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Abstract. Marie and intermediate granulite xenoliths, 
collected from Cenozoic alkali basalts, provide samples 
of the lower crust in western Saudi Arabia. The xenoliths 
are metaigneous two-pyroxene and garnet granulites. 
Mineral and whole rock compositions are inconsistent 
with origin from Red Sea rift-reIated basalts, and are 
compatible with origin from island arc calc-alkatine and 
low-potassium tholeiitic basalts. Most of the samples 
are either cumulates from marie magmas or are restites 
remaining after partial melting of intermediate rocks and 
extraction of a felsic liquid. Initial 87Sr/86Sr ratios are 
less than 0.7032, except for two samples at 0.7049. The 
S m - N d  data yield TDM model ages of 0.64 to 1.02 Ga, 
similar to typical Arabian-Nubian Shield upper conti- 
nental crust. The isotopic data indicate that the granu- 
lites formed from mantle-derived magmas with little or 
no contamination by older continent crust. Calculated 
temperatures and pressures of last reequilibration of the 
xenoliths show that they are derived from the lower 
crust. Calculated depths of origin and calculated seismic 
velocities for the xenoliths are in excellent agreement 
with the crustal structure model of Gettings et al. 0986) 
based on geophysical data from western Saudi Arabia. 
Estimation of mean lower crustal composition, using the 
granulite xenoliths and the Gettings et al. (1986) crustal 
model, suggests a remarkably homogeneous mafic lower 
crust, and an andesite or basaltic andesite bulk composi- 
tion for Pan-African juvenile continental crust. 

Introduction 

Obtaining a better understanding of the generation and 
evolution of the Earth's continental crust is a primary 
goal of a large group of earth scientists. Many models 
have been developed to explain how such crust forms 
and how this process has varied with time. The paradigm 
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is that the continental crust formed by amalgamation 
of primitive arc terranes of andesitic composition which 
subsequently underwent internal differentiation (e.g., 
Taylor 1967). Unfortunately, our knowledge of the com- 
position and evolution of the upper continental crust 
is far superior to our understanding of the lower crust, 
limiting our ability to infer the bulk composition of con- 
tinental crust and therefore evaluate models for its gen- 
eration and internal differentiation. 

The crust of NE Africa and Arabia is extremely well 
exposed and provides a remarkable opportunity to ex- 
amine processes of crust formation. The Arabian-Nu- 
bian Shield (ANS) formed during the late Precambrian 
"Pan-African" event (ca. 900-550 Ma). With the excep- 
tion of the Afif terrane of south-central Arabia, the base- 
ment east of the Nile is derived either directly from the 
mantle or via remelting of mantle-derived rocks, as in- 
ferred from Sr and Nd isotopic systematics (Harris et al. 
1990). Numerous ophiolite-decorated suture zones can 
be identified leading to the acceptance of the terrane 
model of arc accretion for the formation of Afro-Arabi- 
an crust (Stoeser and Camp 1985; Vail 1985; and others). 
The ANS is one of the best preserved and exposed exam- 
ples of juvenile continental crust, and understanding its 
evolution will illuminate these processes of continental 
crustal formation. 

This paper presents data for the first time on the 
composition of the lower crust as inferred from xenoliths 
recovered from five widely separated alkali basalt fields 
erupted through late Precambrian crust in western Saudi 
Arabia (Fig. 1). Available geophysical data (Gettings 
et al. 1986) from the region allow us better to evaluate 
the extent to which the xenoliths are representative of 
the lower crust in the region. We feel that these results 
are particularly important because the continental crust 
of the Arabian-Nubian Shield formed by juvenile addi- 
tion from the mantle to the crust, as a result of processes 
indistinguishable from modern plate tectonics. Corre- 
spondingly, understanding the composition and evolu- 
tion of the ANS lower crust is important to our under- 
standing of lithospheric evolution. 
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Previous work Sample description 

The majority of previous work has been mineralogical and geo- 
chemical studies of mafic, metaigneous granulite xenoliths from 
Israel (Esperanqa and Garfunkel 1986; Mittlefehldt 1983, 1986) 
and Algeria (Leyreloup et al. 1982). Leyreloup et al. (1982) studied 
lower crustal metaigneous and metasedimentary granulite xenoliths 
from Hoggar in southern Algeria. The Hoggar basalts are erupted 
through Precambrian crust which was reactivated during the Pan- 
African orogeny, and the Hoggar granulites may be Pan-African 
or older in age. To our knowledge, almost nothing has been pub- 
lished on the granulite xenoliths of Saudi Arabia. Henjes-Kunst 
et al. (1990) report Sr- and Nd-isotopic data for one granulite xeno- 
lith from Harrat Lunayyir (Fig. 1) in western Saudi Arabia. 

Outcrops of ANS lower crust are found only on Zabargad 
Island in the Red Sea, where it was exposed during incipient rifting 
of the Red Sea. Felsic granulites yield R b - S r  and S m - N d  ages 
of 650-700 Ma, interpreted to date peak metamorphism; mafic 
granulites yield a S m - N d  mineral age of ca. 550 Ma, interpreted 
as the time of amphibolite-facies retrogression (Lancelot and Bosch 
1991). The petrology and geochemistry of these rocks has been 
studied by Bonatti and Seyler (1987), Seyler and Bonatti (1988), 
Boudier et al. (1988), and Lancelot and Bosch (1991). 

--~ Red Sea Closure �9 Cenozoic Basalts, Arabia 
Suture [ ]  Arabian-Nubian Shield 

(.Juvenile Crust) 
~ :~  Inferred Cratonic Boundary [ ]  Pre-Late Precambrian Crust 

~ T e r r a n e  Name . ~ j  Phanerozoic Cover 

Fig. 1. Map of the Arabian-Nubian Shield, with the Red Sea closed 
(modified after Abdelsalam and Stern 1992). Localities of alkali 
basalt fields yielding lower crustal xenoliths used in this paper 
are shown. Names of terranes are double underlined. Approximate 
ages of terranes are given. Approximate location of the boundary 
between the juvenile terranes of the Arabian-Nubian Shield and 
those of the pre-late Precambrian "Nile Craton" is shown as a 
dashed line. Other occurrences of lower crustal rocks in the region 
include Jebel Moya, JM; Sabaloka, S; and Zabargad Island, Z 

The twenty samples selected for study represent all the inclusions 
with greater than 5 modal percent plagioclase, with no evidence 
of host basalt infiltration, and size greater than 3 x 3 x 3 cm, from 
a large (> 1,000 samples) suite of xenoliths collected by Robert 
G. Coleman in conjunction with U.S. Geological Survey studies 
of western Saudi Arabia. This xenolith collection is presently curat- 
ed by the National Museum of Natural Sciences, Smithsonian Insti- 
tution. The only other plagioclase-bearing xenoliths in this suite 
are mantle pyroxenites containing small amounts of plagioclase 
resulting from breakdown of garnet (McGuire 1988). Granulite 
xenolith sizes ranged from 3 cm to about 10 cm diameters. 

The samples were collected with mantle xenoliths from Red 
Sea rift-related basalt flows and cinder cones in five basalt fields 
in western Saudi Arabia (Fig. 1). These localities are separated by 
as much as 1,000 km (Fig. 1), and lie on different Precambrian 
crustal terranes (Fig. I). Harrat al Birk was erupted on the southern 
800-900 Ma Asir terrane; whereas Harrat al Kishb sits on the 700- 
800 Ma northern part of the Asir terrane. Harrat Ithnayn overlies 
the 70~800 Ma Hijaz terrane. Harrat Uwayrid overlies the 
younger 600-700 Ma Midyan terrane and may overlap southward 
onto the Yanbu suture zone between the Midyan and Hijaz ter- 
ranes. Harrat Harairah was erupted through the Yanbu suture 
zone. 

