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ABSTRACT 

The coastal area on the eastern side of the Arabs' Gulf, 
west of Alexandria, forms a small part of the Quaternary 
coastal plain of north western Egypt. The present coast is 
bordered by an oolitic and biogenic sandy beach-dune rid--. --!,. 
Landward are a series of parallel cemented Pleistocene car- 
bonate sand ridges capped by caliche and separated by dep- 
ressions filled with lagoonal-sabkha deposits. 

The calcareous sediments of the coastal beach ridge 
are composed of aragonite, high magnesium calcite and low 
magnesium calcite in decreasing order of abundance. Whereas 
these deposits have undergone only minor diagenetic changes, 
the rocks of the landward ridges have suffered various tex- 
tural mineralogical and geochemical alterations including: 
reduction of high-magnesium calcite, aragonite and strontium 
(part of which has been redeposited as celestite); and an 
increase in low-magnesium calcite, magnesium and iron. Such 
diagenetic effects, which are largely controlled by climate 
and the geochemistry of the interstitial waters, are signif- 
icantly greater in the east due to the seepage of fresh water 
from the Nile delta. 

The arid to semi-arid conditions of the region have led 
to the development of various types of caliche crusts on the 
ridges. These show corrosion of terrigenous quartz and feld- 
spars and precipitation of attapulgite. 

The inter-ridge lagoonal sabkha depressions are filled 
with calcareous deposits, gypseous deposits and loess. Authi 
genic attapulgite is found again in these sediments and is 
associated with gypsum and calcite. 

The coastal plain complex developed along a receding 
Quaternary shore line on a foundation of Pliocene marine 
clays . has a complex history of sedimentation due to 
fluctuation in sea level and changing climatic condtions. 
Some modifications of earlier views concerning the relation- 
ship of some of the beach-dune ridges to particular stands of 
sea level are proposed. 
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CHAPTER I 

Introduction 

1.1 General 

The northern coast of Egypt may be considered as consisting 

of two different units: 

(1) The first extends for a few hundreds of kilometers west- 

ward from Alexandria towards the western border of Egypt. This 

unit is formed of a coastal beach-dune ridge, mainly composed of 

oolitic and biogenic calcareous sand, (with a coastal aabkha to land- 

ward); parallel to and lying further inland (tu the south) of this 

coastal ridge are a series of older indurated calcareous sand 

beach-dune ridges with altitudes of up to 100 m or more separated 

by lagoonal-sabkha depressions infilled with calcareous, gypseous 

and loessic sediments (Fig. 1.1.1. and 1.2.1. ). 

(2) The second extends eastwards from Alexandria along 

the coastal plain of the Nile delta and Sinai peninsula (Fig. 

1.2.2) towards the Isreali border. It is formed of a sandy 

beach-dune belt which is the seaward edge of the deltaic coastal 

plain of the Nile. In contrast to unit (1) it is mainly com- 

posed of quartzose sand. 

1.2 Location of the area of study 

The area of study constitutes the eastern portion of the 

first coastal unit and thus covers most of the eastern side of 

the Arabs' Gulf. 
, 
It extends-from just to the west of Alexandria 

westwards to the village of El-Omayid, a total distance, along 

the coast, of approximately 90 kms. The area extends inland 

(i. e. to the south) for variable distances ranging between 

10-20 km. Although this is a large area (Fig. 1.1.1) it 
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constitutes only a small portion of the north western coastal 

region of Egypt. 

The alluvial plain of the Nile delta delineates the area 

of study to the east and to the south east (Fig. 1.2.2). The 

sediments of the latter are composed of siliciclastic silt 

and clay that pass gradually, in a SE direction, into Pleistocene 

silt, sand and gravel. The Quaternary coastal plain of. north 

western Egypt is bordered to the south and to the west by the 

outcropping Middle Miocene Marmarican limestone which forms a 

tableland. The latter is topographically higher than the former 

and occupies the northern end of the great homoclinal plateau 

that extends southwards to the Qattara depression (Fig. 1.2.2 

and 1.3.1). 

The boundary between the sediments of the Quaternary coastal 

plain and the Miocene sediments that succeed them to landwards 

in the west and the Quaternary deltaic plain sediments to the 

east lies over a fault system. This system trends N50-60w to 

S50-60E and is downthrown to the east. Hence the Pleistocene 

gravels of the Nile delta are in juxtaposition with the calcareous 

Miocene-Quaternary sediments to the west (E1-shazly et al., 1975). 

1.3 Geomorphology and general sediment distribution 

The tableland of the Marmarican limestone forms the northern . 
edge of the homoclinal plateau. To the north of this is the 

Quaternary coastal plain (Fig. 1.3.1). 

1.3.1 The-tableland 

This. is the northern part of the great homoclinal plateau. 

The latter is, in its highest part, a hundred meters or more above 

present sea level. It slopes gently northwards towards the 
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Mediterranean Sea and eastwards towards the Nile delta (Shata, 

1972). The northern edge of the homoclinal plateau of 

Marmarican limestone reaches the Mediterranean coast in the 

northwest of Egypt to form a low cliff. Hence the Quaternary 

coastal plain becomes narrower in a northwesterly direction. 

I. 3.2. The Quaternary coastal plain 

The Quäternary coastal plain occupies the low-lying area 

between the tableland to the south and the present shoreline 

of the Mediterranean Sea to the north. It has a variable 

width being only a. few hundreds of metres or less to the west, 

where the edge of the homoclinal plateau reaches the sea; whilst 

to the east, where the plateau lies further inland, it varies 

in width from between ten to forty kilometres. 

The coastal plain is characterised by a series of at 

least nine elongated parallel beach-dune ridges, (Zeuner, 1952, 

1958, Shukri et al., 1955 and Butzer, 1960). The most inland 

of the ridges is the highest and has an altitude of about a 

hundred metres, while the coastal ridge which borders the present 

coast is only about 10 m. in height (Fig. 1.3.2a and 1.3.2b). 

These ridges are mainly composed of oolitic and bioclastic-sand 

and have formed as a series of coastal beach-dune ridges which 

developed along the receding Quaternary shorelines of an 

embayment. of the Mediterranean Sea, which is the inland extension 

of the prescnt day Arabs' Gulf. Seaward and to the north of 

the coastal ridge is a ridge which. is, for the most of its length, I 

. de" 



Fig. I. 3.2. a The coastal beach-dune ridge, looking 
north towards the Mediterranean Sea. 

Fig. I. 3.2. b. The second ridge and the infilled sabkha 
depression between the coastal and the second ridges, from 
leeward side of the coastal ridge looking to the south. 
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submerged but parts of which are exposed to form a series of 

isolated islands, the so called Harbour islands (submerged bars 

have also been described in the Mediterranean pilot, (1961) and 

by Butzer (1960). 

The city of Alexandria lies on the eastward end of the 

second ridge whilst the first ridge commences just to the west' of 

Alexandria at the eastern end of the Arabs' Gulf (Fig. 1.2.1). 

The part of the second ridge, on which the city of Alexandria 

lies, is a transitional -area., Whereas to the east, the ridge is 

composed of quartzose - carbonate sediments: to the west that 

ridge and the other inland ridges are composed of mainly car- 

bonate sand. 

