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SECTION 1 



1.0 EXECUTIVE SUMMARY 

Bechtel is nearing completion of a one-year program that uses digitally 
enhanced Landsat Thematic Mapper ('Ill) data to compile the first 

comprehensive regional tectonic map of the Proterozoic Nubian Shield exposed 
in the northern Red Sea Hills of northeastern Sudan (Figure 1). 
this study, the tectonic evolution of the Uubian Shield was not well known 

(Vail, 1985 and 1983; Garson and Shalaby, 1976; Almond, 1982, 1979, 1978; 

Almond et al., 1982; Kroner, 1985; Gass, 1982) and was based partly on 

extrapolation of tectonic events recorded on the Arabian Shield of 

southwestern Saudi Arabia (Greenwood, et al., 1980). The improved 

understanding of the geologic setting and distribution of structural and 

Lithologic provinces in the Red Sea Hills resulting from this research is 

being used to test, verify, and expand existing tectonic models. 

Prior to 

Owing to the size, inaccessibility, and harsh, arid climate of the Red Sea 
Hills, remotely sensed satellite imagery is well suited to analysis of the 

region. Previously, geologic maps of limited detail and coverage were 

available for less than half of the area. Thus, fundamental research was 

required to define.and delineate regional structural and lithologic 

provinces. Recent Landsat Multispectral Scanner (WSS) investigations of the 

region by Ahmed (1982); Blodget and Brown, 1982; and Bechtel (1983 a,b) 

documented the ability of satellite imagery to distinguish large Proterozoic 

shear zones, probable tectonic sutures, ophiolitic assemblages, and multiple 

periods of orogenesis marked by intrusive activity and fold deformation. As 

an extension of this earlier work, the current program uses the improved 

spatial and spectral resolution offered by 'R4 to refine the structural and 

lithologic provinces and to extend this mapping throughout the northern Red 

Sea Hills of Sudan. 

the mapping of surface textures, lineaments, contacts, fold belts, and 
faults. The improved resolution has allowed greater discrimination of 

bedrock lithologies, particularly in the separation of carbonate from 

volcaniclastic sediments; the separation of ultramafic, mafic, and 

ophiolitic complexes; the separation of amphibolite-grade from low-grade 

The improved spatial resolution has greatly facilitated 
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metamorphic rocks, and the resolution of multiple--phase felsic intrusions 
accompanied by contact metamorphism, hydrothermal alteration, and 
emplacement of dikes. 

The Proterozoic Shield of the Red Sea Hills is exposed over an area of 

approximately 350,000 square kilometers. Of this region, we selected an 

area of approximately 125,000 square kilometers of the northern most Red Sea 

Hills which contains the greatest amount of available geologic data for a 

preliminary study using Landsat Tn imagery. 
where the Proterozoic basement is relatively well mapped and known ophiolite 
belts and tectonic sutures extend southward into northern Sudan. 

This region borders Egypt, 

The status of significant objectives of this study are as follows: 

o Review of pertinent published and unpublished geologic literature 

and maps of the northern Red Sea Hills to establish the geologic 

framework of the region: completed. 

Processing of Tn imagery for optimal base-map enhancements; 

preparation of photo mosaics of enhanced images to serve as base 

maps for compilation of geologic information: completed. 

Interpretation of Tn imagery from photo mosaics and on-screen to 
define and delineate structural and lithologic provinces: basic 

interpretations completed; detailed interpretation of problem areas 

continuing. 

o 

o 

o Compilation of geologic information (petrologic, and radiometric 

data) from the literature review onto base-map overlays: 

continuing in parallel with detailed interpretation of problem 

areas. 

Field reconnaissance to establish ground verification for the 

mapped lithologic and structural provinces: 

of Sudan prevents completion of the field program at this time. 

o Evaluation of the tectonic evolution of the Wubian Shield based on 

o 

political instability 

the image interpretation and the compiled tectonic maps: continuing. 
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For this interim report, photographic images, detailed geologic and 

generalized tectonic maps, and the accompanying analysis of Scene 172, 45 

(Figure 1, Location Hap) are presented because they encompass most of the 

significant elements of the stratigraphic, structural, and tectonic 

interpretation and history of the Mubian Shield that are emerging from this 
study. Uith regard to structure and to lithologic delineakion, this is the 

most complicated scene. In this scene we see good evidence for Proterozoic 
accretion of oceanic island-arc terranes along significant crustal sutures. 

Extensions of major tectonic features across the Red Sea rift from the 
Arabian Shield are readily delineated. It is an excellent scene.for 
demonstrating that the use of Tn data yields vast improvements in the 
understanding of structural, magmatic, and tectonic interpretation and 

history over what is available in the literature. 

improvements have been made in the more precise resolution of likhologic 

contacts, faults locations and extents, the regional distribution of 

specific rock types including metamorphic grades, and the resulting 

regionalization of major lithotectonic elements. 

Specifically, 
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2.0 IUTRODUCTIOI 

2.1 Previous work With Landsat Imagery in Arabian-Uubian Shield 

Several preliminary Landsat W S  investigations have been conducted over 

parts of the Arabian and Uubian Proterozoic Shields. Blodget and Brown 

(1982) used digitally processed winter and sumer WS imagery to aid 

geologic mapping of regional structure and lithology over portions of the 

Arabian Shield of southwestern Saudi Arabia. Ahmed (1983) used digitally 
processed single-band black and white HSS imagery to map lineaments over 

400,000 square kilometers of northeastern Sudan. 
the correlation of known mineralization in the Proterozoic basement with 
major lineaments and intersecting lineaments. Almond (1982) used HSS 
imagery to study lineaments in the Red Sea Hills as an aid in tectonic 
interpretation. 

He subsequently explored 

nore recently, Bechtel (1983a,b) used digitally processed winter and summer 

W S  imagery to map Proterozoic lithology and structure in the Red Sea Hills 

of Sudan and on the Arabian peninsula. 
used to supplement and refine existing geologic maps as well as to produce 

new maps in areas of sparse geologic information. 
maps were used to locate favorable targets of potential mineralization and 
to assist in developing an exploration strategy for the region. Winter 

imagery with low sun-angle illumination provided the greatest amount of 

structural information, while the summer imagery with high sun-angle 

illumination was most useful for determining the spectral characteristics of 

lithology. In the arid, sparsely vegetated Red Sea Hills both images 
contributed useful structural and lithologic information. Structural 

features were enhanced using two-dimensional Fourier analysis, directional 

filter kernels, and contrast-stretched raw spectral bands and color 

composite images. 

false-color composites of principal component bands, ratioed bands, and raw 

spectral bands. 

A variety of enhanced images were 

The improved geologic 

Lithology was interpreted from contrast-stretched 
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Each of these studies demonstrated the feasibility of using Landsat imagery 

as a valuable mapping tool in the arid, sparsely vegetated areas of 
northeastern Sudan and southwestern Saudi Arabia. Landsat studies in the 

Red Sea Hills by Bechtel (1983a) concluded that Landsat EISS imagery could be 

used to: (1) discriminate, in places, basement rocks of different 
metamorphic grade (i.e., amphibolite-granulite grade from greenschist grade 

from relatively unmetamorphosed rocks); (2) discriminate ultramafic and 
mafic complexes and metamorphosed basement; (3) detect major Proterozoic 

shear zones, faults, lineaments, and fold belts; ( 4 )  discriminate felsic 

plutons of different age and separate thein from surrounding basement; ( 5 )  

separate basalt flows for different periods of extrusion based on their 

iron-content or degree of surface weathering; and (6) identify large areas 
of gossan and laterite. 

however, were not adequate to accurately map many lithologic contacts, to 

differentiate specific lithologies of felsic and ultramafic rocks, recognize 
non-limonitic hydrothermal alteration, or to differentiate carbonate from 
volcaniclastic basement lithologies. 