The majority of xenoliths studied (17 out of 20) are two-pyrox- 
ene granulites consisting of plagioclase, clinopyroxene, orthopyrox- 
ene, opaques (ilmenite, magnetite), and various accessory phases 
such as apatite, ruffle, zircon, and biotite. Two textures occur in 
these rocks: Fine- to medium-grained samples are generally equi- 
granular, with granoblastic texture, and many exhibit foliation de- 
fined by tabular pyroxene grains_ In some samples there is composi- 
tional layering with thin (< 2 mm) clinopyroxene-rich and orthopy- 
roxene-rich bands. Orthopyroxene is strongly pleochroic. Clinopy- 
roxene typically exsolves ilmenite. Modal plagioclase is generally 
70-80%, with equal amounts of clinopyroxene and orthopyroxene. 
This type of granulite occurs at Harrat Uwayrid, Harrat Ithnayn, 
Harrat Harairah, and Harrat al Birk. Other two-pyroxene granulite 
samples are unfoliated medium- to coarse-grained, equigranular, 
with allotriomorphic-granular or hypidiomorphic-granular texture. 
Abundances of clinopyroxene are greater than orthopyroxene and 
modal plagioclase is generally less than 50%. This type of granulite 
occurs at Harrat al Kishb, Harrat Ithnayn, and Harrat al Birk. 

One two-pyroxene granulite sample (93413-AI, Harrat al Birk) 
consists of medium-grained, anhedral clinopyroxene § plagioclase, 
and fine-grained patches of clinopyroxene+orthopyroxene+pla- 
gioclase + spinel. The textures of these patches are similar to tex- 
tures described by Ghent et al. (1980) and McGuire (1988) in pyr- 
oxenite xenoliths from the same locality and attributed to break- 
down of garnet under conditions of decreasing pressure or increas- 
ing temperature during crustal thinning and heating associated with 
Red Sea rifting. 

Three of the xenoliths are garnet bearing (10-30 modal percent) 
with plagioclase + clinopyroxene_+ orthopyroxene and accessory 
(< 1%) ilmenite, rutile, or spinel. All are from the Harrat al Birk 
locality. The rocks are medium grained, inequigranular, with gran- 
oblastic or allotriomorphic-granular textures. Clinopyroxene is 
zoned, but not exsolved. One xenolith (93754) exhibits composi- 
tional banding with alternating plagioclase-rich and pyroxene-gar- 
net-rich layers. Sample 93413-B2 shows corona texture in the form 
of fine-grained, vermicular-textured orthopyroxene + plagioclase + 
spinel rims on garnet. The rims are most pronounced at garnet- 
clinopyroxene grain contacts. In all three garnet-bearing samples, 
formerly euhedral to subhedral garnets are now cryptocrystalline 
aggregates of orthopyroxene + plagioclase + spinel_+ olivine_+ cli- 
nopyroxene formed by decompression breakdown reactions during 
transport of the xenoliths in their host basalts. 



Analytical methods 

Mineral compositions were determined by using a JEOL 733 au- 
tomated electron microprobe at Stanford University (15 kV accel- 
eration voltage, 15 nA beam current, 10 ~tm defocused beam, 30 s 
count times) and a JEOL 8600 Superprobe at the University of 
Houston (UH) (15 kV acceleration voltage, 20 nA beam current, 
focused beam, 40 s count times except 20 s on Na). Analyses were 
run on the cryptocrystalline "garnet" aggregates using a beam 
defocused to 50 ~m diameter to determine bulk garnet composi- 
tions. Stanford analyses used the BA matrix correction of Albee 
and Ray (1970), and UH analyses used a Tracor Northern ZAF 
correction routine. Representative mineral compositions are re- 
ported in Tables 1-4. Errors are approximately • 1-2 relative per- 
cent on major elements and ! 5-10 relative percent on minor ele- 
ments. 

Two samples (H353-A, H332-7) were too small for whole rock 
analysis. For the larger samples, weathering and basalt rinds were 
removed by sawing. The samples were crushed and powdered in 
a tungsten-carbide shatterbox (ring mill). Whole rock rare earth, 
trace and major elements were analyzed by inductively-coupled 
plasma spectroscopy (ICP) at the University of Houston using a 
Thermo Jarrell Ash ICP spectrometer and methods described in 
Norman et al. (1989). Four replicate counts were collected for each 
element in each sample. Working curves were constructed using 
a minimum of six USGS rock standards for each analysis run. 
Concentrations in samples were computed using these curves. Re- 
sults are given in Tables 5, 6. Analytical errors are +_ 1-5 relative 
percent for major elements, _+ 5-10 relative percent for trace ele- 
ments and • 1-5 relative percent for rare-earth elements (REE), 
based on standard deviation of replicate counts and replicate analy- 
ses of USGS standards. 

Nickel, Cr, Ga, and Pb values were determined on whole rocks 
powders using standard X-ray fluorescence (XRF) spectroscopy 
at Stanford University and Washington State University. Relative 
errors are +_ 10%. 

Isotopic analyses of Sr and Nd were performed at the University 
of Texas, Dallas using a Finnigan MAT 261 mass spectrometer. 
All samples were dissolved for one week in Krogh bombs (Krogh 
i973) to ensure dissoIution of minor refractory phases. Thirty-three 
analyses of the E and A SrCO3 during the course of this work 
yielded a mean 8VSr/86Sr=0.70801. In-run precision was smaller 
than the long-term reproducibility of the standard (_+ 0.0004) and 
the latter is accepted here as the analytical uncertainty. All samples 
are normalized to 8VSr/86Sr=0.70800 for the E and A standard. 
The Rb and Sr contents were determined by isotope dilution. 

Chemical procedures for Nd follow those of Lin et al. (1989, 
1990). Analytical details of the 143Nd/i44Nd determinations are 
reported by Stern et al. (1990). Calculations of e-Nd were made 
assuming Bulk Earth i gVSm/i44Nd = 0.1967 and using the determi- 
nations of e-Nd for the UCSD standard ( -  15.2) and BCR (--0.16) 
reported by Pier et al. (1989) to calculate a Bulk Earth 143Nd/ 
i44Nd appropriate for the UTD laboratory (UCSD Nd i'~3Nd/ 
144Nd=0.511829 and BCR=0.512606); the total range of 
_+0.000020 obtained for the standards is taken to be the analytical 
uncertainty for this work. Total processing blanks for Sr and Nd 
were less than 2 ng and 0.5 ng, respectively, and are negligible rela- 
tive to typical dissolutions of ca. 70 gg Sr and 1.5 I, tg Nd. 

