gabbroic
and dioritic rocks show a restricted range of C- tNd (6.68-9.15) and initial 87Sr/
86Sr ratios (0.7022-0.7025) suggesting derivation from more depleted source
such as the depleted mantleÆ

Discussion

The aims of this section are to constrain source region(s) of the DIC mafic-
intermediate and felsic suites and the petrogenetic processes governing their ev-
olution. This will help understand the processes that operated during growth of
the Nubian Shield. The geochemical and isotopic data indicate that the mafic-
intermediate and felsic suites cannot be derived from the same homogeneous
source. In addition, no simple petrogenetic process can explain the whole chem-
ical and isotopic variation in the different rock units of the DIC.

Source regions of the magma

In many orogenic, composite calc-alkaline granitoid plutons, the mafic suite
may represent mantle-derived magmas (Whitney, 1988; Gasquet et al. 1992;
Tepper et al. 1993; Dias and Leterrier, 1994). The composition of these mag-
mas may be modified by crustal contamination, mixing with crustal-derived
components or subduction processes (Ben Othman et al. 1984). The chemical
composition of the mafic-intermediate rocks in the DIC is characterized by high
Mg/Fe+Mg (62.9), Cr and Ni (300 ppm and 130 ppm), low Rb/Sr (< 0.1) and
isotopic signatures of C- tNd  = 9.2 to 6.7 and C- tSr 13.9 to -32.2. These features em-
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FIG. 12.  C�t
Nd vs. C�t

Sr diagram for the DIC granitoids. Moderate and heavy stippled fields represent calc-
alkaline granites from SE Sinai (Moghazi, 1994) and Egyptian A-type granites (Hassanen & Har-
raz, 1996) respectively. Light stippled area is the field of intrusives and extrusives from Arabian-
Nubian Shield (Duyvermann et al. 1982; Stern & Kröner, 1993). Clear fields represents the Ara-
bian-Nubian lower crust based on data from McGuire and Stern (1993) and the mantle array
(O�Nions et al. 1979). Other symbols as in Fig. 4.

phasize that it has been derived from the mantle source without any significant
crustal contamination. Therefore, the mafic-intermediate suite represents ul-
timate products from a depleted-type mantle-derived magma present in young
orogenic area as primitive island arcs. Similar mantle source are also reported
for some gabbro-diorite suites from the eastern Desert of Egypt (Dixon, 1981;
Abdel Rahman, 1990; Furnes et al. 1996). 

The isotopic composition of the felsic suite (monzogranite) is characterized
by C- tNd = 5.2-3.4 and 87Sr/86Sri = 0.7024-0.7035 which is incompatible with
derivation from an old upper crustal source.  From an isotopic point of view, it
is impossible to distinguish between juvenile lower- crustal material or direct
partial melting of the mantle. However, the second alternative can be rejected if
we consider the trace element data and experimental work (Rapp and Watson,
1995). Experimental works show that melting of underplated mafic lower crust
could produce felsic magmas with I-type composition (Rushmer, 1991; Wolf
and Wyllie, 1994; Rapp and Watson, 1995). Studies on granulite xenoliths from
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the lower crust (Mittlefehldt, 1983; Lancelot and Bosch, 1991; McGuire and
Stern, 1993) indicate that the Arabian continental lower crust is dominated by
mafic, meta-igneous granulites. The above discussion suggests that the DIC pro-
tolith was depleted mantle and juvenile crustal material (sub-arc crust) that had
been separated from the mantle.

Petrogenesis of the mafic-intermediate suite

The Sr-Nd isotopic data of the metagabbro, their low Rb content (<15 ppm)
as well as unfractionated REE patterns from La to Lu (La/Lun 1-1.5 X chon-
drite) suggest participation of the mantle. Similarly, in the C- tNd  - C- tSr diagram
(Fig. 12), the mafic samples plot close to the mantle reference field (Fig. 12).
Abdel Rahman (1990) suggested that the gabbroic magma is formed by partial
melting of a mantle wedge previously hydrated by fluids released from a sub-
ducted oceanic crust. 