The cemented carbonate ridges (the second and landward 

ridges) are capped by caliche deposits (Fig. 1.3.3). The latter 

form a distinctive surficial, indurated, brownish to pinkish 

carbonate crust. The thickness of this crust varies from 0.01 m. 

to more than 0.5 m. and appears to become thicker as the ridges 

becume ulder. Also, this crust thickens to the east where 

ultimately the sediments of the ridge interfinger with the deposits 

of the detltaic plain of the Nile. These crusts are sometimes 

laminated and superficially resemble algal - stromatolites or 

elsewhere when fractured and brecciated they show a conglomeratic 

appeaiance. Similar crusts may be found buried under the loessic 

sediment which cover and interfinger with the deposits of the 

carbonate ridges (see Fig. 11.6). (The results of petrographic 

and mineralogical studies of this'caliche are given in chapter IV. 4) 

An aeolian origin for these ridges has been accepted by 

many workers e. g. Hume and Hughes (1921), Ball (1939), Hilmy 

(1951). Paver and Pretorius (1954), and Shata (1955). However, 

workers such as Zeuner (1952), Shukri, et al. (1955) and Butzer, 
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(1960) believed them to be of marine origin i. e. offshore bars. 

It appears that these ridges have a complex origin and this 

matter will be discussed in chapter IV. l. 

In this thesis the nomenclature of Shukri et al. (1955) has 

been followed, -albeit in a slightly modified way. However the 

term "bar" which is used by the latter to describe these features 

is replaced by that of "ridge". This is because the term bar 

implies an entirely marine ax submarine origin for the ridges, 

a view which is here discarded. The following are the na*'les 

which have been given to the ridges, starting from the youngest 

most seaward ridge to the oldest most landward ridge (fig. 1.2.1). 

1. The coastal ridge (average elevation of 10 m). 

2. The second ridge (Abu Sir) ridge (average elevation 

of 25 m). 

3. The third (Gebel Maryut) ridge (average elevation of 

35 m). 

4. The fourth (Khashm El-Eish) ridge (average elevation 

of 60 m). 

5. The fifth (Alam Al Khadem) ridge (average elevation 

of 80 m). 

6. The sixth (Mikherta) ridge (average elevation of 85 m). 

The first four ridges are well developed in the whole of 

the area, where as the fifth and sixth are well developed only 

in the western parts of the area which has been studied. The 

seventh and the eighth ridges described by Shukri et al. (1955) 

are nut dealt with in this study (the Raqabat El Halif "bar" 

with a level of approximately +90 in. and Alam Shaltut "bar" 

with a level of approximately +110 m). 
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The shallow depressions which separate-the ridges from 

one another also show a successive lowering in surface elevation 

towards the Mediterranean Sea, These depressions are filled 

with lagoonal-sabkha deposits consisting of alternating layers 

of gypsum and fossiliferous, gypseous marl and are covered with 

loessic sediment. Gypsum is being extracted from these old 

lagoonal-sabkha depressions. The latter deposits have been 

studied in*three open-cast gypsum quarries (E1-Gharbanyat, E1- 

Hammam and El-Omayid gypsum quarries), which are located in the 

depression between the-third and the fouth ridges (Figs. 1.3.4. 

and 1.3.5 and 1.7.1). 

Much of the area of the depression between the second and 

third ridge is occupied by Lake Maryut. This lake extends from 

south and south east of Alexandria westwards for 65 km. to the 

village of El-Hammam. It attains its maximum width near Alex- 

andria and becomes narrower to the west toward the village of 

El-Hammam. It appears to derive its water by seepage from both 

the Nile delta and the' Mediterranean Sea. The western side of 

the lake is dry for most of 'the year, particularly in summer, 

and during this period a crust of salt is deposited over its 

exposed floor (Fig. 1.3.6). During Roman times, the lake was 

deep enough to accomodate shipping. Cosson (1935), in his book 

about Lake Maryut, stated that: "Until the 12th Century some 

of the waters of the Nile entered the lake through several 

chanlels .... ". He continued: "As the Canopic Nile* and the 

channels which fed the lake gradually silted, the water of the lake 

* this is now completely silted up 
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Fig. 1.3.5 Close-up of a gypsum bed of E] Hammam quarry 

Fig. 1.3.6 Salt crust on Lake Maryut. This is deposited 
during the summer months 
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receded and the lake became a salty swamp. By the end of 

the 18th Century it was dry except during the time of the Nile 

floods". At present, the eastern part of the lake (near to the 

Nile delta) is permanently flooded. This suggests that there 

may have been subsidence of this part of the lake at least since 

the 18th Century. 

The flat depression between the coastal and the second 

ridge is occupied by an outer sabkha. The term sabkha, is an 

Arabic term which usually implies a flat region, generally liable 

tu flooding e. g. by bea waters, where the high salinity limits 

the growth of vegetation. The outer sabkha forms an almost 

flat area that has an elevation of about one metre or less 

above present mean sea level. This sabkha is usually wet and 

the surface sediments consist of loessic sediment rich in 

CaCO3 (particularly near the carbonate ridges, (Fig. 1.3.2b) 

from which it receives a supply of wind blown carbonate grains). 

The sediments beneath the loess are very rich in gypsum. This 

appears to have been deposited by, the evaporation of water 

from the adjacent Mediterranean Sea and possibly some from the 

Nile delta. 

Loessic sediment: Pettijohn (1975, page 290) defined loess as: 

"silt of very special character. It is unconsolidated porous, 

and commonly buff in colour (locally grey, yellow, brown or red) 

characterised by its lack of stratification and remarkable 

ability to stand in a vertical slope, it is generally highly 

calcareous". In the area which has been studied the loess is 

brown in colour and generally found to be thick in the depressions 

between older ridges and also near the flanks of the ridges. 

It is also found on the top of the ridges and interfingers with 
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the carbonate sediment of the ridges (Fig. II. 6). It appears 

that the loess has been deposited from dust storms which blew 

from the adjacent deserts to the south. The source of the 

sediment may be composite, it is probably mainly derived from 

the alluvial plain of the Nile delta to the south east of the 

area of study. Intermixed with this material is surface wash 

from the carbonate ridges and also the remains of pulverised 

terrestrial - snails which live on the surface of the ridges 

and the depressions. More details concerning origin of the 

loess and its mineralogical composition will be given in the 

second, third and IV. 1 . chapters. 

1.4 Previous work 

The area of study has attracted many workers. Among 

them Hume and Hughes (1921) who described the coastal ridge in 

the Maryut district as a series of dunes formed by the. piling up 

of vast numbers of small rounded oolitic grains. They mentioned 

that this dune is separated from a higher (second ridge), a 

few hundreds of meters inland and to the south, by a depression 

which descends to near sea-level and parallels the shoreline. 

Ball (1939) suggested that these ridges originated from the 

consolidation of ancient littoral sand dunes. Later Hilmy (1951) 

suggested a non-marine origin for the ridges and stated that the 

rounded carbonate grains that form the older ridges have been 

derived from the Cretaceous limestones of the nearby western 

desert. However, Zeuner (1952,1958) suggested a marine origin 

for the ridges and described. them as a series of ten ancient 

submarine bars separated by lagoonal deposits, and compared their 
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present altitude with former Pleistocene sea levels. Contrary 

to this view, Shata (1955) described the coastal ridge as an 

embryonic friable dune that represents the first stage in the 

evolution of these ridges,. he envisaged these at a later stage 

as becoming mature hardened ridges. Shukri et al. (1955) con- 

sidered the ridges to represent bars, or spits and the depressions 

separating the ridges to represent lagoons in which typical 

lagoonal depoists are present. They claimed that the ascribing 

of marine origin to these ridges would clearly solve the problem 

and account for the presence of the lagoons separating them. 

Shukri et al. (op. cit. ). described the geomorphology and micro- 

facies of the ridges from seaward-landward as follows: 

Bar 1. Late Monasterian (coastal ridge) 

They described. this ridge (or as they termed it bar) as 

composed of'friable limestone mainly consisting of oolitic 

grains together with organic components e. g. calcareous algae, 

pelecyp. ds, gastropods, other shell fragments and a few-foram- 

inif era. 