Results 

Mineral compositions 

There  are  no sys temat ic  g e o g r a p h i c  va r i a t ions  in mine ra l  
compos i t i ons .  Mine ra l  c o m p o s i t i o n s  are  h o m o g e n e o u s  
in mos t  o f  the  xenol i ths ;  however ,  several  s amples  dem-  
ons t r a t e  zoning  in p lag ioc lase  and  pyroxenes .  P lag io-  
clase is o l igoclase  to labrador•  (AnzT-sv )  (Fig.  2; Table  
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Fig. 2. Granulite pyroxene (A) and plagioclase (B) compositions, 
filled dots. Circled fields are compositions from Saudi Arabian man- 
tle xenoliths (McGuire 1988); stippled fields are compositions from 
Hoggar metaigneous granulites (Leyreloup et al. 1982) 

1). W h e r e  present ,  p lag ioc lase  zon ing  is n o r m a l  wi th  1 -  
6% ano r th i t e  va r i a t ion .  Calc ic  py roxenes  are  augi tes  
(Fig.  2; Table  2) wi th  var iab le  a tomic  M g / ( M g + ~ F e )  
( M g  41=) o f  0.59-0.80.  Five samples  exhib i t  s l ight  concen-  
t r ic  zon ing ;  however ,  z o n a t i o n  is h ighly  var iab le  f rom 
one  s amp le  to the next .  L o w - C a  py roxenes  are  hyper -  
s thenes  (CaO con ten t s  < 1.25 w t % )  wi th  var iab le  M g  

f rom 0.46 to  0.80. A l u m i n a  con ten t s  are  less than  
3 w t %  for  mos t  o r t h o p y r o x e n e s  (Table 3). 

G a r n e t  c o m p o s i t i o n s  were d e t e r m i n e d  by  de focused  
b e a m  m i c r o p r o b e  analyses  on the three  ga rne t  g ranu l i t e  
xenol i ths .  A n a l y s e s  p resen ted  in Table 4 are  the averages  
o f  10 analys is  spots  for  each sample .  The  three  c o m p o s i -  
t ions are  s imi lar  and  are  a p p r o x i m a t e l y  PYR45 A L M 4 0  
G R O l s .  L o w  N a z O  (0.08-0.36 w t % )  in the ana lyses  sug- 
gests only  m i n o r  a l t e r a t ion  o f  the  or ig ina l  ga rne t  bu lk  
c o m p o s i t i o n  du r ing  the b r e a k d o w n  reac t ion .  

Three  i r o n - t i t a n i u m  oxide  assemblages  are  observed .  
Several  samples  c on t a in  n e a r - e n d m e m b e r  i lmeni te  and  
no  o ther  F e - T i  oxide  phases .  O the r  samples  con t a in  
an  i lmen i t e -hemat i t e  sol id  so lu t ion  phase  and  a magne -  
t i te -u lv6spine l  sol id  solu t ion .  Some  granul i te  xenol i ths  
c on t a in  rut i le  + i lmeni te  + hemat i t e  wi th  va ry ing  degrees  
o f  i lmeni te  a n d  hemat i t e  sol id  solu t ion .  A l u m i n o u s  spi- 
nel is obse rved  in on ly  two xenol i ths  and  is a b r e a k d o w n  
p r o d u c t  o f  garnet .  

Whole rock compositions 

W h o l e  rock  c o m p o s i t i o n s  are  p re sen ted  in Tables  5 and  
6. The  t w o - p y r o x e n e  granul i tes  are  e i ther  hype r s thene  
n o r m a t i v e  or  s l ight ly  nephel ine  no rma t ive ,  a n d  the gar-  
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Table 1. Representative granulite plagioclase compositions 

Sample no. H310-23 H310-24 H332-18 H353-B H353-1 H353-34 H30-82-54 93413-A1 9 3 7 1 2  93719 

SiOz 57.4 59.6 58.1 59.2 57.2 55.6 61.1 55.6 58.5 56.3 
AlzO3 27.4 25.8 25.9 25.4 27.6 27.6 24.3 29.3 25.9 27.9 
~ O  0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.0 0.4 0.1 
MgO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CaO 9.1 7.5 8.2 7.2 9.6 9.9 5.6 10.8 8.6 10.0 
NazO 5.4 5.7 6.4 7.2 5.4 5.8 7.8 5.2 6.0 5.5 
KzO 0.3 1.0 0.7 0.5 0.8 0.1 0.8 0.2 0.4 0.5 

Total 99.7 99.8 99.5 99.6 100.8 99.2 99.7 101.1 99.8 100.3 

Table 2. Representative clinopyroxene compositions 

Sample no. H310-23 H310-25 H332-7 H353-A H353-34 H30-82-54 9 3 7 5 4  93413-B2 93488-A2 93712 

SiOz 49.4 50.5 51.0 51.9 51.4 50.7 52.4 49.1 50.7 51.0 
A1203 6.7 4.1 4.2 2.6 5.0 5.4 4.4 8.0 2.8 3.5 
~ O  9.8 11.1 9.7 13.3 8.5 8.0 6.0 8.4 12.4 10.3 
MgO 11.5 12.1 11.9 10.7 12.7 12.5 14.2 12.6 12.8 13.2 
MnO 0.2 0.3 0.2 0.3 0,1 0.1 0.2 0.2 0.3 0.2 
TiO2 0.6 0.4 0.5 0.3 0.5 0.8 0.8 1.2 0.5 0.4 
C r 2 0  a 0.1 0.1 0.1 0.0 0.0 0.1 0.3 0.1 0.1 0.1 
CaO 20.4 20.1 20.6 20.1 20.1 20.8 21.4 18.9 18.8 20.4 
Na20 1.2 1.0 0.9 0.6 1.2 1.6 1.0 1.3 0.7 0.7 

Total 99.9 99.7 99.1 99.8 99.5 100.0 100.7 99.8 99.1 99.8 

Table 3. Representative orthopyroxene compositions 

Sample no. H310-23 H310-25 H332-7 H353-A H 3 5 3 - 1  H30-82-54 93413-B2 93488-A2 9 3 7 1 2  93754 

SiO 2 50.9 50.7 52.1 51.8 50.7 52.9 50.8 51.1 51.5 54.5 
AlzO3 4.7 2.5 2.5 1.0 1.9 2.9 6.3 1.7 1.8 2.6 
~ O  22.8 25.0 24.6 31.6 27.9 19.2 18.0 25.5 22.4 16.3 
MgO 21.5 20.6 20.6 15.2 18.7 24.9 23.7 20.0 22.5 25.9 
MnO 0.5 0.6 0.5 0.6 0.6 0.3 0.4 0.5 0.5 0.3 
TiO2 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.2 0.1 0.2 
Cr203 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.1 0.0 0.1 
CaO 0.6 0.7 0.6 0.9 0.7 0.4 1.2 1.3 0.8 0.7 
Na20 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.1 

Total 101.1 100.2 101.2 101.2 100.6 100.8 100.8 100.4 99.6 100.7 

Table 4. Garnet compositions. Each is average of ten defocused 
beam microprobe analyses 

Sample no. 93413-B2 93751-B 93754 

SiO2 40.4 41.0 40.9 
A12Oa 22.5 23.8 23.7 
FeO 17.5 17.7 16.7 
MgO 12.6 9.5 11.4 
MnO 0.5 0.4 0.7 
TiO2 0.2 0.2 0.2 
Cr~O3 0.0 0.1 0.1 
CaO 6.2 7.4 5.6 
Na20 0.1 0.3 0.4 

Total 100.0 100.4 99.7 

net  granul i tes  are hypers thene  norma t ive  ( C I P W  n o r m  
calculated us ing w t %  F % O 3 / F e O - 0 . 1 5 ) .  None  of  the 
samples exhibit  no rma t ive  quar tz  or c o r u n d u m  that  is 
characterist ic of me tased imen ta ry  or felsic meta igneous  
rocks. The granuli tes  are mafic to slightly in termedia te  
in compos i t ion  with 43 to 57 w t %  SiO2. They are gener- 
ally a l u m i n u m  rich; 11 out  of  18 have A1203 in the 
range 17-20 w t % ,  bu t  n o n e  are as a luminous  as metase- 
diments .  Po tass ium contents  are low (less than  0.9 w t %  
K 20) .  There  is a wide range of  Mg  :~, f rom 0.40 to 
0.76. There are no  systematic var ia t ions  in whole rock 
compos i t ion  relative to xenol i th  locality. 