The dioritic rocks have a calc-alkaline affinity and geochemical aspects of
volcanic arc-lava. The field relationships and chemical and isotopic composi-
tions of the diorites and gabbroic rocks suggest a petrogenetic link between
these two rock types. The gabbroic rocks have the appropriate mineralogy,
whole rock composition and isotopic signature to be a possible parental source
for the dioritic rocks. However, least square calculations for major elements, to-
gether with the results of trace elements modelling obtained by Rayleigh equa-
tion do not give satisfactory results. Also, the increase of Sr with SiO2 (Fig. 5),
the negative correlation of CaO versus Sr and Ba (Figs. 7A and B, trend I) and
the slight variation in compatible elements (e.g. V, Ni, and Cr) argue against
crystal/melt fractionation. The chemical differences (for major, trace and REE)
and isotopic similarity of the two rock types can be best explained by non-
modal partial melting of the metagabbro to form the dioritic rocks.

A test of the partial-melting model for the diorite-quartzdiorite is based on
conventional Sr, Ba, Rb and REE systematic. The most primitive gabbroid sam-
ple (sample No. 685) is used as an approximate initial source composition for
the diorite. The concentration of Rb, Sr, Ba and REEs in the partial melts (F=
0.1-0.25) are calculated, using the batch melting equation (non-modal melting)
of Shaw (1970):

Ci
l        = Ci

o    Ø Do + F (1-P) 

Ci
l    and Ci

o   are the concentrations of an element (i) in the melt and source re-
spectively. Do is the bulk distribution coefficient for the source assemblage, F is
the fraction of melt, and P is the bulk distribution coefficient of the minerals
(using their weight normative fraction) that enters the melt. The results and
methods used in the calculations are given in Table 3. They refer to the evolu-
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tion stage from the most primitive metagabbro (No. 685) to the least evolved di-
orite (No. 966) and the results point to a possibility that the diorites could have
been derived by 10-15% melting of a basaltic source comparable in composi-
tion to the calc-alkaline metagabbro.

TABLE 3.  Non-modal partial melting model *of the diorite rocks in the DIC.
     

Estimated melt composition
     

F # 0.10 F = 0.15 F = 0.20 F = 0.25

        La   5.20   8.40   8.02   7.70   7.40   8.90
       Ce 15.30 21.00 20.20 19.40 18.80 22.40
       Nd   9.80   8.50   8.40   8.30   8.20 11.70
       Sm   3.80   2.61   2.60   2.60   2.59   3.20
       Eu   1.40   0.85   0.88   0.90   0.93   0.90
       Gd   3.30   2.07    2.07   2.08   2.08   3.20
       Yb   2.60   2.26   2.24   2.22   2.20   1.60
       Rb 11.00 80.00 59.90 47.70 39.00 27.00
       Sr 182 284 289 297 301 463
       Ba   82 487 387 322 275 406

* Proportions of phases present in the parent source (metagabbro) and the contributions of each phase to the
melt are 0.4 clinopyroxene, 0.25 hornblende, 0.32 plagioclase, 0.02 magnetite, 0.01 apatite and .337 horn-
blende, .65 plagioclase, 0.01 magnetite, 0.003 apatite.

#  Degree of partial melting.

Petrogenesis of the felsic suite

Monzogranites

The DIC monzogranites belong to the calc-alkaline association (Figs. 4A and
C) and have geochemical characteristics typical of I-type, arc-related granitoid
(Figs. 6A&B). On the basis of field, geochemical and isotopic criteria, the or-
igin of the monzogranites by fractionation from a basic or intermediate magma
is unlikely as: (1) The monzogranite is too voluminous to be a direct frac-
tionation product of the mafic-intermediate suite (gabbro-diorite). (2) The pres-
ence of a significant compositional gap in the major-and trace element composi-
tion (Fig. 5), particularly if we consider that the granodiorite is not a member of
the fractionation series as discussed later. (3) The different REE patterns of the
monzogranites from those of the mafic and intermediate rocks (Fig. 10) lend
support that these rocks evolved from different sources and/or have different
fractionation history. (4) The incompatible trace-element ratios such as Rb/Ba
commonly shows no variation during fractional crystallization (Fig. 13), as ex-

Parent
composition

no. 685

Observed
composition

no. 966
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pected for elements with similar partition coefficients during fractionation pro-
cess. The increase of Rb/Ba from diorite to monzogranite (Fig. 13) further
argues against fractionation of monzogranites from basaltic or dioritic magma.