Bar 2. Main Monasterian, Abu Sir (second ridge) 

They noted the similarity between Bar 1 and Bar 2 and des- 

cribed the capping caliche layer as being the product of re- 

crystallisation due to the effect of rain water or the high 

humidity of the region. They claimed that the ooliths in this 

layer, have gradually lost their shape and have "become smaller 

until they are obliterated". 

Bar 3. The Tyrrhenian Gebel Maryut (third ridge) 

In this bar they noted the appearance of quartz and heavy 

minerals. They also noted the increase in amount of calcareous, 

algae and claimed that the faunal content'of this ridge is mainly 

of Mediterranean type with a small influx. of Atlantic 
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species i. e. different from the more seaward bars. 

Bar 4. The Milazzian Khashm El-Eish Bar (fourth ridge) 

In this ridge they noted an abundance of Indo-Pacific 

species of foraminifera and suggested a connection between the 

Red Sea and the Mediterranean Sea at the time of its development. 

They claimed that these species show evidence of a warmer climate 

which accompanied the higher sea levels in the interglacial 

period. 

Bars (5-8). The Sicilian Bars 

These are the-most inland of the ridges. Shukri et al. 

(1955) stated that these ridges are similar in composition and 

micro-organic content. They attributed the conglomeratic 

appearance of the top layers of these ridges as due to. deeper 

recrystallisation and noted the increase in quartz content. They 

described the organic remains which consist of: calcareous algae, 

foraminifera, pelecypods, gastropods, echinoid spines. They 

claimed that the Indo-Pacific foraminifera are much-reduced in 

number when compared to those sediments belonging to the Milazzian 

ridges. 

Said and Kamel (1955) have studied the recent littoral foram- 

inifera from the Mediterranean coast of Egypt between Rosetta and 

Salum. They attributed the appearance of foraminifera Streblus 

beccarii (a typical brackish water foraminifera) in the coastal 

sediments east of Alexandria to the effect of the fresh water 

of the Nile. They described also other species e. g. Textularia 

and Quinqueloculina. - and claimed that the occurence of the 

Indo-Pacific foraminifera are due to the temporary connections 

of the Indian Ocean with the Mediterranean presumably through 

the Red Sea. They suggested this took place at a certain stage 

during the Pleistocene when sea levels were fluctuating. They 



19 

also believed that what they call "Peruvian Forams" (one'such 

species - "Vulvulineria" was found) reached the Mediterranean 

in a series of successive waves from the eastern Pacific. Said 

and Kamel (1957) continued their studies on the distribution 

of foraminifera in the sediments of the Egyptian Mediterranean 

coast. They subdivided this part of the coast, commencing from 

Abu Qir, in the east, to Al Salum, in the west, into three zones. 

The first, is the Abu Qir zone which covers Abu Qir bay. In 

this zone, just to the west of the Rosetta branch of the Nile, 

the foraminifera Streblus beccarii makes up 80% of the total 

recognised species- They attributed the abundance of such species, 

which are of brackish water type, to the influx of fresh 

water into the area. The second zone, the Alexandria zone, 

lies west of the first and extends from Abu Qir to Dekheila, 

a distance of 35 kms. This zone is characterised by the highest 

content of foraminifera when compared with sediments from the 

other parts of the coast. They noted the abundance of the family 

Miliolidae which make up 70% of the foraminiferal content. 

Other families are represented by Nonionidae and Rotaliidae. 

They explained the abundance in the number of the foraminifera as 

a result of. 
-, 
the fact that this zone is the most sheltered zone. 

The third zone, lies to the west of the second and extends from 

Dekeheila westwards to Al Salum, a distance of 545 kms. In 

this zone, the foraminifera are mainly represented by the familiar 

Peneroplidae and Amphisteginidae; of lesser abundance are 

Nonionidae and Rotaliidae. Other families e. g. Miliolidae are 

also present. 

El Shazly et al. (1964) analysed the microfaunal content 

of the sediments of the Matruh area. This area is formed by 

a series of ridges which range in age from late Monasterian 
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(the most seaward ridge), which is equivalent to the coastal 

ridge in the area of study to the Milazzian, the most inland 

ridge. In the Late Mönasterian ridge they found calcareous 

algae, other shell fragments, echinoid-spines and few species 

of Pleistocene foraminifera. In the Main Monasterian ridge, 

which is equivalent to the second ridge, in the area of study, 

they described Rotalia sp. Elphidium M. and Quinqueloculina sp. 

In. the Tyrrhenian, the third ridge, they found the Rotalia sp. 

Nonion sp. and Elphidium sp. The Milazzian, the most inland 

ridge, which is equivalent to the fourth ridge in the area of 

study, was found to contain many varieties of foraminifera 

e. g. Elphidium, Texularia, Amphistegina and Rotalia. 

Many workers have described the geomorphology of the 

ridges westwards of the area of study including Shata (1957) who 

described the geology and geomorphology of Wadi El Kharuba, 

Matruh district. Abdallah (1966), described three Pleistocene 

ridges of the El Alamein-Dabaa-Qattara-Moghra region. El 

Sanussi and Shata (1969) described the geomorphology of Um 

El Rukham area west of Mersa Matruh town. The area which has 

only three elongated ridges separated from one another by three 

longitudinal depressions. The fourth ridge they found runs 

parallel-to the escarpment which forms the northern boundary 

of the homoclinal plateau. El Shazly and Shata (1969) studied 

the geomorphology and the pedology of the Mersa Matruh area. 

They described three successive ridges: the foreshore ridge 

(+10 m. ), Matruh ridge (+25 m. ) and the south Matruh ridge 

(+45 m. ). 

The Egyptian beach ridges seem to continue to the west 

towards Libya. McBurney and Hey (1955) described these ridges 

as fossil dunes which they pointed out are present around the 
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entire coast of the Gulf of Sirte. They mentioned that these 

dune belts expand towards the head of the Gulf where they extend 

for a distance of five kilometres inland. They observed that 

the coastal dune forms a continuous and well marked chain, while 

the outermost chains of dunes lying further inland are less 

regularly arranged. They also described the shallow salt-water 

lagoons or sabkhas that separated the ridges from one another. 

Sherif, (1978) has recently described similar features that 

border the western shores of the Gulf of Birte. 

1.5 Hydrogeological aspects 

Movement of water through sediment is generally considered 

to be one of the most important factors that influence the 

diagenetic history of any sedimentary rock, and particularly 

of carbonate. The rocks are highly susceptible to chemical 

reactions with the surrounding water and such reactions produce 

new generations of carbonate and non-carbonate minerals that 

are chemically and mineralogically different from those originally 

deposited. Whether the water is meteoric or interformational, 

whether it is fresh, brackish or saline and whether it is flow- 

ing at a slow, moderate or high rate are factors that control 

the chemical reactions within a given system. 

Hume (1925) was among the earliest workers to observe the 

general tendency of well water in the. western coastal plain of 

Egypt to improve in quality eastwards towards the Nile delta. 

These wells were put down in the depressions between ridges 

to obtain water for drinking and agricultural purposes. He 

attributed such an improvement to the influence of underground 

supplies from the Nile. More recently Paver and Pretorius 

(1954) have produced a detailed report of hydrogeological 
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investigations in the western desert coastal zone. Only four 

of the many localities which have been studied by Paver and Pretorius will 

be discussed. These are from east to west: Bourg El-Arab, 

E1-Hammamm, El-Omayid and El-Alamein-whereas the first. three 

localities lie within the area which has been studied, El- 

Alamain lies beyond it to the west (see-map Fig. 1.2.1 for 

location). 