There  is a great  deal of  scatter in  the trace e lement  
compos i t ions  (Fig. 3). The lack of  e lement  correlat ions,  
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Table 5. Whole rock major element compositions 

Sample no. Two-pyroxene granulite 
Locality 

H30-82-54 H332-18 H353-B H353-1 H353-33 H353-34 H310-23 H310-24 H310-25 
A1 Kishb Harairah Ithnayn Ithnayn Ithnayn Ithnayu Uwayrid Uwayrid Uwayrid 

SiO2 48.7 52.9 51.4 53.7 44.5 46.1 49.6 55.4 56.6 
TiO2 0.7 0.9 1.9 0.4 2.7 2.1 0_6 0.4 0.4 
A1203 18.9 17.9 19.6 18.2 17.1 14.3 16.3 17.6 18.0 
~ O  8.0 9.2 6.I 7.4 14.3 13.5 7.8 6.5 6.8 
MnO 0.2 0.2 0.1 0.1 0.2 0.2 0_1 0.1 0.1 
MgO 7.5 5.2 3.1 5.6 5.4 9.3 6.4 5.3 5.5 
Can 11.2 9.8 7.7 9.6 10.2 10.7 12.3 9.3 8.3 
Na20 3.3 4.0 5.5 3.9 2.7 2.1 3.5 4.4 4.6 
KzO 0.4 0.5 0.4 0.6 0.2 0.1 0.2 0.8 0.9 
P~Os 0.4 0.3 0.4 0.0 0.4 0.2 0.1 0.1 0.1 

Total 99.3 100.2 96.2 99.5 97.7 98.6 96.9 99.9 101.3 

Mg 4t: 0.63 0.50 0.47 0.58 0.40 0.55 0.59 0.59 0.59 

Sample no. Two-pyroxene granulite Garnet granulite 
Locality 

93413-AI 93427 93488-A2 93712 93719 93751-A 93413-B2 93751-B 93754 
A1 Birk A1 Birk A1 Birk A1 Birk A1 Birk AI Birk A1 Birk A1 Birk A1 Birk 

SiO2 43.0 51.2 54.9 52.8 50.3 47.9 51.6 45.0 50.6 
TiO2 0.6 0.5 0.8 0.6 0.6 1.5 1.2 0.4 0.8 
A1203 16.6 7.7 19.5 18.1 15.1 17.3 11.1 17.3 15.6 
FeO 13.7 8.2 5.9 7.4 6.5 13.6 8.2 12.4 8.1 
MnO 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.3 0.2 
MgO 9.4 14,4 3.8 6.5 6.5 6.7 9.4 9.2 8.8 
CaO 12.2 13.0 6.6 9.2 16.2 6.3 12.6 10.4 8.9 
Na20 1.5 1.5 5.3 3.6 2.3 2.9 3.2 1.4 3.4 
K~O 0.0 0.1 0.6 0.2 0.3 0.5 0.2 0.2 0.4 
P2Os 0.1 0.1 0.3 0.1 0.1 0.2 0.0 0.1 0.1 

Total 97.4 96.9 97.8 98.6 98.0 97.0 97_6 96.7 96.9 
Mg ~ 0.55 0.76 0.53 0.61 0.64 0.47 0.67 0.57 0.66 
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1~ and  the d is tances  be tween  the va r ious  xenol i ths  local i t ies  
1~ (up to 1,000 km),  suggests  t ha t  these samples  shou ld  no t  

be t r ea ted  as a c o - m a g m a t i c  suite. There  is a pos i t ive  
co r re l a t ion  o f  c o m p a t i b l e  t race  e lements  (Ni,  Cr)  wi th  
M g  4~ and  a r o u g h  nega t ive  co r r e l a t i on  o f  some h igh ly  
i n c o m p a t i b l e  t race  e lements  (Ba, K ,  Rb)  wi th  M g  

0 (Fig. 3). O the r  t race  e lements  (Sr, Sc, Y, Zr ,  V, Ti, R E E )  
4 sca t te r  widely  and  do  no t  co r re la te  wi th  M g  4t: or  SiO2. 

Trace e lement  ra t ios  a re  ex t remely  var iable .  Very h igh  
~3 

K / R b  (539-5355) reflects  the  very  low R b  conten ts .  H igh  
2 Ba a n d  Sr con ten t s  are  ref lected in low K / B a  (4-27)  
1 and  R b / S r  (0.0007-0.012),  and  h igh  B a / L a  (16-205)  a n d  
o S r / N d  (27-227).  The  R E E  pa t t e rn s  r ange  f rom l ight-  
1~ r a r e - ea r th - e l emen t  ( L R E E ) - e n r i c h e d  to one L R E E - d e -  

p le ted  sample  (Fig.  4) '  c h o n d r i t e - n o r m a l i z e d  (La /Yb)n  
ranges  f rom 0.3 to 11.1. Posi t ive  and  nega t ive  Eu a n o m a -  
lies are  obse rved  (E u /E u*  0.6-2.0) .  

0.3 0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8 0.9 

Mg / (Mg+Fe) Mg / (Mg+Fe) 
Fig. 3. Trace element contents versus atomic Mg 4t: [Mg/(Mg+ 
~Fe)]. Triangles mark average granulite composition. Composi- 
tional fields of Arabian alkali basalts (Camp and Roobol 1989) 
are outlined on Ni and Cr plots 

Isotopic compositions 

The  presen t  87Sr/S6Sr m e a s u r e d  for  18 samples  ranges  
f rom 0.70291 to 0.70522 (Table 7). The  very  low SVRb/ 
86Sr ( < 0 . 0 3 5 )  in these rocks  resul ts  in the  ca lcu la t ed  



~
>

~
 

ga
 

--
d ba
 

~
b

.a
 

.l
a 

b,
a 

b,
a 

M
~ 

~ 
~ 

-.a
 

K
a 

--
-a

 

ga
 

b
.)

 
--

.1
 v

aD
 ~

 
~ 

-a
 

i-a
 

z 
V

, 

u ~
m

z
~

 

a 
~ N

 

b 
~ 

p
~

e
p

~
 

C~
 

i ,s 

0 S
 

r~
 3 �9

 



401 

Table 7. Granulite Sr and Nd isotopic compositions 

87Rb/s6Sr 8VSr/86Sr 87Sr/86Sr(vso Ms) 14VSm/144Nd 1~3Nd/144Nd T o M ( G a )  ~-Nd(?so M~) 

Harrat al Kishb 

H30-8%54 0.002] 0.70293 0.70291 0.131 0.51266 0.68 7.2 

Harrat Harairah 

H332-18 0.0089 0.70307 0.70297 0.134 0.51260 0.8i 5.8 

HarratIthnayn 

H353-B 0.0045 0.70316 0.70311 0.137 0.51265 0.74 6.5 
H353-1 0.032 0.70291 0.70257 0.166 0.51279 0.74 6.5 
H353-33 0.00094 0.70323 0.70322 0.166 0.51272 0.97 5.0 
H353-34 0.0032 0.70335 0.70332 0.172 0.51274 1.02 4.9 

HarratUwayrid 

H310-23 0.0055 0.70309 0.70303 0.199 0.51292 0.99 5.9 
H310-24 0.0072 0.70302 0.70294 NA NA NA NA 
H310-25 0.0083 0.70305 0.70296 0.297 0.51316 0.22 1.1 