FIG.  13.  Rb/Ba versus Rb diagram showing the effect of fractional crystallization (FC), assimila-
tion-fractional crystallization (AFC) and simple mixing processes on the behavior of
trace elements in the DIC. The arrow (FC) represents the fractionation trend calculated
using Rayleigh formation law. The amounts of residual melt are also shown on the frac-
tionation line. The arrow (AFC) represents the assumed general trend of assimilation-
fractional crystallization. Note, the mafic rocks (gabbroic rocks) do not participate in the
evolution of the granitoid rocks. Symbols as in Fig. 4.

In spite of these constraints, the abundance and behaviour of some trace el-
emenstill reflect the effect of some mineral fractionation. The DIC mon-
zogranites are relatively LREE enriched with flat-shaped HREE (Gd-Yb) pat-
terns. In acidic magmas, separation of appropriate proportions of hornblende
and apatites is able to produce this effect without strong HREE fractionation.
The large increase in HREE concentrations (Fig. 10) also need quartz crys-
tallization in order to reduce the HREE bulk distribution coefficients. Moreover,
strong negative Eu anomalies and depleted Sr are indicative of plagioclase frac-
tionation.

An alternative model of assimilation-fractional crystallization (AFC) of a ba-
sic magma contaminated by metasedimentary country rocks can explain the
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variation in the C- tNd  values of the monzogranites (e.g. DePaolo, 1981; Liew and
McCulloch, 1985), but can not account for the homogeneity and low Sr isotopic
compositions. The absence of crustal and wall rock xenoliths in the mon-
zogranites argues against this model. However, the range in C- tNd  values in the
calc-alkaline monzogranites may be due to a variable Sm/Nd ratios and perhaps
variable residence time in the crust.

The isotopic and chemical data suggest that the plausible source of the Dubr-
Igla monzogranites is likely to be an igneous protolith, calling for a pre-
dominant role of melting process within the crust (cf. Stern et al. 1984). As pro-
posed for the genesis of complex acid-basic plutonic associations (Michard et
al., 1980; BenOthman et al. 1984; Bickle et al. 1989), the different granite mag-
mas were assumed to be derived from partial melting of a heterogeneous crustal
basement induced by injection of gabbro-diorite magmas from a mantle source.
The nature of the lower-crust beneath the Nubian Shield is presently poorly un-
derstood. Recent studies on xenoliths of the disrupted lower continental crust of
the Pan African Afro-Arabian shield from the Saudi Arabian (McGuire and
Stern, 1993) and Zabargad island (Red Sea)(Lancelot and Bosch, 1991) suggest
that the lower crust is dominated by metaigneous, mafic granulites and am-
phibolite. Dehydration melting of mafic lower crust to produce melt of granitic
composition was previously described (Tepper et al. 1993; Rapp and Watson,
1995). The most appropriate mechanism suggests that the heat budget necessary
to initiate melting is a mafic magma rising from the mantle wedge (Halliday et
al. 1980; Whitney, 1988). This mafic magma will tend to partially underplate
and pond at a major density discontinuity (the base of the lower crust) and begin
to crystallize and differentiate to lower density (Hildreth and Moorbath, 1988).
As the lower crust continues to heat, anatexis can begin over larger regions
through dehydration reactions (Whitney, 1988).

A viable hypothesis to explain the chemical and isotopic features of the calc-
alkaline monzogranites involves: 1) dehydration melting of a mafic meta-
igneous lower crust due to underplating by mantle-derived magma. 2) fractional
crystallization of a crustal-derived primitive granitic magma to produce the
monzogranites in the DIC. Geochemical and isotopic modelling has been ap-
plied using isotopic ratios versus elemental abundance and REE systematic (De-
Paolo, 1981; Powell, 1984). On the 87Sr/ 86Sri versus Sr diagram (Fig. 14), the
composition of a melt  (MC) derived by 30% partial melting of a lower crust
(McGuire and Stern, 1993) was calculated using the batch melting equation of
Shaw (1970). Partition coefficients (Kd values) used for calculations are re-
ported in Table 4. The crustal-derived melt (MC) is further subjected to frac-
tional crystallization (Fig. 14), with separation of K-feldspar (35%), plagioclase
(30%), hornblende (5%), biotite (5%), and quartz (25%) and minor apatite. The
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Dubr-Igla monzogranites, as shown in Fig. 14, can be formed by 60%-70%
fractionation from a melt previously produced by 30% partial melting of the
lower crust.