1.5.1 Bourg E1-Arab: 

Paver and Pretorius following Hume referred to the possibility of 

lateral seepage of fresh water from the Nile delta reaching 

this area. 

1.5.2. E1-Hammam: 

Paver and Pretorius reported that the salinity measured 

at this locality is higher than that found at Bourg El Arab 

(to the east); and was thought to be due to a progressive 

decrease in seepage of Nile water away from the delta. 

1.5.3 E1-Omayid: 

The salinity of the water at this locality is higher than 

that of El Hammam. 

1.5.4 El-Alamein: 

Paver and. Pretorius reported a remarkable increase in the salinity of 

ground water at this locality. They claimed this was because seep- 

age from the Nile delta is no longer-effective beyond the position 

of E1-Omayid. 
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1.5.5 Landsat satellite reports: 

Two reports have been published recently of the inter- 

pretation of Landsat satellite images of the Nile delta and 

the western'desert (El Shazly et al. 1975 and 1976). ' The 

most interesting parts of these reports are. those dealing with 

the hydrogeological investigations. 

1.5.5. A. The first report (El Shazly et al., 1975): 

In this report the authors refered to the existance of 

a major fault system which borders the western side of the 

Nile delta. This trends NW-SE, and shows downthrows to the 

east. This fault system, they have pointed out, has led to 

the juxtaposition of the highly permeable Pleistocene gravels 

of the Nile delta against the sediments lying to the west 

(Pleistocene and Miocene rocks). This has aided the westerly 

flow of the Nile water through sediments to the west which 

includes those of the Quaternary coastal plain (Fig. 1.5.1). 

They claimed that the near-surface ground water of the latter 

is mainly derived from the water of the Nile delta. The measured 

salinity of the ground water in a well put down at Wadi Al 

Natrun revealed 350 ppm TDS (total dissolved salt). This ground 

water was found to be rich in dissolved calcium bicarbonate and 

the recorded water flow is-due west and north towards the 

Mediterranean Sea. They concluded that this water represents 

an eastern fresh water source which is essentially restricted 

to the Nile and its delta regions. 

1.5.5. B The second report (E1 Shazly et al., 1976): 

The authors claimed that the aquifer which is most important 

in the coastal strip is Pleistocene limestone. This aquifer 
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exists at altitudes ranging from about sea level to +110 m 

at the locality of Ras El Husan and is found, in the subsurface, 

down to a depth of 40 m. The ground water exhibits a variable 

salinity in a vertical direction: its salinity varies from 

400 ppm TDS near the fresh/salt water interface, while the 

lower underlying'main body of saline water attains a salinity 

up to 15,000 ppm TDS. 

In conclusion, the three reports, of Paver and Pretorius 

(1954), El Shaziy et al. (1975) and (1976) have indicated the 

existance of fresh water overlying deeper saline ground water. 

The fresh water mainly originates from seepage of water from 

the Nile delta and flows to the west and to the north towards 

the Mediterranean Sea. Seepage of fresh water seems to end 

in the west near El Omayid (Paver and Pretorius 1954). Further 

to the west, the fresh water is replaced by saline water. This 

saline water and that which underlies the fresh water to the 

east is thought to come from the Mediterranean Sea. The pattern 

of the ground water in the area of study is shown in two 

dimensions (see Fig. 1.5.2). In this figure, the fresh water, 

which seeps from the Nile delta is seen to form a lensoid like 

body floating on the dense saline water coming from-the 

Mediterranean. Such a fresh water bödy attains its maximum 

thickness to the east in the vicinity of the Nile delta, whereas 

to the west it thins and is gradually replaced by saline water. 

1.6 Climate 

The Mediterranean Pilot (1961) provides a useful summary 

of the climatic data of the area of study and this is presented 
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in table (Fig. 1.6.1). These data are quite good as they are 

compiled from 5 to 61 years observation. 

The wind (measured at 0800 hours) is dominantly north- 

west and north (Fig. I. 6.2A) and this strikes the coast either 

obliquely or normally. Such a NW wind prevails in summer 

(june, July and August), while in September the wind is mostly 

from the north. Winds also blow from the continent i. e. from 

S, SW and SE directions particularly in winter (December and 

January) and in spring (February, March and April). The pattern 

of winds at noon is rather similar (Fig. 1.6.2B). The only 

obvious difference is the marked reduction in the frequency 

of the wind blowing offshore. This is presumably because of 

the diurnal effect as the desert heats up the pressure-drops 

and the winds blow inland. The average mean monthly percentage 

of wind observation shows that the wind blows dominantly from 

the sea i. e. obliquely or normal to the coast (Fig. 1.6.2C). 

This results in a general eastward littoral wave. induced current 

that carries and distributes the nearshore beach sediments east- 

wards along the coast. It appears that the general wind 

pattern has not apparently changed since the Pleistocene. The 

Recent and Pleistocene sediments west of Alexandria are mainly 

composed of carbonates and are undiluted by Nile siliciclastics. 

Whereas, to the east of Alexandria, as far as the northern 

coast of Sinai peninsula, coastal sediments are mainly composed 

of siliciclasticsand derived from the Nile. 

The lowest daily maximum air temperature as well as daily 

minimum temperatures occur in winter and early spring e. g. 

December, January, February and March (Fig. 1.6.3). During these 
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months, the difference between daily maximum and daily minimum 

temperature are the largest when the continental winds are 

dominant (see Fig. 1.6.2. A, B, C, and table 1.6.1. for 

comparison). 

There is a scarcity of rainfall over the whole year 

(Fig. 1.6.4). The average annual rainfall is 180 mm (7.2 inches). 

While in summer time, particularly in'June and July no'rain 

falls. 

The highest. recorded value of relative humidity is_in 

summer, when either no or only small amounts of rain were 

recorded (Fig. 1.6.5). There appear to be no relation between 

the amount of rainfall and the humidity. However, the humidity 

is directly proportional to high temperature e. g. in summer 

when the minimum rainfall was recorded. It appears that the 

high values of relative humidity are due to high evaporation 

of sea water; the resulting water vapour is carried inland by 

NW and northerly winds; evaporation from land and lakes are 

possible additional sources of moisture. 

1.7 Purpose of the present study 

1.7.1 The main aims of the study are: 

a. To contribute to the understanding of the origin and 

the geological evolution of the Quaternary coastal plain. 

b. To determine the composition and origin of the beach- 

dune ridge sediments and the intervening lagoonal-sabkha deposits. 

c. To determine the diagenetic history of the sediments 

and its implications on the history of sedimentation and the 

geological evolution of the Quaternary coastal plain. 
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1.7.2 Procedure of Study 

a. Profile Samples: Samples were collected from seven 

profiles, which cover the area of study from east to west and 

from north to south (figs 1.7.1,2). The usefulness of such a 

method of sampling is to facilitate a study of the composition 

and the diagenetic changes of the sediments from the most 

recent to the oldest of such ridges. 

b. Quarry and Cave Sampling: Some samples have been 

collected from limestone quarries and from Old Roman Caves of 

the second and the third ridges respectively. These provide 

information about the vertical distribution of sediment at 

various positions along the ridges. The combination of both 

profile and quarry samples (including those from caves) enable 

the study of the composition and the, diagenesis of the sedi- 

ments in a three dimensional framework, albeit to a limited 

extent. 

c. Old Lagoonal-Sabkha Deposits: These have been 

sampled from open cast gypsum quarries located in the depressions 

between the third and fourth ridges (Fig. 1.7.1). These samples 

provide useful information about the early depositional history 

of the area of study. 

d. Sabkha Sediment Sampling: These sediments have been 

sampled in a limited way from pits in the low lying depressions 

occupying the flats between the coastal, second and the third 

ridges. 
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Several aspects of the samples collected have been 

studied (see also Appendix IV. 1.2). These are: 

1. Petrographic study of the coastal plain sediments 

including those of the dune ridges and the intervening lagoonal 
*1 

sediments have been made. S. E. M. techniques have been applied 

to particular cases when petrographic microscope, studies have 

been proven to be inadequate. 