Harrata] Birk 

93413-AI 0.0058 0.70309 0.70303 0.275 0.51316 0.20 3.1 
93427 0.0058 0.70296 0.70290 0.153 0.51272 0.76 6.3 
93488-A2 0.0062 0.70302 0.70295 0.129 0.51257 0.81 5.8 
93719 0.208 0.70510 0.70488 0.171 0.51278 0.84 5.9 
93712 0.0044 0.70294 0.70289 0.164 0.51283 0.64 7.2 
93751-A 0.034 0.70522 0.70485 0.165 0.51274 0.88 5.6 
93413-B2 0.0047 0.70305 0.70300 0.261 0.51303 -0.06 2,1 
93751-B 0.026 0.70347 0.70320 0.174 0.51279 0.87 5.7 
93754 0.0101 0.70332 0.70321 0.178 0.51274 1.18 4.3 

NA, not analysed 
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Fig. 4. Chondrite-normalized REE patterns for the Arabian granu- 
lite xenoliths 

10 

8audi aEkali basalts 

Red Sea tholeiites 

~700 MS juvenile crust 

- 7 0 0  Ma lithosphere = �9 

"~le =0.70300 

.X = 0 . 7 0 4 8 7  

0.701 0.702 0.703 0.704 0.705 0.706 0.707 

(87Sr/a6Sr) (750 Ma) 

Fig. 5. hfferred initial 8VSr/S6Sr for granulite xenotiths compared 
with ranges observed in possible cogenetic suites. Ranges for Red 
Sea rift alkali and tholeiitic basalts (Altherr et al. 1990), Arabian 
lithosphere estimated from mantle xenoliths (Henjes-Kunst et al. 
1990), and ca. 700 Ma juvenile Arabian upper crust (Stern and 
Kr6ner 1992) are shown. Hi, value for one granulite xenolith from 
Henjes-Kunst et al. (1990); Z,,, mafic granulite and ZI,  felsic gran- 
ulite from Zabargad Island, Lancelot and Bosch (1991) 

initial S7Sr/S6Sr being insensitive to the time age correc- 
tion, increasing by < 0.0004 over 750 Ma. Based on the 
age of the crust and mantle lithosphere in the region, 
we have calculated initial SVSr/S6Sr at 750 Ma. Sixteen 
samples have initial 87Sr/86Sr that range from 0.70257 
to 0.70332 (Fig. 5). Two other samples (93719 and 
93751-B) have initial SVSr/86Sr of about 0.7049. 

The Nd-isotopic data (Table 7) show a wide range 
of 43Nd/144Nd, from 0.51257 to 0.51316. This is a wider 
range than generally displayed by Cenozoic Red Sea rift- 
related tholeiites and alkali basalts (0.5t284-0.51319), 
although ratios as low as 0.51267 are reported (Altherr 
et al. 1990). The e-Nd at 750 Ma ranges from +1 to 
+ 7, with a mean of + 5.2. 
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Fig. 6. Nd isotopic data for Arabian 
granulite xenoliths and model depleted 
mantle growth curve of Nelson and De- 
Paolo (1985). Hs, Zm, Zr as described in 
Fig. 5. Also shown are the western Ara- 
bian lithosphere field of Henjes-Kunst 
et al. (1990), the field of well-dated sam- 
ples of upper crust in NE Sudan (Stem 
and Kr6ner 1993), the field for the 
Haya terrane of NE Sudan (Kr6ner 
et al. 1991), and Jebel Moya granulites 
in Sudan (Stern and Dawoud 1991) 

Discussion 

Thermobarometry 

Coexisting mineral assemblages in lower crustal xeno- 
liths can provide information about the temperatures 
and pressures of last equilibration. In all thermobaro- 
metric calculations, all iron was treated as Fe 2 +. Temper- 
atures from 830 to 980 ~ were calculated for the two- 
pyroxene granulites using the Wells (1977) two-pyroxene 
thermometer. In the garnet granulites, pyroxenes in cor- 
onas surrounding garnet yielded Wells temperatures of 
900-1010 ~ and garnet-clinopyroxene temperatures 
(Ellis and Green 1979) calculated using garnet-clinopy- 
roxene grain center compositions were 930-1,100 ~ 
The garnet-orthopyroxene barometer of Wood and Ban- 
no (1973) yielded pressures of 10 to 12 kbar for the gar- 
net granulites. Pressures cannot be calculated for the 
two-pyroxene granulite assemblage, but experimental re- 
sults of Irving (1974) on mafic granulite xenoliths sug- 
gest that the two-pyroxene-plagioclase assemblage is sta- 
ble at 5 to 9 kbar, 800-1,000 ~ This same study also 
found the stability range of the garnet-clinopyroxene- 
plagioclase assemblage to be approximately 10 to 
20 kbar at temperatures of 900-1,100 ~ These results 
suggest that the Arabian granulites last equilibrated in 
the lower crust within a depth range of 15 to 40 km, 
and the garnet granulites probably originate from 
greater depth (3040 kin) than the two-pyroxene granu- 
lites (15-30 kin). 

Age 

The geologic history of western Saudi Arabia presents 
two plausible origins for these mafic lower crustal rocks. 

Following ANS crust formation in the late Proterozoic, 
the region was tectonically and magmatically quiescent 
until the initiation of Red Sea rifting approximately 30 
million years ago. Therefore, the xenoliths could be sam- 
ples of lower crust formed contemporaneously with the 
juvenile upper crust of the ANS in the late Proterozoic, 
or they may be mafic igneous rocks crystallized from 
basalts produced during Red Sea rifting in the past 30 
million years. Information about the age of these rocks 
is important in determining their origins and in extrapo- 
lating data from these xenoliths to understanding of the 
formation of the Arabian continental lower crust. 

The large spread in geographic location, the presence 
of obvious variations in initial 87Sr/86Sr, and the short 
range in SVRb/S6Sr prohibit extraction of age informa- 
tion from the R b - S r  systematics of these samples. It 
is noteworthy, however, that the inferred initial SVSr/ 
S6Sr observed for the 16 nonradiogenic xenoliths 
(mean=0.7030) is very similar to the values observed 
for lithosphere beneath the Arabian shield, inferred to 
be ca. 700 Ma (Henjes-Kunst et al. 1990), and for the 
juvenile upper crust of Afro-Arabia (e.g., Stern and 
Kr6ner 1993). We do not know the significance of the 
two radiogenic samples, but note that ca. 670 Ma felsic 
granulites from Zabargad Island have even more radio- 
genic initial 87Sr/86Sr (Fig. 5). 

Neodymium model ages relative to depleted mantle 
(TDM, Nelson and DePaolo 1985) range widely from 
-0 .06  to 1.18 Ga (Table 7; Fig. 6). There are several 
samples with present 143Nd/lggNd equal to or greater 
than that of the depleted mantle model; these yield the 
negative or <0.3 Ga model ages. Samson et al. (1991) 
advocated using only samples with 147Sm/144Nd less 
than 0.16. If we restrict ourselves to such samples, we 
are left with five TDr~ model ages in the range 0.68 to 
0.81 Ga (mean=0.76 Ga). If we arbitrarily increase the 
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cutoff 147Sm/lr to 0.175, twelve TDM model ages 
in the range 0.64 to 1.02 Ga are obtained, with a mean 
age of 0.81 Ga. 