The spectral and spatial resolution of EISS, 

2.2 Landsat Thematic Mapper Data 

Major limitations of Landsat HSS imagery for geologic applications result 

from the coarse spatial resolution and limited spectral coverage (0.5 - 1.1 
microns) of this sensor which does not extend into regions of the spectrum 

most useful for characterizing the spectral properties of geologic surface 
materials. The Landsat Tn overcomes some of the limitations of the MSS 
sensor because of its improved spatial resolution and extended spectral 

coverage (band 5 at 1.55 - 1.75 microns and band 7 at 2.08 - 2.35 microns). 
The short-wavelength infrared region between 1 and 2.5 microns contains both 

broad-band and narrow-band spectral features that are diagnostic of mineral 

composition. Prior to the availability of Tn spectral-band data, geologic 
studies using the W S  spectral bands found that limonitic hydrothermally 

altered rocks and limonitic unaltered rocks were not separable and 

non-limonitic hydrothermally altered rocks were not detectable (Abrams 

et al., 1977, 1983, Podwysocki et al., 1983). 
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2.3 Significance of the Investigation 

The tectonic maps generated during this study will provide the foundation 

for subsequent geologic investigations in the northern Red Sea Hills and 

surrounding region. 

imagery complemented by results from earlier Landsat HSS investigations of 

the region and existing available literature. 

(Bechtel, 1983a,b) provided the regional lithologic and structural framework 

for the current 'R4 study. 

verified, refined, and extended the earlier W S  results and documents the 
relative capabilities of the two systems for regional geologic mapping. 

The maps are derived from interpretation of Landsat TM 

The earlier USS studies 

Interpretation of the enhanced 'R4 imagery has 

Several reconnaissance maps of portions of the northern Red Sea hills have 
been published by various authors and agencies. 

performed by Sudanese, American, Egyptian, German, English and French 

geologists. Although stratigraphic terminology and lithologic contacts vary 

greatly from region to region, gross similarity in basic map units is 

present. 

resolution offered by the 'R4 has permitted stratigraphic and structural 

correlation between maps generated by these various authors. 

These include work 

The regional perspective and improved spectral and spatial 

Interpretation of the generated tectonic maps is greatly expanding current 

tectonic models proposed for evolution of the Nubian and Arabian Shields. 

Tectonic evolution of the Hubian Shield previously was not well known and 

was based partly on the correlation with, and extrapolation of, tectonic 

events recorded on the Arabian Shield. 

geologic setting and distribution of structural and lithologic provinces in 

the Red Sea Hills resulting from this study are not only improving our 

knowledge of the evolutionary growth of the Nubian Shield, but are also 

allowing. improved correlation with tectonic events recorded on the Arabian 

Shield of Saudi Arabia, the Mozambique nobile Belt of Africa, and the Nubian 
Shield of southern Egypt. 

The improved understanding of the 
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3.0 GENERAL GEOLOGY 

3.1 Sudan 

The Republic of the Sudan is the largest country in Africa, occupying nearly 

one million square miles. 

detailed geologic mapping is difficult, and reconnaissance surveys have been 

the primary source of geologic information. 
Landsat imagery can contribute to this program by providing regional 
lithologic and stmctural information in those areas where access is 

difficult and existing information is sparse. 

divided into the Proterozoic igneous and metamorphic rocks of the Nubian 

Shield and younger Phanerozoic cover series (Vail, 1978 A, Whiteman, 1971). 
Figure 2 presents a generalized lithologic map (Almond, 1978). 

Owing to its vastness and inaccessibility, 

Digital image processing of 

The rocks in Sudan are 

3.1.1 Proterozoic Continental Shield 

Proterozoic rocks (600 million years to at least 2 billion years old) of the 
Nubian Continental Shield underlie nearly all of the Sudan (Garson and 

Shalaby, 1976; bleary, 1978). These rocks are exposed over 49 percent of the 

Sudan (Ahmed, 1983). They are divided into the stable continental shield 

complex in the southwest and the continental margin complex in the northeast 

(the geosyncline complex of Garson and Shalaby, 1976). The Red Sea Hills is 

part of this Proterozoic continental margin complex. The stable continental 

shield consists primarily of granites and gneisses. 

complex consists of deformed schists and gneisses intruded by granitic 

plutons from 900 to 30 million years ago. 

representing Proterozoic oceanic crust, are also present along deep crustal 
sutures. 

in several continental rifts and collisions during the last 2 billion years 

(Garson and Shalaby, 1976; Ueary, 1978). The continental margin complex in 

Sudan consists of accreted arc terranes and is the northern extension of the 

Mozambique mobile belt, the Proterozoic plate margin in southern and eastern 

Africa (Almond, 1978; Dawoud, 1982; Hepworth, 1979). Calc-alkaline island 

The continental margin 

Scattered ultramafic complexes, 

The continental margin complex is believed to have been involved 
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arc plutonism and volcanism during the Kibaran orogeny (820 to 900 million 

years ago) and the Pan-African orogeny (Ca. 530 to 780 million years ago) 
was widespread along the northern continental margin. (Gass, 1982; 
Greiling, et al., 1984; Almond, 1982; Fleck, et al., 1976; Kroner, 1979; 

Sillitoe, 1979). Post-orogenic intrusives, including ring complexes, became 

increasingly alkaline in composition as the Proterozoic continental margin 
became "cratonized", or converted to continental crust (Harris, 1982; 

Bentor, 1984). 

3.1.2 Phanerozoic Cover 

Half of the Sudan is covered by Phanerozoic (less than 600 million years 

old) sedimentary and volcanic rocks which rest unconformably on the 
Proterozoic Arabian-Uubian continental shield (Figure 2). The most 

extensive cover rocks are the Cretaceous (140 to 65 million years ago) 

Uubian Sandstone in northwestern Sudan and the Quaternary (less than 
2 million years old) alluvial deposits in central and southeastern Sudan. 
The Uubian Sandstone consists of red quartzose sandstone, mudstone and 

conglomerate which accumulated in freshwater lakes and on alluvial fans 

(Vail, 1978; Whiteman, 1971). Cenozoic (less than 65 million years old) 
marine sediments are present in a strip bordering the Red Sea. Cenozoic 

volcanic rocks are present in several areas and consist primarily of flood 
basalts and intrusive plugs. 

have not been extensively deformed or metamorphosed (Vail, 1978a). 
The Phanerozoic sedimentary and volcanic units 

3.2 Red Sea Hills 

The Red Sea Hills are an uplifted and eroded exposure of the Proterozoic 

continental margin complex in northeastern Sudan (Figure 2). The age, 

lithology and probable tectonic setting of the principal stratigraphic units 
are described in Section 5 and in other sources. Vail, 1979 and 

Ahmed, 1979. 

and include metamorphosed basement rocks, plutons and unmetamorphosed 
sedimentary and volcanic rocks. 

The rocks range in age from the Proterozoic to the Cenozoic 
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Uafirdeib cratonic blocks. 

amphibolite facies island arc volcanics and sediments. 

extensively deformed, whereas the Awat Group is relatively unmetamorphosed 
and undefomed. 

The Uafirdeib series is greenschist to 

Both units are 

Large plutons of the Batholithic Granite Series intruded the Uafirdeib 
rocks, and ultramafic rocks were emplaced along faults. The ultramafic 

rocks include lithologies characteristic of ophiolite assemblages and are 

believed to be the western continuation of ophiolite belts found in Saudi 

Arabia (Garson and Shalaby, 1976). 

The Batholithic Granite is thought to have been emplaced during late 
Proterozoic island arc plutonism ca. 900.to 600 million years ago. 