2. Qualitative mineralogical studies of the loose 
*2 

sediments and rock samples using X. R. D. techniques. Quantitative 

analyses have only been applied to the carbonate sediments. 

This helped in the study of the diagenetic history of the 

carbonate sediments from the ridges and helped to trace the 

lateral changes that occur in the pattern of diagenesis along 

each individual ridge from east to west. 

3. Geochemical studies have been undertaken, including 

estimation of CaCO3 and elemental analysis i. e. Sr, Mg, Fe 

together with Ca using atomic absorption techniques. The 

study of such elements has revealed significant and interesting 

features and have helped to explain some of the petrographic 

features. 

4. Petrographic and mineralogical studies of the caliche 

have been made. These revealed different degrees of maturity which had a 

significant distribution. 

The lack, albeit to a certain extent, of field facilities 

including transportation, man power and equipments has been one 

of the major problems which have faced the present author during 

the course of his study. It is hoped that the present document 

would encourage further work to be carried out in the future. 

*1 Scanning Electron Microscope 

*2 X-Ray diffraction 
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Stratigraphic Review and Geological Setting 

In this review, the depositional history of the Tertiary 

and Quaternary periods in the area of study and the adjacent 

areas will be discussed. Said (1962) divided the western desert 

of Egypt into two distinctive units: the first is "a stable 

shelf of broad domes" which is located in the south eastern 

part of the western desert, it is comprised of ancient exposed 

rocks; the second is the unstable shelf which is a basin of 

sedimentation which opens northwards towards the Mediterranean 

Sea. The greatest part of Egypt belongs to the latter basin which 

has been covered by the principal marine transgressions at least 

- since the Paleozoic. The earliest deposits, which are found 

exposed to the south of that basin, are only encountered by 

deep drilling in the north, where they are usually covered with 

younger. sediments which thicken to the north (see Fig. ll. IA). 

The unstable shelf sediments were subjected to tectonism which 

was caused by compressive movements and resulted in a series 

of fractured and faulted anticlines, "The Syrian arc system". 

These movements started as early as the Paleozoic and continued 

until at least the Pliocene (Said, 1962). 

The unstable shelf (Syrian arc system) is, according to 

Said (1962), characterised by the following: 

1. Anticlines which, are asymmetric with their steeper 

flanks dipping to the south. They exhibit a wide range of 

formations in their cores ranging in age from Triassic to Upper 

Cretaceous. 
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2. The anticlines are fractured and faulted. The main 

trend of these fractures is NW-SE but some others have NE-SW 

trends. 

In this stratigraphic review, a brief account will be 

given of the general stratigraphy of the Tertiary and Quaternary 

periods (more details about the depositional history of the 

Quaternary will be discussed in Chapter IV. 1. 

CENOZOIC ERA 

II-1 Tertiary Period 

II. 1. A. Paleogene (Paleocene-Eocene-Oligocene) 

Said (1962), in his book on the geology of Egypt and his 

notes about the same subject (1965) collected much scattered 

information about the stratigraphy of Egypt. 

Paleocene Said (op. cit. ) stated that the extensive 

marine transgression which started at the end of the Cretaceous 

was followed by another marine transgression from the north at 

the beginning of the'Paleocene. The shallow Paleocene sea 

transgressed over a corrugated bottom of folded older rocks. 

This transgression resulted in a wide distribution of Paleocene 

sediment over the whole of Egypt. 

Eocene During the Lower Eocene the topography of the 

sea floor was relatively featureless and only a few highs were 

not completely covered. The few ancient highs that existed 

became the sites of the deposition of shallow water sediments 

and reefs, while on the flanks of the ridges (anticlines) and 

in the basinal areas open marine sediments accumulated. Such 

deposits consist of white limestone with many flint bands and 

clayey limestone. The Lower Eocene sediments are found exposed 
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around the Abu Roash structural high (near Cairo) and in the 

northern of the Bahariyah Oasis (Salem, 1976). * 

In the Middle Eocene, the transgression continued and 

only few areas escaped submergence. The M. Eocene is much 

less well exposed than the L. Eocene and its facies'are variable, 

this has been taken as evidence for a rapid M. Eocene regression 

(Said, 1962 1965 and Salem, 1976). The M. Eocene sediments are 

mostly reefal limestones. The lower part of this unit consists 

of white limestone with Alveolina sp. while the upper part is 

composed mainly of Nummulitic limestone. 

In the Upper Eocene, a regression occurred due to uplift. 

The shoreline retreated seaward and did not extend south of 

Faiyum, where U. Eocene fluvial clastics are found exposed. 

The U. Eocene shows a general thickening northward in 

the subsurface and it may be absent on some major structural 

highs (Fig. Il. lA). The U. Eocene sediments are comprised 

mainly of clays, shales, fossiliferous calcareous shales and 

marls with some Limestone and siltstone. This is in contrast 

to the Middle and the Lower Eocene sediments which are mainly 

composed of calcareous rocks (Salem, 1976). 

Oligocene The gradual emergence that characterized the 

end of the Eocene seems to have continued and a sudden more 

marked emergence took place at the beginning of Oligocene. The 

exposed Oligocene deposits are mainly composed of fluviatile 

sand and gravels which indicate an earlier connection with 

the river system that ran over the uplifted Eocene beds of 

North Africa (Said, 1962,1965). These deposits overly the 

U. Eocene unconformably in the north and conformably in Faiyum 

to the south. 

See always map of NW Egypt for location (fig. II. 1. B) 
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The exposed clastics of the Oligocene are wholly unfossil- 

iferous and are difficult to distinguish from those of the Lower 

Miocene. They are capped by sheets of basalt. These sheets 

are taken to mark the uppermost of the Oligocene and forms a 

good mappable unit in the northern part of the country. Marine 

Oligocene shales are found in the subsurface at Dabaa, Bourg 

El Arab and Wadi Al Natrun. Tectoncis were closely connected 

with the Oligocene volcanic eruptions of Egypt. Fault systems 

developed in the Gulf of Aqaba and the Gulf of Suez. Another fault sys- 

tem developed with a Mediterranean direction i. e. east-west 

(Said, 1965). 

II. I. B Neogene (Miocene and Pliocene) 

Miocene Said (1965) stated that, in the Burdigalian 

(L. Miocene), the Mediterranean reinvaded Northern Egypt 

approximately as far south as a line running from Siwa via 

Cairo to Suez and from there turning to penetrate-the Gulf of 

Suez and the Red Sea depression. In the Cairo-Suez area, 

shallow marine sediments were deposited conformably on 

terrestrial Oligocene beds or on the basalt sheets. These sedi- 

ments consist of sandstone, marls and shales with occasional 

limestones and bands of gypsum. Two stages of sedimentation may 

be distinguished: the first stage, includes the Lower and the 

Early Middle Miocene when the Mediterranean had free connection 

to the area and a basal limestone with Globigerina marls was 

deposited, and the second stage is that which accompanied the 

elevation of the promontory of the Gulf of Suez and turned it 

to an inland sea. In this stage a very thick layer of 

gypsiferous and other evaporitic sediments were deposited (Said, 
rº 

1965). 
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In the Western Desert, however, the pattern of sedimentation 

was different. The Miocene sediments were extensively developed 

and covered a large portion of the northern part of this Desert. 