There are concerns that TDM model gas ages of mafic 
cumulates can be interpreted in different ways (Cameron 
and Robinson 1990; Ruiz et al. 1990). These uncertain- 
ties are minimized for the Arabian xenoliths. For the 
most part, ANS upper crustal igneous rocks fit well with 
the depleted mantle evolution line of Nelson and DePao- 
lo (1985). Therefore, we assume that the melts in equilib- 
rium with xenoliths also had Nd isotopic compositions 
that were consistent with this model. Subsequent Nd 
isotopic evolution would be controlled by the double 
fractionation of Sm/Nd experienced by the cumulates: 
first melt-mantle and then cumulate-melt fractionation, 
but from a geologic perspective both fractionations 
would be nearly simultaneous. In this case, the TDM mod- 
el age must approximate the time of fractionation from 
the mantle. If the xenoliths are residues, interpretation 
becomes more problematic, but if the difference in time 
between fractionations is small, as is likely for ANS 
lower crust, the model may still be useful. 

The significance of three samples with 147Sm/ 
~44Nd<0.175 and Nd-model ages of 0.97 to 1.18 Ga, 
greater than that of the 900 Ma maximum age of ANS 
crust, may indicate pre-Pan-African crustal relicts in the 
ANS lower crust. Alternatively, these may indicate the 
presence of less-depleted mantle, as argued for the char- 
nockites and enderbites of Jebel Moya in the Sudan 
(Stern and Dawoud 1991). Reconnaissance geochrono- 
logic and Nd-isotopic studies in the Haya terrane of 
Sudan (Kr6ner et al. 1991) suggest that slightly less de- 
pleted mantle may be an important contributor to the 
crust of the Haya and Asir terranes. One of the samples 
(93754) with 147 Sm/144Nd < 0.175 and TTM > 0.95 comes 
from Harrat al Birk, in the Asir terrane. The other two 
samples (H353-33, H353-34) come from Ithnayn, near 
the border between the Hijaz and Afif terranes (Fig. 1). 
Older crust has been documented from the Afif terrane 
and involvement of such material may be responsible 
for the older ages from these two Ithnayn xenoliths. 

Another way to examine the isotopic data is on a 
plot of Nd versus Sr isotopic compositions (Fig. 7). It 
can be seen that while some of the xenoliths have present 
day Sr and Nd isotopic compositions similar to Cenozoic 
basalts from the Red Sea and Saudi Arabia, the full 
range is much greater than that seen in the Cenozoic 
basalts and even transgresses the mantle array defined 
by Hart (1988). The data corrected for 750 Ma of radio- 
genic growth define a field that is much more similar 
to that of late Precambrian igneous rocks from Saudi 
Arabia and NE Sudan (Bokhari and Kramers 1981; 
Duyverman et al. 1982; Stern and Kr6ner 1993). The 
data are thus more readily interpreted as indicating a 
late Precambrian age for the time of formation of these 
granulites. 

Petrogenesis 

The granulites are near basaltic in bulk composition. 
The mineralogy (lack of quartz, corundum, or silliman- 
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Fig. 7. Plot of e-Nd versus STSr/S6Sr for Arabian xenoliths. Xeno- 
lith data is shown as present isotopic composition, open circles, 
and corrected for 750 Ma of radiogenic growth, dots. Also shown 
is a field for Cenozoic Arabian alkali basalt, analyses for Red 
Sea tholeiites (Altherr et al. 1990), the mantle array (Hart 1988), 
and late Precambrian ANS upper crustal rocks (Bokhari and 
Kramers 1981; Duyverman et al. 1982; Stern and Kr6ner 1993). 
Note that the field of A N S  upper crustal rocks are initial ratios 
at 750 Ma, while the mantle array is for present day ratios 

ite), low Si, A1, Ba, K, Rb, and high Mg, Fe, Ca contents 
indicate that these are metaigneous granulites and are 
not metasediments. Geochemical characteristics indicate 
that most are not basaltic melts. The REE patterns of 
most of the samples exhibit characteristics of either cu- 
mulates formed by fractionation of pyroxene and plagio- 
clase, or mafic residues remaining after partial melting 
of intermediate rocks to produce felsic melts. All but 
four of the samples exhibit Eu anomalies, and of those 
four, only two (H30-82-54 and H332-18) have major 
element compositions which resemble mafic magma 
compositions (e.g., BVSP 1981). 

Voluminous alkali basalts and their fractionates were 
erupted on the Saudi Arabian margin of the Red Sea. 
These basalts carried the granulite xenoliths to the sur- 
face, and possible genetic relationships must be consid- 
ered. Several observations argue against such a relation- 
ship. The common occurrence of coexisting clinopyrox- 
ene and orthopyroxene in the granulites is not compati- 
ble with a cumulate origin from an alkalic basalt at lower 
crustal pressures (<  13 kbar). Olivine is a liquidus phase 
for alkaline basalt at less than 13 kbar (Presnall et al. 
1978), but is not observed in any of the granulites. Nickel 
and Cr behave as compatible elements in basalts. If these 
granulites are pyroxene-bearing cumulates or restites, 
they should have higher Cr contents than their patent 
liquids. These granulites exhibit lower Ni and Cr than 
Red Sea rift alkalic or transitional basalts (Fig. 3), sug- 
gesting they cannot be related. Barium and Sr are mildly 
incompatible and should be depleted in cumulates from 
Red Sea rift basalts. The granulite xenoliths are enriched 
in Ba and Sr relative to Red Sea basalts. These observa- 
tions, combined with the isotope systematics, suggests 
that these granulites are not related to Red Sea rift alkali 
magmas. 

Large volumes of tholeiitic magma (N-MORB and 
T-MORB; Altherr etal. 1988) have been emplaced 
along the Red Sea axial trough in the past 5 million 
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years. Major and trace element data suggest that the 
granulites are not related to Red Sea tholeiites. The 
LREE-enriched patterns and positive (La/Yb)n of many 
granulites are inconsistent with an origin as cumulates 
from Red Sea rift N-MORBs or T-MORBs which exhib- 
it flat or LREE-depleted patterns (Altherr et al. 1988). 
Mafic cumulates from Red Sea MORB should have 
higher Mg ~ and Cr contents and lower incompatible 
element contents, but the granulite xenoliths have lower 
Mg =~, higher Ba and La, and similar Rb contents. 

The geochemistry of the granulites is compatible with 
an origin from island arc calc-alkaline basalts and low-K 
tholeiites. Similarities to modern island arc basalt suites 
include the relatively high A1203 contents (17 20 wt% 
at 50-55 wt% SiO2), K20 contents (0.1-0.9 wt%), aver- 
age Mg ~ of 0.58, high K/Rb and Sr/Nd ratios, low 
Zr, Ti, and Nb contents, and slightly LREE-enriched 
to flat REE patterns with abundances approximately 
10-30 times chondrite. Most trace element (Ni, Cr, Rb, 
Y, P, V, Zr, Sr, Zn) contents are in the range reported 
for island arc basalts, but Sc and Cu are lower than 
typically reported for modern arc basalts (e.g., BVSP 
1981). The abundance of modal orthopyroxene and 
CIPW normative hypersthene is also typical of island 
arc basalts. 

Most samples have compositions indicating mineral 
fractionation processes. Most have Eu anomalies. Sam- 
ples H353-33 and H353-34 have 5 10 modal percent 
F e - T i  oxides and hence high whole rock TiO2, FeO, 
V, Zn and low SiOz and K20. Sample 93427 is extreme- 
ly pyroxene rich (approximately 70-80 model percent), 
resulting in low whole rock contents of A1203, K20, 
Na20, Ba and high MgO, CaO, Sc, Cr, and Ni. The 
majority of the samples are plagioclase rich with high 
A1203, CaO, Na20, Sr, and Ba contents, and Eu/Eu* 
of 1.0 to 2.0. 