Uafic to felsic plutons and ring complexes of the Younger Granite Complex 

intruded the Proterozoic rocks during the Pan-African Orogeny 400 to 630 
million years ago, and in some regions of the Red Sea Hills occupy over half 
of the exposed surface area. 

the time span that the "Young Granites" encompass. 

are calc-alkaline and geochemically (El Uadi, 1984) similar to the 

batholithic granites. 

typical of intra-cratonic plutonism (Sillitoe, 1979). Cross-cutting 

plutons, dikes and ring complexes suggest multiple intrusive phases for many 

of the Young Granites. 
range from 780 to 121 million years old. 

subvolcanic, aluminous, and bimodal granitic-gabbroic. The are commonly 

oval to circular; ring structures are also comon. 

which are contemporaneous with the Batholithic Granites, are 600-700 m y .  

(Ueary et al., 1976; Cavanagh, 1979). 

There is disagreement in the literature over 

Older "Young Granites" 

Younger "Young Granites" are alkaline in composition, 

This is supported by radiometric age dates which 
The Young Granites are 

The Asoteriba volcanics, 
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Cretaceous and Cenozoic sedimentary and volcanic rocks locally cover the 

older basement and intrusive rocks. These include the eroded remnants of 

the Uubian Sandstone, post-Wubian sandstone flood basalts and trachytes and 
the marine deposits along the Red Sea coast. Wind-blown sand, alluvium and 
colluvium are present along drainages and on slopes, and locally obscure 
large areas of bedrock. 
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4.0 DIGITAL, IMAGE EtJHANCEMEm 

4.1 False-color Composite and Additional Enhancements for Base Map 

Statistical techniques for principal-components analysis in remote sensing 

are well documented (e.g., Merentbeck et al., 1977; Sheffield, 1985; Hord, 

1982; Chavez et al., 1984; Taylor, 1974; Podwysocki et al., 1977; Blodget 

et al., 1978). 

out all the details of each image, was selected to distinguish among major 
lithologic units and structural features present in the study area. From 

Gabert's map (19601, previous related Landsat W S  studies (Blodget et al., 
1978; Bechtel, 1983 A and B), and literature discussions of geologic 

features within the area of interest (e.g.. Vail, 1985, 1983, 1979, 1978; 

Almond, 1978, 1979, 1982; El ladi, 1984; a1 Shanti and Roobol, 19791, the 

major features that required discrimination were: 

Our base map color combination, while not intended to bring 

(1) ophiolites 

(2) metasediments 

(3) metavolcanics 
(4) limestones 

(5) granitic intrusions of different ages and compositions 
(6) structural features, with particular emphasis on zones 

containing major sutures and offset along faults 

Using scene 173, 45, which was the first tape received from NASA, we 

examined the entirety of the structurally interesting Quad 2. A general 

statistics study demonstrated that data in the spectral bands of TM were 

highly correlated, as shown in Table 4-1. 
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Table 4-1: Interband Statist ics ,  172.45 92 

51e cov. na 

500.350 

754.985 

585.449 

1011.041 

653.513 

52.806 

- .024 
E: 

-. 269 
-. 275 
-. 151 
- .045 
-.467 

-. 779 
E2 

Fix - 

1153.580 

896.292 

1551.54 7 

1002.807 

73.422 

- .005 

- .411 
- -294 
-. 544 
-. 075 
-. 348 
-. 565 
E3 

Band 4 

704.951 

1228.510 

795.009 

57.135 

- .002 

-. 322 
- .099 
- .450 
- .038 

.790 

-.237 
E4 

Band 5 

2276.723 

1473.827 

115.436 

Band 1 Band 2 Band 3 

Lower T r i a  

1273.798 

784.597 

1176.571 

909.839 

1581.228 

1023.014 
Mean V e c t a  
107.996 

Min. V e c t a  . 000 
Max. V e c t a  
251.000 

Std.  D e w  
35.690 

EiRen Valu 

Einen. Vect 

1 

2 

3 

4 

5 

6 

.967 

1 

2 

3 

4 

5 

7 

-. 424 
-.587 

.655 

.043 

.166 

.125 
E1 

- . 000 

-.577 

.552 

.103 

.586 

-. 078 
- .003 

E5 

Band 7 

976 .OS4 

74.305 

- . 000 

-. 374 
.420 

.192 

-. 803 
-.027 

.077 
E7 
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Table 4-1, continued 

Correlation Matrix 
- 

- 
1 
2 

3 

4 

5 

7 
- 

1 

- 
.983 

.971 

.960 

.929 

.917 

2 

- 
.994 

.986 

.947 

.935 

Eigen Matrix Expressed as X of Contribution 

1 

17.97 

34.46 

42.90 

0.184 

2.75 

1.56 

2 

7.24 

7.56 

2.28 

0.20 

21.81 

60.68 

3 

16.89 

8.64 
29.59 

0.56 

12.11 

31.92 

Band 

A 1024 x 1024 subscene that encompassed most of the features that we wished 
to delineate, including an ophiolitic complex, and available ground truth in 

the form of geologic mapping was chosen for detailed analysis of optimal 
color combinations for the base map. 

required for scenes of different dates and observed features. 
shows the general interband statistics for this area. 

the correlation matrix derived from the covariance matrix. A number of 

bands are highly correlated, but, overall, a lower degree of correlation 

exists than for the bands of 173,45 42 in Table 4-1. 

principal components (Table 4-2B) shows the relative contribution of each 

band to an eigen vector. 

total variance and that E and E have 97.6% of the total variance. 

We recognized that compromise would be 

Table 4-2A 
Table 4-2B presents 

An eigen analysis for 

Note that the first eigen vector has 93.9% of the 

1 2 
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Table 4-2A: General Interband 
S t a t i s t i c s ,  1024 x 1024 Subscene of 172.45 Q2 

Band 1 Band 2 Band 3 
I I 
I I 

Lower Tr 

1 

366.927 

2 

256.023 

3 

422.919 

4 

322.294 

5 

610.834 

6 

406.358 

angle Cov. 

201.866 

315.881 

246.550 

457 -089 

309.522 

!ean Vector: 
113.492 I 56.298 

61.000 I 18.000 

!in. Vector: 

!ax. Vector: 

Jtd. Dev: 
19.255 14.207 

Z i  en Values: 
-939 I .037 

3igen Vectors : 
1 

2 

3 

4 

5 

7 

-. 316 

-. 512 

-. 398 

.579 

.099 

-. 363 

-. 237 

-. 323 

.084 

- .134 

- .895 

. l o 9  

k r i x  

534.732 

410.804 

768.869 

524.111 

78.524 

17.000 

200.000 

23.124 

. O l O  

- .396 

-.447 

.205 

-. 123 

.384 

.661 

Band 4 

338.441 

619.643 

426.943 

61.076 

8.000 

166.999 

18.896 

.006 

-. 316 

- .190 

.397 

-. 504 

.187 

-. 644 

Band 5 

1310.643 

880.6 73 

122.698 

9 .000  

255.000 

36.202 

.003 

-. 631 

.461 

-. 552 

-. 282 

- .002 

.OS3 

Band 7 

636.231 

80.236 

2.000 

183.000 

25.223 

.003 

-. 432 

.427 

.573 

.544 

-. 068 

-. 006 
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Table 4-2B: Correlation Matrix 