They consist of two rock units which-are more or less of Lower 

and Middle Miocene age. The lower rock unit consists of a thick 

(its thickness decreases from east to west (Fig. 11.2) clastic 

section of varigated sands and shales, thin marls and calcareous 

grits with large quantitities of silicified trees and contain a 

few scattered brackish water fossils and rcmains of vertebrates. 

This clastic unit, the Moghra formation, is thought to have 

been deposited in -a fluviomarine environment connected with the 

Mediterranean Sea and is considered to be the ancient Nile delta. 

This formation is best exposed along the Cliffs of the Qattara 

depression (see Salem, 1976) and to the south of the line that 

runs from Siwa to Wadi Al Natrun (Said, 1965). Said has given 

the name Moghra formation to the whole of the clastics of the 

Lower Miocene of the western desert wherever it is exposed or 

found in the subsurface and without consideration of its lateral 

variation. Marzouk; - (1970), on the other hand, has given new 

formational names to the western extensions of the Moghra form- 

ation that contain more marine fossils and which in place 

contains bands of anhydrite. He named the latter the "Abu Subehia 

formation" and suggested a marine to fluviomarine environment 

of deposition. This formation grades laterally to the west into 

the "Mamura formation". This is composed of marine fossiliferous 

clays and sands and suggests a shallow marine envirdnment of deposit- 

ition (see Fir,. 11.2). The fluvio-marine clastics of Lower Miocene 

are encountered in the subsurface north of the Qattara depression and 

thickens northwards in the direction of the 
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Mediterranean (Said, 1965), Marzouk (1970), Hilmy et al. 

(1976) and Salem (1976). The upper*rock unit, belongs to the 

Middle Miocene, and is well developed and exposed in the western 

desert. It occupies the northern flank of the great Homoclinal 

plateau and conformably overlies the rocks of the Lower Miocene 

Moghrä formation. This unit was named by Said as the Marmarican 

limestone. It consists of limestone and marls (Oyster bank 

deposits) and indicates a shallow neritic to marginal marine 

environments of deposition. This unit gradually passes into 
*1 

terrigenous deposits eastwards towards the Nile delta where it 

is encountered under the Plio-Pleistocene sands and gravels 

of the Mit Ghamr Formation. In the northern part of the Nile 

delta and under the Mit Chamer Formation, more than 3000 m, of 

fluvio-deltaic silt and clay have been encountered (Phillips 
*2 

Petrol. Comp., 1970). This Formation named the Baltim-Wastani 

Formation is equivalent to the exposed Pleistocene carbonate 

ridges and Pliocene pink limestone of the western desert. There 

thus appears to have been a gradual shift in the locus of deltaic 

sedimentation from west to east, from late Eocene, when the river 

was debouching its-sediment in the central part of the western 

desert to the late Middle Miocene when the river shifted its 

course to close to its present day course. The latest shift of 

the late Middle Miocene delta was accompanied by a continuous 

advance of the Marmarican limestone sea over the abandoned 

deltaic sediments (Fig. 11.2). 

In the late Miocene (Messinian), the Mediterranean was 

subjected to relatively rapid changes from normal marine conditions 

to an evaporite-forming condition (Hsu et al., 1977). The change 

has been related to a final closure of the straits of Gibralter in 

*1 pre-Abu Madi'Formation 

*2 Unpublished reports 
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the west. An important regression has been recorded around 

most of the lands adjacent to the Mediterranean. In Egypt, 

the River Nile, at Aswan, a distance of 1250 km. from the 

coast, cut a gorge 200 m. below sea level. Similar buried gorges 

have been found in Libya, Syria, Israel and France (Hsu et al., 

1973). 

PLIOCENE 

Ball (1939) stated that the Early Pliocene started with 

land subsidence and that sea level attained a height of +180 m. 

The shoreline advanced southward to a line which runs from 

Cairo to Wadi Al Natrun. Said (1962,1965), suggested that 

the sea seems to have inundated the limited low areas of the 

Nile delta and itsvalley as well as that of the Gulf of Suez 

and some parts of the Mediterranean littoral. Today, Pliocene 

deposits occur as isolated outcrops in the Nile valley forming 

a thin strip stretching from Cairo to the vicinity of Aswan. 

These outcrops attain approximately the same altitude and 

indicates that a narrow area of the Mediterranean Sea occupied 

the Nile valley, (Ball, 1939, Shukri et al., 1955 and Said, 

1962,1965). In the Nile valley the Pliocene is represented 

by two facies: the first, is a marine facies of limestone and 

sandy limestone which was deposited on the side of the Nile 

valley. The second, is a conglomeratic sandy facies found to the 

south of the first and in the outer fringes of the ancient 

Pliocene gulf. In Wadi Al Natrun, in the western desert, the 

dominant facies is fluvio-marine and contains numerous verte- 

brate fossils. This crops out and probably indicates-connection 

with a river system. In the north of Wadi Al Natrun, the 
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" Piliocene is represented by a shallow marine facies of pink 

limestone (Shata, 1972). This limestone is exposed and over- 

lies the northern flank of the M. Miocene Marmarican limestone 

(Fig. 11.3. ). Further to the north towards the Mediterranean 

the Pliocene is only found in the subsurface; the facies changes and 

thick marine fossiliferous shales have been encountered e. g. at 

the village of Bourg El Arab (Said, 1962; Shata, 1972 and Hilmy 

et al., 1976). Hilmy et al. (op. cit. ), suggested that the 

creamy'in, -ý-ly limestone which caps the shales reflects-changeable 

environments during the regression of the Pliocene-Sea. Said 

(1965) stated that in the Late. Pliocene, the Gulf of Suez was 

definitely cut off from the Mediterranean Sea but had a connection 

across the depressed Babel Mandab barrier (which terminates the 

southern end of the Red Sea). 

The sedimentological history of the Neogene which forms the 

sediments immediately beneath those of the Quaternary are shown 

in a supposed geological column in fig. 11.3. 

11.2 Stratigraphy of the Quaternary Period 

II. 2. A General 

The littoral dune ridges of the shorelines of the western 

desert which are mainly composed of oolitic and skeletal grain- 

stones separated by lagoonal-sabkha deposits have developed (on 

top of the Pliocene marine clays) during the past fluctuation 

and successive lowering of the Pleistocene sea level (see 

Chapter IV. lfor details). Ball (1939) has given evidence for 

a lowering of the sea level down to at least -43 m in this area 

during the last glaciation (generally workers have suggested a 

maximum lowering of -140 m). He concluded this from a boreholi 

drilled in the town of Mersa Matruh in which oolitic limestones 
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were encountered at a depth of 43 m below the present sea 

level. He stated that during this lowering the northern coast- 

line of Egypt must have lain about 8 to 10 kms. seaward of the 

present shoreline. This must be a minimum figure (Blanc, 1937, 

suggested a lowering of up to -100 m). 

To the east of the area under discussion the sedimentological 

pattern is entirely different. In this region the surface is 

mainly composed of fluviatile deposits derived from the Nile. 

This river started occupying its present day channel at the 

end of the Pliocene, by excavating previously deposited marine 

Pliocene sediments (Sandford and Arkel1,1929; Ball, 1939). The 

depositional history of the river Nile has been affected by 

the eustatic changes in sea level during the Pleistocene. 