These geochemical signatures may have been pro- 
duced by high pressure fractional crystallization of calc- 
alkaline basalts, or by partial melting of intermediate 
rocks (tonalites) and extraction of granitic melts leaving 
mafic restites. Both processes are expected to produce 
similar characteristics and distinction of cumulates from 
restites is extremely difficult. Phase relationships suggest 
that these are more likely cumulates than restites. Partial 
melting of intermediate rocks should exhaust pyroxene 
and sodic plagioclase first. Consequently, we expect that 
restites should be plagioclase rich with calcic plagioclase 
and positive Eu anomalies. The Arabian granulite xeno- 
liths have relatively sodic plagioclase (Anzv-57), most 
exhibit weak Eu anomalies, and several are pyroxene 
rich (> 60%) with negative Eu anomalies (possibly pro- 
duced by pyroxene accumulation). 

Structure of the Arabian continental lower crust 

Refraction and gravity studies led Gettings et al. (1986) 
to infer a mafic bulk composition for the western Arabi- 
an lower crust. They modelled a two-layer lower crust 
with an upper layer from 21 to 29 km depth with seismic 
velocities (Vp) of 6.60 to 6.75 km/s, and a lower layer 
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Fig. 8. Estimated temperatures and depths of origin of the granulite 
xenoliths compared with the crustal model of Gettings et al. (1986) 
derived from geophysical data.Two-pyroxene granulites fall in py- 
roxene +plagioclase, stippled PX+ PLAG, field, and garnet granu- 
lite T - P  estimates are shown by dots. Reaction boundaries of 
olivine granulite to pyroxene granulite to garnet granulite from 
Irving (1974); T--P range of Arabian upper mantle xenoliths from 
McGuire (1988) 

from 29 to about 40 km depth with seismic velocities 
of 7.18 to 7.29 km/s. Predicted depths and seismic veloci- 
ties of our granulite xenoliths are in accord with this 
model (Fig. 8). Thermobarometric calculations dis- 
cussed above indicate possible depths of 15-30 km for 
the two-pyroxene granulites and 30-40 km for the garnet 
granulites. Seismic velocities were estimated for the gran- 
ulites using the model proportions of plagioclase, pyrox- 
ene and garnet, and the graphical method of Christensen 
and Fountain (1975). Estimated Vp are 6.6 to 7.6 for 
the two-pyroxene granulites, with values greater than 
7.0 due to high model pyroxene in some samples, and 
7.0 to 7.6 for the garnet granulites. We suggest that the 
Arabian lower crust consists of a dominantly two pyrox- 
ene granulite upper layer from about 21 to 29 km depth, 
and a dominantly garnet granulite_+pyroxenite lower 
layer from about 29 to 40 km depth. 

Composition of the Arabian continental lower crust 

The Arabian granulite xenoliths were collected from lo- 
calities as much as 1000 km apart, yet are very similar 
in lithology and composition. This widespread geo- 
graphic distribution of similar lithologies, in combina- 
tion with good agreement with the geophysical models 
of the Arabian lower crust (Gettings et al. 1986), leads 
us to propose that these granulites are reasonably repre- 
sentative of the Arabian lower continental crust. The 
similarity of the Arabian xenoliths to lower crustal gran- 
ulite xenoliths from northern Israel (Mittlefehldt 1983) 
further supports the suggestion that the Arabian conti- 
nental lower crust is dominated by mafic, metaigneous 
granulite. We recognize the fact that xenolith suites are 
often unrepresentative of the complete crust-mantle sec- 
tion through which they have been transported; how- 
ever, we believe that the geophysical and geologic con- 
straints in this case validate our acceptance of this xeno- 



Table 8. Average Arabian lower crustal composition 

Average Weighted average 

Major elements (wt%) 
SiO2 50.3 49.3 
Tie2 1.0 0.9 
At2Os 16.5 16.0 
Fee 9.1 9.6 
MnO 0.2 0.2 
MgO 7.1 7.9 
CaO 10.2 10.5 
Na20 3.3 3.0 
K20 0.4 0.3 
P2Os 0.2 0.1 

Total 98.3 97.8 

Mg ~ 0.58 0.59 

Trace and rare earth elements (ppm) 
P 940 720 
Sc 29 32 
V 260 270 
Cr 250 470 
Ni 80 74 
Cu 36 42 
Zn 91 88 
Ga 16 16 
Rb 1.72 1.63 
Sr 610 560 
Y 16 17 
Zr 49 48 
Nb 2.7 2.5 
Ba 190 160 
Pb 0.5 0.5 
Th 0.5 0.6 
La 5.3 4.4 
Ce 14 12 
Nd 10 9.2 
Sm 2.8 2.7 
Eu 1.0 1.0 
Gd 2.9 3.0 
Yb 1.4 1.6 

Average, average composition of 18 xenoliths; weighted average, 
composition of 50% average two-pyroxene granulite plus 50% av- 
erage garnet granulite 

lith suite as a r e a s o n a b l e  a p p r o x i m a t i o n  of  the Arabian 
lower crust. 

We can calculate an average Arabian lower crustal 
composition, assuming that  granulite xenoliths are re- 
presentative of  the lower crust (Table 8). We have calcu- 
lated the average of  18 xenolith whole rock composit ions 
(14 two-pyroxene granulites and 4 garnet granulites). 
The geophysical data suggest that  proport ions of  two- 
pyroxene granulite to garnet granulite may be more 
equal; therefore we have calculated a weighted average 
composit ion of  50% average two-pyroxene granulite 
plus 50% average garnet granulite compositions. The 
two composit ions are similar. 

The calculated Arabian lower crust average composi-  
tion is mafic (50 wt% SiO2), and similar to calc-alkaline 
basalts fround in oceanic island arc settings. The REE 
pattern (Fig. 9) is slightly L R E E  enriched with concen- 
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Fig. 9. REE pattern for 
average lower crustal 
granutite composition 
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Fig. 10. Elemental compatibility diagram for weighted average 
Arabian lower crust and other estimates for the lower crust (xeno- 
lith database, Kempton et al. 1990; andes\re model lower crust, 
Weaver and Tarney 1980; model lower crust, Taylor and McClen- 
nan 1985). Elemental compatibility for continental crust increase 
to the right. Normalization is to the primitive mantle of Hofmann 
(1988) 

trations about  ten times chondrite and a slight positive 
Eu anomaly.  Barium and Sr are enriched relative to 
MORB,  and Zr, Nb,  Ti, Cu, Ni, and (heavy) REE are 
depleted relative to MORB.  Compared  to other esti- 
mates of  lower crustal composit ions (Fig. 10), the ANS 
lower crust is markedly lower in silica and elements that 
are more  incompatible than Zr, with the possible excep- 
tions of  Ba and Sr. With the exception of  these ' spikes' ,  
elemental abundances are remarkably  constant  at about  
seven times primitive mantle. Estimated abundance of  
strongly incompatible elements in the ANS lower crust 
are about  10 to 30% of  the abundances in other estimat- 
ed lower crustal compositions. We find particularly 
strong depletions in Rb, supporting inferences of  high 
K / R b  in low-K granulites (Rudnick et al. 1985). 

At present, good estimates of  average ANS upper  
crustal composit ion are not available. Studies of  Arabian 
Precambrian upper  crustal rocks suggest that they are 
dominant ly  felsic and intermediate composit ion volcanic 
and plutonic igneous and metaigneous rocks (e.g., Bok- 
hari and Kramers  1981; Marzouki  e ta l .  1982; and 
others). The combinat ion of  a mafic lower crust with 
a fetsic upper  crust would suggest an intermediate, possi- 
bly andes\tic, bulk crustal composit ion,  similar to the 
average post-Archean continental crust proposed by 
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Taylor and McLennan (1985). If the Arabian upper crust 
is more intermediate in composition, then the bulk crus- 
tal composition will be more marie than the andesitic 
model of Taylor and McLennan and closer to the mafic 
crustal compositions calculated by Pearcy et al. (1990) 
for crust generated in island arcs. Estimates of the com- 
position of mantle-derived, juvenile continental crust 
formed in island arcs may need to be adjusted towards 
a more mafic basalt or basaltic andesite model composi- 
tion. 