FIG.  14.  Initial 87Sr/86Sr versus Sr (ppm) for modelling the DIC granitoid rocks. ALC represents
the average composition of the Arabian-Nubian low crust (McGuire & Stern, 1993),
MC stippled square is the melt composition formed after 30% partial melting of the
ALC. The arrow FC-1 is the fractionation trend calculated using the crustal-derived
melt (MC) as a source composition and the KD values given in Table (4). The arrow
FC-2 is the fractionation trend calculated using the average diorite composition (AD) as
a parent composition. The amounts of residual melts are indicated on each fractionation
trend (FC-1 and FC-2).  To model the origin of the granodiorite, a mixing hyberbola is
also constructed using the mixing relationship given by Faure (1986). The average dio-
rite composition, AD (star in circle) and the most differentiated monzogranite sample
(AG) are used as the two end-member components. The mixing proportions are an-
notated on the mixing hyperbola, at 10%, by small dots. (see text for further details).
Symbols as in Fig. 4.

To confirm the model in Fig. 14, using REE systematics, the source composi-
tion (lower crust) and degree of melting (F) adopted in the model of Fig. 14 are
used in REE modeling. The REE contents of the source  (Cº) and the modal
mineralogy of the lower crust (70 % plagioclase; 15% orthopyroxene and 15%
clinopyroxene) are taken from McGuire and Stern (1993). Using the composi-
tion of the melt derived by anatexis of the lower crust (MC) as a parent liquid,
the concentration of REE in the residual liquids derived by 60-80 % frac-
tionation  (amount of separated crystals) are calculated using Rayleigh (1896)
fractionation equation:
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TABLE  4.  REE and Trace element partition coefficients (Kds) *used for geochemical modelling
of the DIC, Egypt.

Elements
Felsic rocks Mafic-intermediate rocks

Hb** Plag Ksp Bio. Ap Opx Cpx Hb Plag Mag Ap

  La 0.700 0.320 0.050 0.280 25.0 0.028 0.250 0.400 0.350 0.090 25.0
  Ce 1.520 0.270 0.044 0.320 34.7 0.038 0.300 0.510 0.240 0.110 34.7
  Nd 4.260 0.210 0.025 0.290 57.1 0.058 0.490 1.200 0.170 0.130 57.1
  Sm 7.770 0.130 0.018 0.260 62.8 0.100 0.700 2.000 0.130 0.150 62.8
  Eu 5.140 2.150 1.130 0.240 30.4 0.079 0.870 1.700 2.110 0.100 30.4
  Gd 10.000  0.970 0.011 0.280 56.3 0.171 0.960 2.500 0.090 0.120 56.3
  Yb 8.400 0.049 0.012 0.440 23.9 0.670 0.900 2.000 0.077 0.170 23.9
  Rb 0.14 0.041 0.366 0.240 0.020 0.020 0.050 0.070
  Sr 0.220 4.400 9.400 0.120 0.020 0.080 0.230 1.800
  Ba 0.044 0.310 6.120 9.700 0.020 0.020 0.090 0.160

*  Sources of Kds values are from Arth (1976) and Hanson (1980).
**Cpx, Clinopyroxen; Opx, Orthopyroxen; Hb, Hornblende; Plag, Plagioclase; Ksp, K-feldspar; Bio, Biotite; Mag, Mag-

netite; Ap, Apatite.