Consequently, several Nile terraces have formed at different 

altitudes on the sides of the river Nile and its delta. For 

instance, a+ 30 m gravel terrace is found on the west bank 

of the Nile opposite Heliopolise and north of Cebel Abu Roash 

and may be followed for many miles along the edge of the western 

desert. Another terrace with an elevation of + 15 m is found 

further to the north. Sandford and Arkell (1939) have 

correlated these two terraces with the Tyrrhenian and Monasterian 

stages of the Mediterranean respectively. Sandford and Arkell 

(op. cit) have described the stratigraphy of part of the Nile 

delta as follows: 

a. Lower buried channel of Plio-Pleistocene age?: this 

is filled with sand and gravel in which pebbles of igneous and 

metamorphic rocks and water worn feldspar crystals abound. 

These deposits have been tapped by bores to a depth of_a 100 m 

below sea level but their bottom has not been reached. 
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b. Sands and silts of Pleistocene age rich in Horn- 

blende: these appear to rest "unevenly" on the gravels of the 

lower buried channel and are known to a depth of about 30 m 

below sea level. 

c. Upper buried channel filled with sands and silt, 

rich in mica flakes: these are known to a depth of 25-30 m 

below the flood-plain in the southern part of the delta whereas 

in the north these may reach greater depths. 

d. Silt and clays (terre vegetale): these deposits 

have a thickness of about 10 m; they cap the deltaic sediments 

and have formed by the accumulation of silt and clays in the 

past 10,000 years at an approximate rate of 0.1 m per century. 

A depression in Faiyum, formed by the scouring effect 

of past rivers, exhibits a good geological section in which 

Pleistocene lacustrine. deposits (within the depression floor) 

are exposed in a series of. terraces with elevations ranging 

from +40 m to -2 m. This depression was occupied during the 

Pleistocene by a lake. The elevations of such terraces indicate 

a series of different levels of the lake in the past (Said, 

1962). The lake was connected to the Nile in Paleolithic 

times. At first the lake reached + 40 m. and then lowered in 

successive stages to about -5 m. (Said, 1962). At this 

latter stage, according to Said (op. cit. ) the Nile connection 

was probably severed and the lake dried up. In the Neolithic, 

the Nile resumed its free access to the depression and formed 

a lake reaching a height of about -2m. This according to Said 

(1962) was partly due to the reduction of the annual influx 

from the river and partly to the gradual desiccation of the 

lake. 
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Sandford and Arkell (1929) stated that due to the fall 

of the sea from its Pliocene level (+ 170 m) to lower levels 

the river Nile cut a series of terraces bearing alien gravel 

brought down from the Red Sea hills. In the Faiyum and Sakkarah 

region (south west Cairo), Sandford and Arkell (op. cit. ) mapped 

the following terraces in metres, 143-134/120-110/98-80/64-55. 

They concluded that these terraces could be correlated with 

Sicilian and Milazzian deposits of the Mediterranean. In 

upper Egypt (Sandford and Arkell, 1929) identified a series of 

river terraces (30-15-9-3 m) belonging to Lower and Middle 

Paleolithic. To the north (between Faiyum and Cairo) the 

series is less complete and found only between 25-21 metres (all 

terraces heighs are above mean sea level). 

The Quaternary oolitic limestone of the beach-dune ridges 

and lagoonal sabkha sediments, found to the west of the Nile, 

interfinger with and descend beneath the deltaic deposits of this 

river. Boreholes which have been put down during investigations 

for underground water (Attia, 1954) revealed oolitic limestone 

buried beneath the alluvial cover at depths which increased 

eastward toward the main deltaic body (Fig. 11.4). The boreholes 

on the western side of the alluvial plain, i. e. in the vicinity 

of Lake Maryut area (e. g. Bringi Maryut) showed marine skeletal 

quartzose sands interfingering with fluvial clayey sands and 

some limestones. This indicates episodes of marine transgressions 

that have taken place during the development of the western side 

of the deltaic front near Alexandria and where the ancient Canopic 

branch of the Nile debouched. 

It is significant to note that in a borehole drilled in 

"Taftish Estate", a village situated about 30 kms to the south 
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of the Rosetta mouth and 50 kms east of Alexandria, a bed of 

oolitic limestone (24 metres in thickness) was encountered at 

a depth of -104 m (at a depth of -128 m the borehole was 

abandoned). It is possible that this thick oolitic limestone 

represents the eastern extension of the third ridge, or older 

ridges, which were tilted under the thick alluvial cover of 

the Nile delta, as west of Alexandria this ridge attains an 

altitude of about +40 m. The reason for the tilting may be 

due to movement along faults (which show downthrows to the east) 

at the western boundary of the Nile delta. These faults, in turn 

may be due to subsidence under the load of the deltaic sediments. 

An estimation of the amount of the tilting attained in Taftish 

Estate area gives an average gradient of 2.60 m/km. This 

value is different than the 4.00 m/km which represents an esti- 

mated gradient to Kafr Duar area (see Fig. 11.5). 

II. 2. B. Stratigraphy of the Quaternary in the area of study 

a. Holocene i. Beach-dune deposits: These form the 

coastal ridge deposits. The beach deposits are formed of 

loose white carbonate sands which are mainly composed of ooids, 

foraminifera, calcareous algae and other skeletal fragments. 

The aeolian sands are derived from the beach deposits and have 

similar composition. The latter are sometimes slightly cemented 

and exhibit large scale low angle cross bedding. 

ii. Brownish loess: Abdallah (1966) claimed that. this 

was derived from fine sediment washed off the exposed older 

beach-dune ridges. However, even though such erosion of the 

older carbonate ridges may contribute a small amount of these 

sediments, the main source appears to be the sediments of the 

Nile delta alluvial plain and of the nearby desert, to the east 
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and to the south of the area of study. This deposit is found 

to cover the lagoonal-sabkha deposits between the 

ridges. In places this sediment covers the tops of ridges as 

a thin layer which thickens towards their flanks into the 

depressions. Loess has also been found alternating and inter- 

fingering with the oolitic and skeletal grainstones of older 

ridges (see Fig. 11.6). The loessic sediments are composed of 

variable amounts of carbonate, quartz, feldspar and clays, e. g. 

kaolinite and illite (see also geomorphology and mineralogical 

composition of loess 1.3.2. and III- respectively). 

iii. Gypseous sediments: These are found beneath the 

loessic sediment which covers the depressions between the 

younger ridges (the coastal, second and third ridges) and forms 

a major part of the sediment beneath the sabkhas (see also I. 3.2). 

Gypsum nodules have been described by West et al. (1979) from 

the outer sabkha which occupies the depression between the 

coastal and the second ridges between Alexandria and El Alamein. 

The inner sabkha which occupies the depression between 

the second and third ridges, is partially fillled by Lake Maryut 

and contains more gypsum in the parts where the lake has dried 

(see 1.3.2. and II1). 

b. Pleistocene iv. Lagoonal-Sabkha sediments: These 

occupy the depressions between the older ridges (the fourth ridge 

and those to landwards). They consist of interbedded gypsum, 

gypsiferous and marly deposits. The marls have a variable thick- 

ness which averages about 0.5 m. They are either heavily fossiliferous 

and contain abundant obviously indigenous pelecypods e. g. 

Cardium, gastropods, ostracods and skeletal fragments or. nan fossiliferous. The 

beds of gypsum are variable in thickness and range from 1 to 3 m. 

(Fig. I11.7) . 



58 

Fig. 11.6 A typical sharp contact between aeolian deposits 
and underlying loess containing rootlet structures. 

a. 
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v. Cemented calcareous dune sands (skeletal grainstone): 

These are white to creamy to pinkish white sediments 

composed of carbonate grains together with minor amounts of 

non-carbonate grains. The carbonate grains are essentially 

composed of ooids, peletoids and skeletal fragments including: 

calcareous algae, foraminifera and echinoid fragments, etc. 