for 1024 x 1024 Subscene, Derived from Covariance Matrix 

- 
96.57 

91.84 

89.86 

Correlation Hatrix 

Corr I Cov [XYI 

0 0  
X Y  

- 
93.04 

92.01 

c 
2 

3 

4 

5 

7 

94.08 - 
95.48 96.15 

91.46 94.36 
88.09 88.87 

84.11 86.38 

3 1 4  

3 

4 

5 
7 

15.84 0.70 

33.52 1.80 

0.98 80.10 
13.17 1.88 

5 

- 
96.45 

Ei en Vectors = (eigen 
Emressed as X of 8ontribution 

26.21 10.43 

3 

15.68 

19.98 

4.20 

1.51 

14.74 
43.86 - 

4 1 5  
9.98 

3.60 

15.76 

25.40 

3.49 

41.47 

~ 

39. ai - 
21.25 

30.47 

7.95 

0 

0.28 

7 

18.66 

18.23 

32.83 

29.59 

0.46 

0 

The statistical processing demonstrated that color combinations of bands 

1,4,7 and 2,4,7 have lower correlation than other band combinations. Eigen 

vector bands were analyzed in the color-combination testing. 
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To corroborate the statistical band selections and to familiarize ourselves 
with the potential of certain color combinations to distinguish specific 

lithologies or structural features, we examined all possible combinations of 

the raw spectral bands in red, green, and blue (RGB). Each color 
combination was contrast stretched linearly for the best color image, and 

each received the same edge enhancement. Logarithmic and exponential 

contrast stretching at different histogram peak offsets were evaluated but 
not judged to be superior to the linear contrast stretch. 

ranked with a letter grade. 
features regardless of the colors produced by a particular three-band 

combination. Hence, the same three bands in different combinations of RGB 

frequently received different grades (Table 4-3). 

Combinations were 

We sought the m a x i m  color separation of image 

The top-ranking combinations were rerun. 
Table 4-4. The top selection for the base map was 7.4.2 (RGB). This color 

combination with an edge enhancement was used to generate the base quad 

maps. 

The final ranking is listed in 

Scaling for all quads was equivalent. 

Eleven color-ratio combinations were evaluated; all were judged less 

superior to 7.4.2. 

Color combinations of the eigen vector bands did not provide a useful 

selection for the base enhancement. However, these procedures were valuable 

for distinguishing finely detailed features and for distinguishing 

lithologies that appeared similar in 7,4,2. 
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Table 4-3: Graded RGB Band Combinations 
fo r  Base Map 

3 4 5 7 2 1 

1 

213 D 
214 D 
215 D 
217 D 

312 C- 
314 D 

123 D 
124 D 
125 D 

127 D 

132 B- 

134 C 
135 C- 

137 E 

142 C- 

143 C- 
145 B 

147 B 

152 D 
153 C- 
154 B 

157 B 

172 C- 

173 C- 
174 C 

175 C+ 

271 D 
273 D 
274 C- 

275 B 

231 C 
234 D 

235 C- 

237 D 

241 C 

243 C 

245 C+ 
247 C 

251 c 
253 C 

254 B- 

257 B 

321 B- 
324 E 
325 D 
327 D 

341 D 
342 E 
345 c 
347 c- 

351 D 
352 D 
354 D 
357 c+ 

371 C- 
372 B- 

374 c 
375 B- 

315 C+ 
317 C 

412 C- 

413 C 

415 B- 

417 C+ 

512 C- 

513 C- 
514 B- 

517 C- 

421 B- 

423 C- 
425 C- 

427 C- 

431 B- 

432 B+ 
435 c- 
437 c 

451 C- 

452 C- 

453 c- 
457 B- 

471 C- 

472 C- 

473 c- 
475 B- 

521 B+ 

523 B+ 
524 B- 

527 C- 

531 A- 

532 B- 
534 c 
537 c 

541 A- 

542 A- 

543 B+ 

547 c+ 

571 C- 

572 C 

573 c 
574 B- 

721 B- 

723 C- 

724 C 

725 C- 

731 A 

732 B+ 

734 c+ 
735 c+ 

741 A 

742 A+ 

743 A- 

745 B- 

751 B 

752 B+ 

753 B 

754 B+ 

713 C- 

715 C- 
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Table 4-4: Final Ranking of RGB Band 
Combinations for Base Map 

Rank 

1 

2 

3 

4 

S 
6 

7 

8 

9 

10 

11 

12 

13 

Et 

7 

7 

7 

7 

5 

5 

7 

S 

5 

S 

7 

7 

7 

G 

4 

4 

3 

3 

3 

4 

3 
4 

2 

3 

S 

5 

4 

B 

2 

1 

1 

1 

1 

2 
2 
2 

1 

2 

2 

4 

3 

Final Selection 

4.2 Digital Image Enhancement for Detailed Litholoixic Discrimination 

On a quad-by-quad basis, the following information was used to aid in 
developing the geologic interpretation: 

1. 

2. 

3. 

published literature, including maps, whole-rock chemistry 

petrologic data, and age dates 

signature extension 

Full-resolution, CRT monitor mapping with optimized eigen vector 

band combinations (e.g.. Sheffield, 1985) and band combinations 
selected by digital-number responses of known lithologies in 
different lithologic assemblages. 



With all of the basic geology in place on our 7,4,2 optimal base-map 

enhancement with constant, linear contrast stretching and edge enhancement, 

we dealt with details of structurally and lithologically difficult areas. 

Following the algorithm of Sheffield (1985) to select the optimal TM- band 

subset from the variance/covariance information generated in Table 4-1 and 

4-2, we obtained the rankings shown in Table 4-3. 
combinations proved invaluable for discriminating lithologies in complicated 

geologic settings. 

Top-ranked band 

An additional technique was used to identify unknown lithologies using 

spectral signatures of known lithologies (digital modal or mean intensity E 
band, hereafter referred to as "Digital Uumber" or "DI" technique). 
instance, in 172, 45 Q4, digital numbers for ground-truthed lithologies 

within the Sol Hamed ophiolite complex and surrounding rocks were plotted on 

clear acetate overlays (Figure 31, and then DI signatures of unknown 
lithologies in previously unidentified ophiolites were compared to the known 
Dt? signatures. This procedure was carried out also for regions of Nafirdeib 

volcanics, Asoteriba (calc-alkaline) volcanics, sedimentary lithologies, 

sialic gneissic metamorphic zones, contact-metamorphic zones, and 

batholithic granite/younger granite bodies. 

lithology in scene 172, 45 and approximately eighty units of unknown 

lithology were identified by the Dt? technique. 
shown in Figure 3. 

geologic mapping and ultimately in the tectonic interpretation. 

For 

Twenty-five regions of known 

Graphs of key signatures are 

These identifications helped to resolve problems in the 
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Table 4-5: Band-Combination Ranking 

Based on Method of Sheffield (1985) 

Bank 

1 
2 

3 

4 

5 
6 

7 
0 

9 

10 

11 
12 

13 

14 

15 

16 

17 

18 

19 
20 

173.45 92 

531 
541 

731 
751 

741 

521 

753 
721 

752 
754 
532 

542 

543 

742 

732 

743 

431 

432 

421 
321 

Determinant 

16161 722 
9514956 

8878091 
8706194 

5569835 

5075912 

4809682 
2662933 

2568360 
2104181 

1343434 
1294364 

1264883 

760686 

741200 

740188 

707300 

399845 
285901 
60069 

1024 x 1024 Subscene 
of 173. 45 42 

753 
751 

531 

541 

754 

752 

521 
731 

543 
741 

532 
721 

542 

743 

732 

742 

431 
421 

321 
432 

Determinant 
4804541 
4 7 71840 

3554187 

3431861 

2504626 

246 7124 

2153708 
2089930 

2056927 
1983089 
1669968 

1339116 

1315990 

1181045 

100025 7 

734766 

392621 

299418 
244318 
178448 
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4.3 Discrimination of Lithologies 

Band combinations 5,3,1 and 7,3,1 in addition to 7,4,2 (RGB), with edge 
enhancement and linear contrast stretch examined at full resolution worked 

well for discriminating units within the ophiolites. This enhancement was 

used to resolve structure within the units as well. Figure 4 presents 8x10 

inch reprints of Quads 1 through 4 of Scene 172.45 with acetate overlays of 

the interpreted geology. 