C1
 = Co  FD-1

where Cl and Co are the concentrations of elements in the residual and initial
liquids respectively; F, amount of residual liquid and D is the bulk distribution
coefficient. The results obtained by REE modeling (Fig. 15) indicate that the
monzogranite represents a residual liquid left after 70-80% crystallization of
plagioclase, K-feldspar, quartz, biotite and hornblende and minor apatite from
crustal-derived magma. The results are also consistent with those obtained by
isotopic modeling

Mafic-felsic magma interaction and origin of granodiorite

Various mafic-felsic magmas interaction (e.g. mingling, mixing, hybrid-
ization)(Eichelberger, 1978; Marshall and Sparks, 1984; Bacon, 1986; Bloom-
field and Arculus, 1989) are now described by many authors in calc-alkaline
plutonic environment (Reid et al. 1983; Frost and Mahood, 1987; Zorpi et al.
1989; Fernandez and Gasquet, 1994). Field and petrographic observations (Fig.
3), chemical and isotopic data (Figs. 5, 9, 13 and 14) leave no doubt that the
granodiorites in the DIC are generated by magma mixing and variable degrees
of hybridization. Comparable field relations were also described for the Tichka
complex, Morocco (Fernandez and Gasquet, 1994); Gil-Màrquez complex, SW
Spain (Castro et al. 1995) and orogenic granitoids of Northern Sardinia (Zorpi
et al. 1989). Hassanen et al. (1996) has suggested that hybrid rocks (gran-
odioritic composition), in Gabal Igla Ahmar (the southern part of DIC) is the re-
sult of mixing between acid magma (monzogranite) and diorite. The mafic (dio-
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rite) and the felsic magmas (monzogranite) constitute the two major end-
member components in the Dubr-Igla complex. Participation of these two end-
members (diorite and monzogranite) on the genesis of granodiorite in the DIC is
supported by the diagram Rb/Ba vs. Rb (Fig.13). The heterogeneous composi-
tion of the granodiorites is due to the varied proportion of each end-member
contributed during the mixing or hybridization stage. In spite of the nature and
intensity of interaction between the intermediate and acid, the granodiorite sam-
ples selected for chemical analyses and numerical modeling are those which
have a rather homogeneous composition (e.g. containing only few xenoliths, no
large grain size variation and no extreme enrichment or depletion in the in-
compatible elements). Reid et al. (1983) suggested that mafic inclusions in Sier-
ra Nevada plutons represent chilled pillows of mafic magma and their fusion
would produce granodiorites.  A similar feature is also noticed in the DIC,
where partial reactions of some mafic xenoliths in the felsic magma developed
zoned-like xenoliths with diffused contacts (Fig. 3D).

FIG. 15.  REE-modelling of the DIC monzogranites. The calculated chondrite-normalized REE
pattern of a melt-derived by 30% partial melting (MC) from the lower crust (ALC) is
shown (McGuire & Stern, 1993). Also shown the calculated REE patterns of residual
melts derived by 20%, 30% and 40% fractionation (F = 0.2, 0.3 and 0.4) from a 30%
partial melt (MC). Distribution coefficients (Kds) are summarized in Table 4. The stip-
pled field represents the composition of the DIC monzogranites.
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On the 87Sr/86Sri versus Sr diagram (Fig. 14), a mixing curve is constructed
using the mean compositions of diorite and monzogranite. The granodiorite
samples plot close to the mixing hyperbola (Fig. 14), suggesting that the gra-
nodiorites are formed by about 20 to 30 % magma mixing of diorite and mon-
zogranite. In order to calculate and confirm the possible range of mixing of each
end-member component, a major element modeling is carried out using mass
balance equations of LeMaitre (1981). Magma mixing is physically more ef-
ficient when the composition contrast, viscosity and density differences be-
tween the two mixed magmas are low enough to promote mixing (Frost and
Mahood, 1987; Fernandez and Gasequte, 1994; Castro et al. 1995; Bateman,
1995). Accordingly, the most differentiated diorite sample (No. 972) and the
less differentiated monzogranite (No. 680) are chosen as the two end-
membecomponents. Table 5 shows the results of mixing calculation using two
granodiorite samples (daughters) (Samples Nos. 652 and 651). The low r2 val-
ues (sum of squares residuals) resulting from these calculations (1.86 and 1.66
respectively) confirm that magma mixing with a proportion from 17% up to
34% of dioritic end-member can account for major oxides variation of the gra-
nodiorite (Table 1). It is also in good agreement with the results of isotopic cal-
culations. Although the chemical modeling is not unique, some rheological as-
pects must be considered. The thermal-rheological factors (e.g. temperature,
viscosity, density, H2O content and composition of the  mafic and felsic mag-
mas) put many constraints on the style and efficiency of mixing, volume and
composition of the hybrids (e.g. SiO2 content) (Fernandez and Gasquet, 1994).
The rheological modeling proposed by Frost and Mahood (1987) indicates that
hybrid rocks derived from mixing of mafic (basaltic) and felsic (granitic) mag-
mas have small volumes and their SiO2content does not exceed 63%. Also a
large difference in the viscosity of the two end-members prohibits a homo-
geneous mixing of the two end-member components. In the DIC all the gra-
nodiorite samples contain more than 63% SiO2Æ