Formation of the Arabian continental lower crust 

The xenolith data reported here, in conjunction with 
the geophysical data, depict a remarkably homogeneous, 
mafic lower crust beneath the ANS. This is important 
because there is little control on the composition of the 
lower crust in young orogens; that is, in regions where 
plate tectonic processes can be demonstrated to have 
formed the continental crust. The lower crust formed 
beneath intra-oceanic arcs is mafic (Takahashi 1978; 
Kay and Kay 1985; DeBari and Coleman 1989; Pearcy 
et al. 1990). Some authors have suggested that the lower 
crust beneath Archean crations is markedly more felsic 
(e.g., Durrheim and Mooney 1991). Because all modifi- 
cations to the lower crust accompanying melting and 
underplating must make the lower crust increasingly 
mafic, there is no way to make felsic lower crust from 
mafic lower crust. The implication is that modern plate 
tectonic processes forming the lower crust are fundamen- 
tally different than those that made Archean lower crust. 
The perspective gained from our data for lower crust 
of the ANS is especially valuable because this clearly 
is an example of plate tectonics generating juvenile conti- 
nental crust. 

There are three major models for generating mafic 
lower crust: 
1. Melting of andesitic bulk crust to generate felsic upper 
crust and mafic restite lower crust. This is the "internal 
differentiation" of Ben Othman et al. (1984). 
2. Basaltic underplating as a result rift-related igneous 
activity (White and McKenzie 1989). 
3. Fractional crystallization of mafic magmas to form 
thick cumulate sections beneath juvenile, intra-oceanic 
arcs. 

All three processes can operate either prior to or fol- 
lowing terrane accretion. Whereas it is widely accepted 
that arcs comprise the fundamental architectural ele- 
ments of the continental crust (at least for as long as 
plate tectonics has controlled lithospheric evolution), it 
is becoming increasingly apparent that basaltic and not 
andesitic melts are what is delivered from the mantle 
to the base of the crust at convergent margins (Kay 
and Kay 1985; Pearcy et al. 1990). Insofar as the bulk 
continental crust is made up of juvenile arcs, it must 
also be basaltic. Internal differentiation of this crust can 
generate only a very thin felsic upper crust, not the ca. 
29km thickness characteristic of Proterozoic and 
younger upper crust (Durrheim and Mooney 1991). This 
consideration makes possibility no. 1 unlikely. 

Distinguishing between possibilities nos. 2 and 3 is 

more difficult and must rely on the tectonic affinities 
of the xenoliths inferred from geochemistry and the con- 
straints placed by observed upper crustal geology. Al- 
though the Arabian granulites are not related to Cenozo- 
ic Red Sea rift basalts, as discussed above, it is possible 
that a late Precambrian rift event occurred in the region. 
Geochemical characteristics of the Arabian xenoliths 
support possibility no. 3. Both Ba and La are highly 
incompatible and Ba/La will approximate that of the 
equilibrium liquid. The Ba/La value in the calculated 
average ANS lower crust is about 35, similar to that 
expected for arc magmas and higher than expected for 
MORB or OIB (20-50 vs < 10; Stern et al. 1989) and 
considerably higher than that of Cenozoic Arabian ba- 
salts (ca. 10; Coleman et al. 1983). The Ba/Zr value is 
about 3.3, significantly higher than typical for OIB or 
MORB (< 1.4) and similar to that for juvenile arcs such 
as the Marianas (2-5; Woodhead 1989). However, Ce/Pb 
is about 28, similar to that of MORB (25; Hofmann 
1988) and OIB (14-38; Sun and McDonough 1989) and 
distinctly higher than typical for arcs (ca. 2-4; Kay 
1980). Consideration of the normalized element plot 
(Fig. 10) also sheds some light on this problem. Deple- 
tions in Zr are observed, providing support for a model 
of arc-related lower crustal formation. The spike in Sr 
may reflect sequestering in plagioclase, but the Ba en- 
richment suggests an arc component. On the whole, the 
elemental patterns observed in Fig. 10 support an origin 
at a convergent margin for the Arabian granulites. In 
summary, the trace element data are most consistent 
with an origin of the ANSlower crust as a result of 
igneous activity at one or more convergent margins. 
Whether most of this growth occurred before or after 
terrane accretion can not be sorted out at present. 

Conclusions 

Extensive work on upper crustal rocks of western Arabia 
and eastern Egypt and Sudan (Stoeser and Camp 1985; 
Vail 1985; and others) has shown that the upper crust 
in this region formed by accretion of island arc terranes 
during the late Proterozoic. Data from the Saudi Arabi- 
an lower crustal xenolith suite suggest that the lower 
crust of this region formed in the same setting and con- 
temporaneously with formation of the upper crust in 
a convergent margin setting. 

Although the Saudi Arabian granulite xenolith suite 
should not be treated as a co-magmatic suite, the sam- 
ples are similar in lithology and composition. Most ap- 
pear to have formed as cumulates from island arc ba- 
salts. Studies of lower crustal rocks from modern island 
arcs and older arc terranes indicate that mafic cumulates 
may form in the lower crust of arcs. We envision a simi- 
lar origin for the Arabian lower continental crust. Frac- 
tionation of mantle-derived magmas to produce large 
amounts of mafic cumulates should also have produced 
significant volumes of intermediate and felsic composi- 
tion magmas. These may now be represented as plutonic 
and volcanic rocks forming the Arabian upper continen- 
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tal  crust .  Pa r t i a l  mel t ing  o f  juveni le  crus t  m a y  also have  
p r o d u c e d  maf ic  rest i tes  in the lower  crust .  

There  is excel lent  co r r e l a t i on  be tween pub l i shed  geo- 
phys ica l  mode l s  (Ge t t ings  et al. 1986) a n d  p red ic t ed  seis- 
mic  veloci t ies  and  dep th s  o f  or ig in  for  the  g ranu l i t e  xeno-  
liths. The  w idesp read  d i s t r i bu t ion  o f  s imi lar  r ock  types  
and  s imi la r i ty  to lower  crus ta l  g ranul i te  xenol i ths  in 
n o r t h e r n  Israel  suggests  t ha t  these samples  are  represen-  
ta t ive o f  the A r a b i a n  lower  crust.  Average  lower  crus ta l  
c o m p o s i t i o n  is maf ic ,  a n d  bu lk  A r a b i a n  con t inen ta l  
c o m p o s i t i o n  is p r ed i c t ed  to  be in t e rmed ia t e  to maf ic  de-  
pend ing  on es t imates  o f  u p p e r  c rus ta l  compos i t i o n .  

The  xenol i th  i so top ic  d a t a  ind ica te  the  A r a b i a n  lower  
crust  f o r m e d  ent i re ly  f rom m a n t l e - d e r i v e d  mate r ia l .  
These  da ta ,  and  lack  o f  m e t a s e d i m e n t a r y  xenol i ths ,  
agree  wi th  s tudies  o f  u p p e r  crus ta l  rocks  which  conc lude  
that  there  a re  no  ind ica t ions  o f  o lder  sial ic con t inen ta l  
crus t  involved  in f o r m a t i o n  o f  the western  A r a b i a n - N u -  
b i an  con t inen ta l  crust .  
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