4.3.1 Ophiolitic Rocks 

Sol Hamed ophiolite units could be discriminated quite well in 7,4,2, in 

7,3,1 and in 5,3,1. 

ophiolite units corrected for atmosphere scattering. 
ultramafic units appear dark navy blue and are clearly discernible. 

overlying gabbroic unit described as being in places a true serpentine 
melange "with disoriented gabbro blocks in a serpentinite matrix" (Fitches, 
et al., 1979). Melange development is clearly tectonic. Serpentinite 

matrix and brecciation noted the in field by other workers can be seen in 
the gabbro complex on Tn imagery. 
fault slices and as matrix is distinguishable on the imagery. 

Figure 4 shows the digital-number response of Sol Hamed 
In 7.3,l the 

The 

Dark navy blue serpentinite mixed as 

4.3.2 Nafirdeib Volcanics 

The volcanics generally appear reddish-orange on the 7,4,2 (RGB) false-color 

composite base maps, but dacite, gabbro and andesite mapped by El Nadi 

(1984) appear dark grey, similar to the metasediments. The topographic 

expression generally reflects structure. 

hundreds of meters usually is distinct and probably represents compositional 

variations, flow contacts, and variable amounts of intermixed sediments. 

Some units are more resistant to erosion and, thus, help define bedding. 

Wadis follow less resistant beds, joints, and faults. DN signature analysis 

accompanying characterization of topographic expression was used to 
discriminate and identify these lithologic units. 

Apparent bedding on the scale of 
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4.3.3 Uafirdeib Ifetasediments 

A lens of conglomerate mapped in the field by Fitches, et al. (1983) 
northwest of the Oyo mine (east-central 172,45 Ql, Figure 4) appears dark 

bluish grey on the base composite. 

location of pelitic rocks near the coast (southeast corner of 172,45 42) 

which appear dark grey on our base imagery. Flysch deposits mapped just 
northeast of the Sofaya ring complex in 172,45 Q4 are greyish brown and dark 

purplish grey. In the fold and thrust area of 172,45 44, El Uadi (1984) has 
field-mapped volcanics and "molasse" which are indistinguishable in 7,4,2. 

The unit appears similarly colored to verified occurrences of Uafirdeib 

volcanics in 7,4,2 band combination and has a similar DU signature across 
all bands. 

Fitches et al. also documented the 

The topographic expression of the metasediments is similar to that of the 

volcanics, facilitating interpretation of the structural geology. 

4.3.4 Batholithic Granites 

The batholithic granites are the pre- to syntectonic granites which intruded 

as part of a Pan-African island-arc. 

Sea Hills and are reported in field studies to form extensive areas of 

subdued sand-covered plains (El Uadi, 1984: Ueary, 1976). Some batholithic 

granites also form areas of high, rugged relief. Both of these topographic 

expressions were encountered in this study, although the large batholithic 

intrusives tend to form sandy plains with inselbergs protruding through the 
alluvium (Almond, 1978; present study). Drainages form a medium-tight 
dendritic network and are shallow. 

They cover extensive areas in the Red 

For intrusive units lacking radiometric dates, the prime discriminating 
factors were: 

not the intrusive appeared to have been involved in the collision event(s1 
that deformed the Uafirdeib Series rocks, and a spectral match to other 

the presence of deformational features indicating whether or 

h&heljeihlF. grznjtes; 
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The color of the batholithic granites on the 7,4,2 false-color composite 

photos varied from greyish tan to greyish brown. to purplish brown. In the 
pluton that is faulted out by the northern limb of the Sol Hamed suture in 
the northwest corner of 172,45 91, probable hydrothermal alteration is 

evident in the area around the thrust fault (22'10, 35'30, Figure 4 ) .  

Similar color changes are seen in the southeast portion of quad 2 (21 43, 

36'30 is in the center of this area). Whether these color variations are 

a function of secondary hydrothermal alteration or variations in primary 
mineralogy of the pluton is not definable without field verification. 

0 

4.3.5 Young Granites 

The Young Granites usually form high, rugged terrain 1000-1500 meters above 

the intruded area, but also form low, circular, sandy areas bounded by 

country rocks (El Uadi, 1984; Ueary, et al. 1976 Greenberg, 1981). The 

resistant plutons have coarse polygonal drainage pattens that follow the 

geometry of joints and dikes, not dendritic patterns. 

circular plutons are sometimes sand covered, have dendritic drainage 

patterns, and, except for their structure, resemble batholithic granites. 

The low, flat, 

The color on the 7,4,2 false-color photos is variable; it is pinkish grey to 
brownish grey to grey to brown. 

show multiple episodes of igneous activity, often with discernible 
compositional differences. 

bimodal as gabbroic-granitoid. 
7,4,2. 

Many of the intrusives are circular and 

Some young intrusives appear compositionally 

The gabbroic rocks are dark brown in the 

Young granites are post-tectonic and either crosscut previously existing 

structures or are intruded into preexisting zones of weakness. 

4.3.6 Young Mafic Intrusives 

Late mafic intrusive rocks, possibly related to the young granites, are 

found throughout northeastern Sudan (Vail, 1978; Almond, 1979; Kabesh, 1962). 
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They cross-cut all suturing structures and are generally circular in plan 

view. 

intrudes the edge of a gneiss dome (21' 38*, 35' 10' 1. 
An  excellent example is the apparently layered mafic intrusion that 

The color in 7,4,2 is dark grey to black, with a slight navy-blue component. 

4.3.7 Uubian Sandstone 

The Cretaceous (Vail, 1978; Uhiteman, 1971) Uubian sandstone covers and 
crosscuts all other formations and, in the one large outcrop in the area, is 

noticeably higher in relief. Very few drainage channels are developed in 
the outcrop, but it is textured with long narrow linear features which are 

brown in color. 

brown. 

The color on the 7,4,2 base maps is tan to light reddish 

4.3.8 Gneisses and Anwhibolites 

The gneissic terrains are low and hilly, in places covered with expanses of 

wind-blown sand (Kabesh, 1963). Drainage patterns are dendritic and form a 
dense, shallow network, often sand filled. Gneissic amphibolites are found 

in two places within this scene: as a gneiss dome in the west-central 

portion location, and as up-thrusted amphibolites and gneisses in the 

southeastern corner (Figure 4). 

The color in 7,4,2 is light greyish brown in both areas. The spectral 

signatures across all seven bands differs from those of the Batholithic and 
Young Granites. 

4.4 Recognizing Structural Features 

El ladi (1984) concluded, after his field work, that "the drainage system of 

the Red Sea Hills is generally structurally controlled, where most of the 

khors and wadis (wide khors) follow fault lines and structural joints, but 

their tributaries form dendritic patterns.** 
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We mapped faults only where units were truncated or displaced in line with 
other truncations and displacements. 

topographically by saddles, wadis, and khors in the Red Sea Hills, as occurs 
in many other morphologically inunature areas throughout the world. 

mapped persistent, linear, topographically expressed features without 

distinguishable displacement or truncation as lineamentsljoints. 
these may be reclassified as faults with measurable displacement in the 

field, but displacement is not discernible using TH data. In some places, 
interaction of the fault plane with topography allowed an approximate dip 

determination. 

sets were mapped wherever present. However, all detectable joints are 

We agree that faults are often marked 

We 

Some of 

These dip estimates are plotted on the map. Prominent joint 

numerous and are not 

Folds were mapped in 

mapped to prevent obscuring of other significant data. 

the Nafirdeib by mapping bedding strike-lines. Where 

the "law of v's** allows determination of dip on stratigraphic sequences, 

anticlines and synclines were discriminated. Dip symbols that were 

interpreted from imagery do not have numbers; dips taken from the literature 

do have numbers. 