These physical limitations on mixing in the DIC can be explained by the fol-
lowings:

1 � Fractionation of the upper boundary layer of a mafic magma will produce
a low density residual liquid that may eventually become lower in density than
the overlying felsic magma (cf. Huppert et al. 1984). The buoyant residual liq-
uid cause overturning and through mixing (Turner and Campbell, 1986; Fer-
nandez and Gasquet, 1994; Bateman, 1995); 

2 � Vesiculation of the mafic magma at shallow depth due to release of dis-
solved fluids and gases (Eichelberger, 1980; Thomas et al. 1993) would be suf-
ficient to make the mafic magma buoyant relative to granitic magma;

3 � High shearing stresses rapidly and efficiently homogenize molten sil-
icates (Kouchi and Sanagawa, 1983). Two major mechanisms could apply high
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shearing stresses to coexisting magmas, namely, buoyant convection (Huppert
et al. 1983) and tectonic shearing (Eichelbgerger, 1978; Whalen and Currie,
1984).

TABLE 5.  Least square mixing calculations (LeMaitre, 1981) for the origin of granodiorite.

Parent � 1 Parent � 2 Observed
Estimated

Observed
Estimated

Oxides quartz-diorite monzogranite daughter � 1**
daughter � 1

daughter � 2#
daughter � 2

no. 927 no. 680 no. 652 no. 651

SiO2 61.28 73.71  68.22  68.27  71.52  71.63  
TiO2   0.57 0.25 0.41 0.39 0.27 0.30
Al2O3 15.62 13.31  15.22  14.32  14.67  13.70  
Fe2O2   5.70 2.26 3.81 3.76 2.18 2.84
MnO   0.12 0.02 0.09 0.06 0.6 0.04
MgO   3.49 0.54 0.91 1.83 0.56 1.03
CaO   5.29 1.40 2.90 3.10 2.10 2.05
Na2O   2.67 3.70 2.95 3.25 3.71 3.53
K2O   2.30 3.31 2.61 2.87 3.04 3.14
P2O5   0.14 0.04 0.08 0.08 0.05 0.06
Parent � 1$    0.337   0.168
Parent � 2    0.663   0.832
r2##    1.860   1.660

* Total iron as Fe2O3
$Proportions of the two end-member components (Parent � 1 & Parent � 2)

**Less differentiated granodiorite sample ##Sum of squares residuals
# Most  differentiated granodiorite sample

Conclusion

A combination of geochemical and Sr and Nd isotopic data are used to ad-
dress the petrogenetic models for a calc-alkaline, composite batholith, the Dubr-
Igla intrusive complex (DIC), in the Egyptian part of the Nubian Shield. The
DIC has a wide compositional variation range from gabbro to granite. These
rock associations belong to two distinct suites, the mafic-intermediate and felsic
suites. The mafic-felsic rock associations from the two suites reveal field and
chemical evidences of a complex magma interaction (mingling, mixing, hetero-
geneous to homogeneous hybridization). In terms of the abundance of major
and trace elements, the gabbros and diorite-quartz diorite (mafic-intermediate
suite) resemble island arc basalts related to subduction. Mineralogical and
chemical characters (trace elements and REE) of granodiorite and monzogranite
(felsic suite) indicate a close affinity to the I-type granite and affiliated to the
post-orogenic granites.

The diorite-quartz diorite and monzogranite yield whole-rock Rb-Sr isochron
ages of 704 ± 13 Ma and 644 ± 7 Ma respectively. The isotopic composition of
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the mafic-intermediate suite (C- tNd  = 7.6-9.2 and initial 87Sr/86Sri ratio =
0.7022-0.7025) and depleted LILE and LREE represent potential fingerprint of
a depleted mantle source. The granodiorite and monzogranites have low initial
87Sr/ 86Sri  ratio (0.7025-0.7035) and relatively spread positive C- tNd  (3.4-5.2),
which indicate that their protolith was most likely juvenile lower crust that had
been separated from the mantle.

Geochemical and isotopic modeling indicate that the diorite is formed by
10%-15% partial melting of a basaltic source, similar in composition to the as-
sociated metagabbros. Dehydration melting (30%) of a mafic metaigneous low-
er crustal materials due to underplating by a mantle-derived basic magma fol-
lowed by 70%-80% fractional crystallization of the crustal derived- primitive
granitic melt yield the differentiated monzogranites in the DIC. This model for
basaltic magmatic underplating as a primary cause of anatexis of the crust dur-
ing the Late Proterozoic magmatic episode reconcile with abundance of an older
mafic magma expressed by mantle-derived, mafic-intermediate rocks in the
DIC and in the eastern Desert of Egypt. The granodiorite is the result of a var-
iable extent of mafic-felsic magma interactions (mingling, mixing and hybrid-
ization). Least squares mixing calculations support the formation of the gra-
nodiorite rocks by a simple mixing of an approximate fraction of ca. 17% to
44% of the diorite with a less differentiated monzogranite.
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ÂuOA�d��« − Âu�bO�ËdK� W�dzUE�Ë WOzUOLO�uO� W�«��
:�dB0 q�«b�*« WK�� − d�Ë� bIF* ÂuO��uO� − Âu��UL��«Ë

W��UL�� WOCL� − W�b�U�  «�UNB� �U��

5M�� lOL��« b�� bL��
W��uF��« WO�dF�« WJKL*«�−��b���  ,�e�eF� b�� pK*« WF�U� ,�÷�_« ÂuK� WOK�

w� V�d?� XO?�u�U� q�«b?�*« WK�?� − d�Ë� b??I?F?� q�1 Æ�hK�?�?�*«
W�u�d� WO�O�d� WK�� q�1 u?�Ë Æ�wI�d�_« vL(« �u�: s� W�dB*« bIF�
Ác� Æ�XO?�«d?'« v?�≈ Ëd�U??'« s� ÕË«d??�� Íd??�??: �b?F?� vK� qL??�??A�
X��u�«� − Ëd�U'« W�uL�� UL�Ë 5�eO2 5��uL�� v�≈ wL�M� �u�B�«
X��u�«� − Ëd�U'« �u?�: Æ�XO�«d�ËeM*« − X��u�«�u?�«d'« W�uL?��Ë
Âu��u??B�« d??:U?M� Èu??�??�??� w� ÷U??H??��« l?� W�uK� fK?� W??�e� U??N�
d?:UMF� jO?�� ��UH� v�≈ W?�U?{ùU� Âu�b?O�Ëd�«Ë Âu�d�_«Ë Âu?O�U�u?��«Ë
X��u�«�u�«d'« ,�XO�«d?'U� WK�L*«Ë qO���« b?F� �u�: Æ����UM�« ÷�_«
U�?O� UN�uJ� �u�?B�« Ác� eOL��Ë W?�u� fK� WFO?��  «� XO�«d�Ëe�u*«Ë
 U�u�_«  «� W?O?�u�?OK�« d?:UMF�« w� ¡«d�≈ l� W?OMO?�u�« �u� v�≈ W?OMO?�u�«