1931g -25- 



IF‘” 

SECTION 5 



5.0 RESULTS AM) DISCUSSION 

Three working map overlays were prepared for each quadrant. 
interpreted geology and was the main working overlay. 

literature "ground-truth" information plotted. 

lithologies that were described in the field by previous researchers, 
petrologies, and geochronologies (Table 5-1) obtained from the literature. 

The third overlay is a lithotectonic map at a scale of 1:1,000,000 that 

emphasizes the continuity of regional trends within and beyond the study 
area. 

One map has the 
The second has the 

These data include 

Figure 4 is false color 7,4,2 composite photos of Scene 172,45 (Quads 

5.1 Stratigraphy of Scene 172.45 

5.1.1 Ophio li tes 

Tectonically disrupted ophiolite compl 

1 to 4) with overlays of interpreted geology. 

xes are th oldest rocks in this 

scene. The Sol Hamed ophiolite (22'15*, 36'08*), was named by Vail 

(19851, and has been studied in detail in the field by Fitches et a1 

(1983). The Wadi Onib ophiolite 

(21°34*, 35'17') was briefly described by Hussein, et al. in (1982). 

our base-map photos, we have discriminated the major lithotectonic units: 

ultramafic complex (Ou) ;  gabbros and sheeted dike complex (Og); breccias 

with serpentinite matrix, pillow basalts, and overlying sediments (Ob). 

From the areas of known ophiolitic assemblages, we have extrapolated by 

spectral signature, topographic expression, and morphology to map their 

distribution along suture zones. 

It has not previously been mapped. 
On 

The ophiolitic complexes along the Sol Hamed suture appear to be soled by a 

thrust fault, and, spectrally and morphologically, appear to have a 

relatively consistent lithotectonic stratigraphy. 
identification, the basal unit is ultramafic, variably serpentinized, with 
some interlayered gabbros (?) .  

Based on DU signature 

We have identified deformation in this unit 
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to be isoclinal folding with some internal coherence. 
gabbroic-volcanic and serpentinite melange that appears to be in fault 

contact with the basal unit. Flows and dikes are brecciated and cannot be 

followed over long distances. Serpentine forms a matrix to the breccia as 

stringers. 

sediments. 

Overlying this is a 

Basaltic to andesitic volcanics overlie some of the interbedded 

5.1.2 Uafirdeib Series 

5.1.2.1 Volcanics 

Unconfombly overlying the Sol Hamed ophiolite are the Uafirdeib volcanics 
and associated sediments (Fitches et al., 1983). The volcanics have been 

identified by others as basalts and andesites with volcaniclastics and 

agglomerates. 

calc-alkaline and have close affinities to island-arc volcanism in other 

parts of the world (El tiadi, 1984). They are considered to be the early 

intra-oceanic island-arc volcanics, and have been dated at 712 m.y. 

Witches, et al. 1983) in the area covered by scene 172,45 42. 

Petrologically and geochemically they are distinctly 

5.1.2.2 Uetasediments 

The associated Uafirdeib sediments have been described as flysch and molasse 

(El Uadi, 1984) and include conglomerates, greywackes, pelites, calcareous 
shales, sandstones, and minor limestone. These terms specifically imply a 

continental source for the clastics during convergence. However, there is 

no continental source for these clastics, only volcanic. Thus, we consider 

the sediments to be reworked volcanics derived from the tiafirdeib 

intra-oceanic island arc. The clastic rocks are composed of variably 

reworked volcanics identical in composition and in spectral signature to the 

Mafirdeib volcanics. 
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The volcanics that are interbedded with these metasediments are distinctly 
different from the Uafirdeib volcanics geochemically and petrologically. 

These are tholeiitic basalt flows with rare-earth chemistry that closely 

resembles marginal basin (analogous to a back-arc basin) volcanics (El ladi, 

1984). 

volcanics, suggesting a back-arc or marginal-basin setting. 
Back-arc basin volcanics are interfingered with island-arc 

Uv is the symbol used for Uafirdeib volcanic rocks in the Uafirdeib series. 
Nc is the symbol used for clastic sediments. 
volcanics and sediments. Na refers to Uafirdeib Series rocks that have been 
altered hydrothermally or metamorphosed by intrusive activity. 
distribution of these rock types is shown on the map overlays of Figure 4 

and on the 1:250,000 map, Plate 1. 

Nc-v represents intercalated 

The 

Low-grade Uafirdeib series form moderate topography (El Uadi, 1984; Kabesh, 
1962), except for the late Asoteriba volcanics, which constitute the 

highest, most mgged area. 

The Uafirdeib volcanics and metasediments have been metamorphosed to 
greenschist facies field assemblages (El Uadi, 1984; Vail 1978) and are 
reported to have amphibolite facies assemblages in places. 

5.1.3 Batholithic Granites 

The batholithic granites are considered here to be pre- to syntectonic 

intrusives. Ages range in this scene from 770 m.y. to 545 m.y. Cavanagh 

(1979) dated batholithic granites (Rb/Sr) in the vicinity of Jebel Asoteriba 

(21' 52 * , 36' 30' ) at 686+ 18 m.y. The ages reported for these granites 
throughout the Arabian-Nubian shield vary from as old as 960 to 500 m.y. 
(Brown, 1980). Vail (1983) summaries geochronologic evidence as ranging 

from 900-650 m.y., with many in the 820-720 m.y. range. 

Vail (1983) found no systematic spatial variation in lithologic ages in 

northeastern Africa. However, island-arc terranes of various ages have been 

distinguished in Saudi Arabia (Stoeser and Camp, 1985). The present study 
will lead to systematic age distributions of island-arc terranes in Sudan. 
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Rock types are heterogenous and include diorite, monzonite, granodiorite, 

and granites Wail, 1983); tonalites predominate (El Uadi, 1984). 

Geochemically, the batholithic granites are calc-alkaline, typical of island 
arc granites (El Uadi, 1984) They show a systematic variation from west to 

east. From the Red Sea K O/(K20+Ua20) and total Rb increase westward 
for 90 km (El Uadi, 19 of 4). Granites in the western United States show an 

increase in these parameters eastward, where subduction was west to east. 

El Uadi interprets his findings to mean that the granites formed during 
westerly directed subduction within the studied arc. 

Model). 

2 

(see Plate Tectonic 

5.1.4 Young Granitic Series 

The Young Granite series includes a range of compositional types and a large 
range of ages. 
the Pan-African event 620-500 my. Vail (1978) discussed three episodes of 

intrusion of young granites: approximately 550 m.y., 230 my. and 50-100 my. 
No tectonic controls on these distribution are evident. 

Sillitoe (1979) considers them to have been emplaced during 

The young granites are named because they cross-cut deformation, so are 
essentially postorogenic. Cavanagh (1979) found that the older the granite, 

the lower the 87Sc/ 

the evolution of more continental-type crust through time is seen in the 
Nubian shield. 

86 
Sr ratio, similar to batholithic granites. Thus, 

Compositionally, the granites are typically alkaline although the oldest are 
calc-alkaline syenites, granites, and gabbros. Vein and disseminated 

mineralization is associated with.less than 1% of the granites, generally in 
the late-stage, highly differentiated plutons (Sillitoe, 1979). 

Structurally they are found to be multi-stage, complex intrusives. 

generally circular or oval in plan, sometimes occurring as ring dikes. The 

Sofaya ring complex (21' 18', 36' 08') has been studied extensively. It 

has yielded seven K-Ar whole rock ages between 226 and 550 m.y., and two 

Rb/Sr dates of 39429 and 465+9 (Vail, 1976). 