Æ�(HFS) WO�UF�« WO�U:« ÈuI�«  «� d:UMF�« w� W�O��Ë �dO�J�«
s� qJ� Âu??O?A�d?�??�« − Âu��u?O�ËdK� s�e?�«  U�ËU?�?�?� X?D�√ b?I�
− d�Ë� b?I?F?� w� X��u�«� e��«u?� − X��u�«b�«Ë XO�«d?�ËeM*« �u?�?:
Ê√ U?L?� Æ�w�«u?��« vK?� WM� Êu?OK� ±≥ ± ∑∞¥ Ë ∑ ± ∂¥¥ �U?L?�√ WK�?�
−∂[∑® ÂuO��uOM�« ÊuK��« s� qJ� �Ëb?�� Èb� 5�� X��u�«b�« �u�:
−∞[∑∞≤≤® W?Oz«b?��ô« ∏∂ Âu?OA�d?�?�«Ø∏∑ Âu?O?A�d?��« W?�?��Ë ©∏[µ
d:UMF�« s� qJ� `O?�A�« Èu�;«Ë ÍdzUEM�« VO?�d��« «c� Æ�©∞[∑∞≤µ
WCH�M*« W��M�«Ë ���UM�« ÷�_« d:U?M�Ë �dO�J�«  U�u�_«  «� WO�u�OK�«
s�  �uD�Ë  QA� b� �u�B�« Ác� Ê√ X�?�� ÂuOA�d��«ØÂu�bO�Ëd�« w�
Íu�% XO�«d�ËeM*«Ë X��u�«�u�«d'« �u�?: Ê√ b�Ë UL� `O�� ÕU�Ë
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−∞[∑≤∞µ® WCH�M� W?Oz«b��« ∏∂ ÂuOA�d��«Ø∏∑ ÂuOA�d?��« W��� vK�
dOA� w��«Ë ©µ[≤−≥[¥® ÂuO��u?O� ÊuK��ô V�u� �UA��«Ë ©∞[∑∞≥µ
XKB?H�« b� w��«Ë W��UM�« W?OKH��« �d?AI�« Ë√ ÕU?�u�« U�≈ U��b?B� Ê√ v�≈

Æ�ÕU�u�« s�  �uD�Ë
dzUEM?�«Ë ���UM�« W?O??{�_« d??:UMF�« s� q� ZzU??��Ë Í�b??F�« Ã�u/_«
 U??OKL??� s� X�uJ?� b?� WK?�?� − d?�Ë� b?I??F??� �u?�??: Ê√ v�≈ d??O??A�

:�wK� UL� �bIF� WOMO�Ëd��
�UN?B�« %±µ − %±∞ s� ÊuJ� b� X��u�«� e��«u?� − X��u�«b�«�−±
�u??�?B� VO??�d??��« w� t�U??A?�Ë ÕU??�u�« s� "U� w���U?� �b?B* wze??�

Æ�Ëd�U'«
W�d?zUEM�«Ë W???OzU???O???L???OJ�«  U???L???��« Õd???A� Íc�« ÷«d???�???�ô«�−≤
W?OKH??��« �d?A?IK� ©%≥∞® w?ze?� �U?N?B�«�−�√ :�sL??C?�� XO�«d??�ËeMLK�
�� wze?� �uK���−�» Æ�ÕU?�u�« s� W?&U� U?L?�?� q�«b?�� W�?O?�� W�b?�U?I�«
wDF?O� W?O?{�_« �d?A?I�« s� "U� v�Ë√ w�?O�«d?� d?O?N?: s� %∏∞−%∑∞

Æ�WK�� − d�Ë� bIF� w� ��UH�*« XO�«d�ËeM*«
s� ÊuJ� t�√ v�≈ d?OA� w��« W��_« s� dO?�� dN?E� X��u�«� u�«d'«�−≥
Ãe*«  U�U?��Ë  «�U?�?��« Ê√ U?L?� Æ�WO?�K� Èd?�√Ë WO?�U� U?L?�� q�U?H�
�u??�??: ÊuJ� b??�R� W??O??�U??�_«Ë W??�??O??�?A?�« d??:UMF�« Â«b??�??�??�U�
5� %µ∞ v?�≈ %±µ s� ÕË«d??�?� jO??�?� Ãe??� W???OKL???F� X��u�«�u?�«d??'«

Æ���UH� q�_« XO�«d�ËeM*«Ë X��u�«b�«