They are 
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5.2 Alteration and Metamomhim 

5.2.1 Localized Contact Hetamomhim 

Alteration of the country rock surrounding plutons has been reported by Vail 

(1978) and tieary, et al. (1976). Obvious metamorphic and hydrothermal halos 

conform to the intrusive contact, discoloring contiguous rocks while only 

minimally disrupting their structure. 

mapping these features. In a study of granites in northeastern Sudan, 

Weary, et al. (1976) reported an area of assimilation in which a granitic 
batholith was extensively contaminated by the country rock. 
study, the same region was independently identified as consisting of 

extensively metasomatized volcanics intruded by altered batholithic granites 

(172,45 42, north central portion). Other similar areas of hydrothermal 

alteration can be identified where unaltered rocks can be followed 

structurally into the altered zone. 

expression are found. 

TM spectral data proved excellent for 

In the present 

Hany examples of this spectral 

The field designation of greenschist facies has generally been assigned to 

the volcanics and country rocks of the Wafirdeib Series. However, Vail 

(1978) reports amphibolite-facies metamorphism in the Precambrian shield 
rocks of this area. Kabesh and Afia (1959) report contact metamorphic 

Cordierite-biotite-quartz, . assemblages in the Naf irdeib series rocks. 
andalusite-sillimanite-quartz, and wollastonite-diopside marbles are all 

high temperature, low-medium pressure assemblages. This is a point of 

concern for discriminating rock types, since the formation of new mineral 

phases in a rock changes its reflectance. The greater the extent of 

metasomatism (the exchange of chemical constituents between the rock and 

metamorphic fluid), the more likely it is that the spectral signature of the 
rocks has changed. We expect roof pendants to be highly altered and 

metamorphosed, and thus, to appear different spectrally. 

Areas mapped by Gabert (1960) as Kashebib Series in 172,45 Q3 are considered 
here to be metamorphosed and metasomatized amphibolite facies Waf irdeib 
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Series rocks. 

their metamorphic grade should be higher than elsewhere. 

pendants includes metamorphic rocks in Jebel Kashebib, the type locality for 
the series in northeastern Sudan. 

They are roof pendants and xenoliths in batholithic granite; 

One of these 

The significance of the high-grade Kashebib series metamorphic rocks is 
problematic, and previous investigators have defined it differently. Since 

the ICashebib type locality is interpreted as roof pendant metamorphism, it's 

significance as a separate unit is doubtful. 

"Kashebib Series. ** 

We do not use the designation 

5.2.2 Regional Hetamomhim 

A belt of amphibolite-facies Uafirdeib metasediments a d  meta-vo1 anics (the 

paragneisses of El Uadi, 1984) are thrust-faulted against Uafirdeib 

metasediments at the eastern edge of 172,45 Q4. 
(1960) reports a northeasterly trending belt of amphibolite Uafirdeib group 

rocks. 

cordierite + garnet + kyanite + occasional sillimanite. 
contact metamorphic assemblage. Pressures greater than 4-6 kilobars (10-20 

kilometers depth) and temperatures greater than 500 C are required (Turner, 

1981). This represents a higher grade of metamorphism at distinctly deeper 

crustal levels than that affecting the Uafirdeib Series west of the thrust. 

For this same area, (Gabert 

The mineral assemblage reported to occur in these metasediments is 

This is not a 

El Uadi (1984) describes the original lithology of the amphibolite gneisses 

as distinctly different from the Nafirdeib series, including quartzites 
which he describes as continental shelf-type deposits. But Kabesh (1962) 
reports quantities in the Uafirdeib Series in the Hohanuned Qal area to the 

south; thus El Uadi may have simply been in an area of quantities. 

the amphibolites are (Gabert) or are not (El Nadi) equivalent of the 
Uafirdeib series, the thrust is a significant suture. 

Whether 
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5.3 Structural History 

We have distinguished three generations of faulting and two generations of 
folding. NNE-trending folding and thrusting dominates the eastern portion 

of the scene. Primarily because El Uadi (1984) has mapped much of this 
area, the southern portion of Quad 4 was selected as an ideal area to 

compare ground-mapped structural geology with that discernible from the 

Landsat Tn imagery. 
continental-margin fold and thrust belts that are observed world-wide. 

first generation of folds and faults are the northeasterly fold and thrust 

belts. We consider dominant vergence to be to the northwest, corroborated 

by the occurrence in 
amphibolite-facies metasediments juxtaposed against greenschist-facies 

metasediments (21'15, 36'42). 
determined from the image. 

and west. On most, the dip is not detectable. 

The general structural style is reminiscent of 
The 

the far eastern portion of the scene of up-thrusted 

Dip on the thrust is eastward, as 

Other presumed thrusts in the area dip both east 

The second episode of folding is northwesterly. 

earlier folds are seen to be refolded into spectacular interference patterns 

(21' 04'; 36' 27'). 

The fold axes of the 

The second episode of faulting that we distinguish is the set which we 

describe as northwesterly trending normal faults, possibly related to 

east-African graben faulting reported by others in Sudan (Salana, 1985) and 

central Africa (Bosworth, et al., 1986). 

The third episode of faulting is ENE strike-slip faulting and jointing which 
post-dates the young granites and the Cretaceous Nubian sandstone. This 

episode likely is related to Red Sea rift transform faulting, as suggested 

by Ahmed (1982) for northeastern Sudan, and all the Red Sea rift cratonic 

borderlands by Garson and Krs (1976). 

All structures are cut by the Red Sea Graben's bounding normal faults, and 
subparallel faults to the west. 
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The major suture along which the Sol Hamed and other ophiolites were 
emplaced is called here the Sol Hamed suture, after Vail (1985). It 

presently dips steeply to the northwest in places and more shallowly 

southeast towards its southern termination by a previously unidentified, 

younger, northerly trending shear zone. Everywhere, the ophiolites face up 

to the southeast and are faulted at their base. 

over the Nafirdeib volcanics and batholithic granites ( ? I .  The suture 

represents westerly transport of the upper plate relative to the lower plate. 

Ophiolitic rocks are thrust 

The major north-trending fault zone, here called the Deraheib suture, 
terminates the Sol Hamed suture. The Deraheib suture appears to have a 

largely strike-slip displacement, and the width of the sheared and 

mylonitized rocks is considerable. The fault zone that acconunodated most of 

the strain is 3 to 10 kilometers wide throughout the length, but en echelon 

and anastamozing parallel faults form a zone 20 km wide. 
appear to be crushed up to 50 kilometers away. 
obliterated; drainage is random and closely spaced; topography is uniformly 

low. Uumerous late, north-trending sutures similar to this have been 

documented in the Arabian shield (Fleck, 19761, and maybe related. A second 
parallel suture also cuts the Sol Hamed suture through the left-center of 

the scene. 

The volcanics 

Primary bedding is 

The age of these north-trending sutures is late to' post-orogenic. 

appear to be intruded by hundreds of dikes. 

a young granite located at the intersection of the Sol  Hamed and younger 

transecting suture. 

available. 

They 
No plutons cut them, except for 

The age of this young granite is not presently 

5.4 Lithotectonic Belts 

We identify five "E-trending belts in scene 172.45 (Figure 5). 

is a belt of batholithic granites 90-100 kilometers wide, approximately the 
same as the present exposure of the Sierra Nevada batholith in California. 

The largest 

1931g -34- 



This belt of batholithic granites is considered to be at or near the axis of 

a 1Jubian-aged island arc. 

intruded by small batholithic granites and young granites. 

it is paralleled by a 30-50 kilometer wide fold and thrust belt composed of 
Bafirdeib bimodal volcanics and reworked volcanics. Calc-alkaline andesitic 

volcanics predominate; tholeiitic basalts are interbedded with the 

sedimentary rocks. In the southeastern corner, amphibolite facies Bafirdeib 

(4) rocks and Batholithic granites are thrust into tectonic contact with 
greenschist-facies Bafirdeib series. The relationships among these rock 

types are discussed in Section 5.5, Plate Tectonic Uodel. 

It is flanked by two belts of Bafirdeib rocks 

To the southeast 

The batholith is flanked to the northwest by the Sol Hamed suture and its 

associated ophiolites, representing abducted oceanic crust. 
overlying the ophiolite, Bafirdeib volcanics are also found to the northwest 

of the batholith. 

that have very few or no batholithic intrusives; this suture is younger than 

the island arc roots represented by the batholith. 

Unconformably 

The Sol Hamed suture juxtaposes the batholith with rocks 

The dominant vergence direction-inferred by the Sol Hamed suture and the 

geometry of other thrust faults is northwesterly. 

5.5 Plate Tectonic Model 

5.5.1 Current Tectonic Models 

Current tectonic models hold that the Nubian Shield of the Red Sea Hills of 
Sudan, together with the Arabian Shield of southwestern Saudi Arabia, are 

the northward extension of the African Proterozoic continental margin, 

represented by the Mozambique Mobile Zone of Holmes (1951). 

(1972) suggest that the mobile zone in southern and eastern Africa is a 

broad zone of deposition and deformation representing the collision and 

suturing of two continents. 

however, the character of rocks in the mobile zone changes; island-arc type 

intermediate volcanic rocks predominate, ophiolite belts are present, and 

sialic continental basement appears to be absent (Greenwood et al., 1980; 

Gass, 1979; Schmidt et al., 1979). The Nubian-Arabian Shield complex thus 
appears to represent the accretion of island-arcs, intervening oceanic 

Burke and Dewey 

Farther north in Sudan, Egypt and Saudi Arabia, 
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depositional basins, and trapped oceanic crust onto the older African craton 
to the west (present study, Greenwood et al., 1980). A n  alternative 

hypothesis proposed by Garson and Shalaby (1976) and Delfour (1981) suggests 
that rifting of an earlier cratonic margin may have occurred in this area 

along the mobile zone, and that subsequent accretion along the zone included 

the collision of rendered microcontinents as well as trapped oceanic crust 

and island-arc complexes. 

Tectonic studies in Saudi Arabia indicate that island-arc accretion occurred 

from west to east (Stoeser and Camp, 1985), and that the sutures between 
accreted terranes should cross the Red Sea into eastern Sudan and Egypt 

(Vail, 1985, 1983; Stoeser and Camp, 1985; Camp, 1984; Shackleton, 1986). 
The direction of plate convergence and number of accretionary and orogenic 
events is not well known. Lateral translocation and accretion of exotic 

terranes has not been evaluated. 

Many recent workers favor the idea that several island arcs, even as many as 
ten (Gass, 19821, accreted to the Arabian-Wubian shield during the 

Proterozoic (Almond, 1978; Gass, 1977; Shackleton, 1979, 1986; Stoeser and 

Camp, 1985). These concepts were developed first on the Arabian side of the 
shield where mapping is more complete and radiometric dating provides a 
clearer picture of the geochronology. 

packets is complicated on both sides by the fact that several arcs with 
differing polarity and ages have been superimposed. 

Recognizing individual island arc 

5.5.2 Tectonic Uodel Derived From Tn Study 

We see abundant evidence for collisional accretion of island arc terranes in 

the northern Red Sea Hills. But we also see major 1J-S strike slip sutures 
(i.e., the Deraheib suture) with ultramafic rocks along them that displace 
accretionary boundaries. 

rocks represents a subduction zone. 

by the mechanism of back-arc thrusting, which is considered to be 

We do not believe that every belt of ophiolitic 

Some ophiolites may have been obducted 
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the mechanism for obduction of the Troodos ophiolite in Cyprus, among 

others. 

craton plate margin. 
contain interbedded tholeiitic basalt flows, which are geochemically typical 

of marginal-basin basalts. 

includes recognition of the back-arc basin rocks and their structural 

This mechanism may have been active along the long-lived, Uile 

El bladi (1984) noted that the Uafirdeib sediments 

We are developing an island-arc model which 

setting. 

The blafirdeib volcanics (712 m.y.1 and batholithic granites (648-770 m.y.1 

in this batholithic belt are very similar geochemically, virtually 

indistinguishable geochronologically, and considered to be approximately 

contemporaneous (Ueary, 1976, present study). The batholith-volcanic 

complex probably represents an island arc that developed from early 

extrusives and associated sediments, to later batholithic plutons intruding 

a deforming volcano-sedimentary prism. The axis that is exposed is mid- to 

upper level of the later arc. 
where extensive contamination and roof pendants are abundant, and the late, 
but pene-contemporaneous Asoteriba volcanics overlie the batholithic granite 

(present study; bleary, 1976; Cavanagh, 1979). 

Higher levels are exposed to the northeast, 

The lithotectonic belts southeast of the arc axis are a Uafirdeib volcanic 

pile, essentially barren of intrusives, and tectonically juxtaposed against 

the batholithic arc. 

against these to the southeast. 

metamorphic grade (and possibly another arc?) are thrust westward over this 

belt. 

Marginal basin sediments and volcanics are faulted 

Amphibolites of significantly higher 

Figure 6a shows a typical Phanerozoic island arc configuration modified from 

Almond (19781, who compared this model directly to the less-known island 

arcs in the Nubian shield. 

scene 172,45 (Figure 5) well. 

paleo-subduction zone; the batholithic island arc intruding volcanics is the 

next lithotectonic unit; the back arc basin sediments and volcanics are 

next. 

(which would contain ophiolites). 

This model fits the packet of five belts in 

The Sol Hamed suture represents the 

Figure 6b shows a sequence of obduction of the arc along a suture 

In this scenario, the fold and thrust 
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belt is developed in the back-arc basin during collision; imbricate thrusts 

and folding deform the ophiolite volcanic-sedimentary pile. 
dominant vergence of all structures in the collision zone is to the west, 

and subduction is to the southeast, in agreement with Shackleton (19861, and 

the stress regime inferred by Camp (1984) for the same suture in Saudi 

Arabia (Figure 7). 

Note that 

The equivalent of the Sol Hamed suture extends across the Red Sea into the 
Arabian portion of the Nubian-Arabian shield (Figure 7). It is called the 

Bir Umq suture by Stoeser and Camp (19851, the Halaib Yanbu discontinuity by 

Camp (1984), and the A1 Wask ophiolite complex by Vail (1983). 

the similarity of Stoeser and Camp's interpretation to ours, we call this 
extension the Bir Umq suture. 

Because of 

Stoeser and Camp believe that the Bir Umq suture separates two island arc 
terranes, the Hijaz terrane to the northwest that is 700-800 m y .  and the 

Asir terrane to the southeast. The Asir terrane is also 700-800 m y .  in age 

over a region extending 200 Ian south of the suture, beyond which it is 

800-900 m.y. (Figure 7). 

This suture is morphologically similar to the Sol Hamed suture in Sudan. 

Ophiolitic assemblages are thrust together with greenschist-facies, 

arc-related volcanics and sediments. Isoclinal folds are common, as are 

imbricate thrust faults. 

appears to be the former site of a south-dipping subduction zone that ceased 
when the terranes collided sometime after 715 m.y. 

truncated by the north trending Nabitah suture that also contains ophiolite 

assemblages, and is a major crustal mobilization with westward-directed 

nappes. 

Stoeser and Camp conclude that the Bir Umq suture 

The Bir Vmq suture is 

The Nabitah suture formed between 640 and 680 m.y. 
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Figure 6. Plate tecton.ic models. 
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