The bioclastic components of the carbonate fraction as a whole 

are more frequent than in the sediments dunes of the present 

day coastal ridge. The non-carbonate fraction is mainl; com- 

posed of quartz and feldspar, and these increase in amount 

inland i. e. towards the older ridges as well as eastwards 

towards the alluvial plain of the Nile delta. 

vi. Caliche deposits: Within and capping the sediments 

of the carbonate dunes are thin, very hard brown crusts of cal- 

crete or caliche. They attain a thickness of a cm. or so and 

are thicker on the older ridges and to the east (see Fig. 1.3.3). 

c. Plio-Pleistocene vii. Thick shale deposits: This 

is the basal unit of the Quaternary deposits and it is on this 

that the beach dune ridge - lagoonal-sabkha complex rests. 

This unit is formed of open marine shales and clays which thin 

to the south and grades into a thin layer of shallow marine 

pseudo-ooltitic limestone, the so called pink limestone- (Shata, 

1972). It overlies unconformably the Middle Miocene Marmarican 

limestone unit which borders the Quaternary coastal plain to 

the south (Fig. 1.3.1). 
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CHAPTER III 

Inter-Ridge Sediments 

These sediments fill the depressions between the car- 

bonate ridges. They are always covered by a layer of calcareous 

brownish loessic clayey silt which thickens landward and to 

the east towards the alluvial plain of the Nile delta. The 

terrigenous constituents of this sediment, as revealed by X- 

ray diffraction analyses are: quartz, feldspars and clay 

minerals e. g. kaolinite and illite; while the carbonate frac- 

tion (mainly calcite) consists of pulverised shells of land 

snails together with wind blown carbonate grains (including 

oolitic and skeletal grains) derived from the adjacent ridges. 

This sediment is full of shells of land snails e. g. Rumina 

decollata and Eremina desertorum (identified by Dr. Kerney of 

Imperial College) and contain a few scattered plant remains 

which increase in amount towards the flanks of the ridge. It 

shows no obvious sedimentary structure. 

The inter-ridge sediments (beneath the loessic cover) 

consist of two types. The first'type is that found beneath 

the outer sabkha which occupies the depression between the 

coastal (the first) and the second ridges and that which is 

also found beneath the inner sabkha, which is partly filled 

with Lake Maruyt and occupies the depression between the sec- 

ond and the third ridges. The outer sabkah sediments still 

receive a considerable influx of sea water, whereas, the inner 

sabkha sediments also receive influx from the sea but as well 

are affected by seepage from the Nile delta. The second type 

is that found in the ancient lagoonal-sabkha complex which 
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occupies the depressions between the most inland older ridges. 

III. 1 Sediments from the first depressions (outer sabkha) 

i- The upper brownish loess (calcareous clayey-silt): 

this consists of a thin mantle of 0.1 m to one metre thick, 

calcareous brownish clayey-silt which covers the depression 

between the coastal and second ridges. This thickens to 

landwards where it covers the northern flanks of the second 

ridge and where groves of fig trees have been planted. This- 

surface sediment is rich in carbonate, particularly to the 

north and south sides of the depression, as a result of addi- 

tion of carbonate grains from the nearby ridges. Three sam- 

pies have been collected from the surface of this uppermost 

sediment unit which covers the first depression, (see Table 

IIL1 

Table III. I 

Sample No. CaCO3 Non-Carbonate Carbonate minerals (considering 
% fraction carbonate being 100%) 

Calcite Arago- Mg-cal- Dolo- 
nite cite mite 

Outer part 89 All contain 14% 58% 24% 2% 
(64) quartz, feld- 

spars & clays 
Central pt 3 e. g. kaolin- 34% 34% 13% 18% 

(63) ite and 
illite 

Inner part 55 49%, 40% - 11% 
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From this table it can be seen that: high-magnesium calcite 

is relatively high in sample 64. Further work is needed in 

order to establish the origin of this mineral but some could 

have been deposited by the evaporation of the underlying. sal- 

ine water. Dolomite is found concentrated in the middle part 

of the depression. Some of this may be wind blowndetrital 

material as the loess found inland contains minor amounts of 

dolomite and some may have been precipitated in-situ. The 

Mg ++ 
concentrations necessary for precipitation of such dolo- 

mite may have been produced by water rising to the surface 

from the underlying saline ground-water and also'by. the in' 

crease in the Mg/Ca ratios of the interstitial waters result- 

ing from the deposition of gypsum (see Fig. III. 1 for a series 

of X-ray diffractograms of the loess from different parts of 

the first depression). 

ii) Sediments beneath the brownish loess (calcareous clayey silt): 

As the sediments of this sabkha are developed just 

behind the coastal ridge, they are modified by the influx of 

saline water. A shallow auger hole BH1 and pit located near 

Alexandria, revealed the following succession from top to 

bottom (see location maps, 1.7.1,2). 

0.00-0.50 m The upper 50 mm, capped by a salt crust, is 

composed of dark grey mottled clayey calcareous 

silt. This is underlain by a layer of 50-150 mm 

of aragonitic ooids. This layer thins out south- 

ward i. e. landward. The ooids are identical 
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to those found in the sediment of the coastal 

ridge and are thought to be wind blown. Below is 

300 mm of alternating gypseous-carbonate mud and 

pure gypsum mud which is made of tiny discoidal 

crystals (sample lLb, fig. 111.2). The discoidal 

gypsum crystals which become more easily visible 

with depth in pits, due to their lustre, have 

grown displacively (see fig. 111.3). Also, West 

et al. (1979) described itodular gypsum in similar 

sediments to the west but no such form has been 

seen in the pits examined during this study. 

0.50-1.25 m 0oids mixed with the brownish calcareous clayey 

silt. The ooids make up approximately 30% of the 

sediments and are mainly aragonitic and again 

are similar to those found in the-sediments of 

the coastal-dune. They appear to have been blown 

from the nearby coastal ridge into the depression. 

The clayey silt is composed of quartz, feldspar, 

kaolinite and illite with some calcite and dolo- 

mite. 

1.25-4.00 m Greenish calcareous clayey-silt mixed with ooids 

(similar to the above unit), but with more gypsum 

and minor amount of celestite. 

A second auger hole BH3 (located 65 km west of Alexandria) 

revealed a similar succession of sediment to that seen in BHl, 

but with more dolomite in the carbonate fraction (see fig. 111.4). 

The clay fraction of the sediment from this latter auger hole 

also contains kaolinite and illite but also minor amount of 

smectite (see fig. 111.5). 
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x 140 

Fig. 111.3 Discoidal gypsum growing displacively in the 
sediments of the coastal sahkha (first depression). Crossed 

polars. 
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111.2 Sediments from the second depression 

Two auger holes have been made in this depression, which 

is partly occupied by Lake Maryut; one from the eastern end 

(20 km west of Alexandria) and a second from the western end 

(at a distance of 65 km west of Alexandria). 

i. Sediments of the eastern part of the depression 

0.00-1.00 m Greyish green sticky silty-clay with some skeletal 

debris which appears to be fragments of shells 

of Cardium (Cardium flourishes in the present 

day Lake Maryut). The carbonate content is 

very low (less than 5%) and is mainly attributed 

to the occurence of shell fragments; some dolo- 

mite has also been found. The dominant non- 

carbonate fraction (see fig. III. 6A) mainly con- 

sists of detrital silt-sized quartz and feldspars 

together with clay minerals e. g. kaolinite, 

illite and with relatively large amounts of smec- 

tite. These components, particularly the latter, 

tend to support Cosson's (1935) statement that 

the contribution of river sediment to Lake 

Maryut before 12th century was very important. 

No gypsum has been found in the sediment. This 

may be due to the influx of fresh water seeping 

from the Nile delta and the subsequent dilution 

of the water of the Lake. 

1.00-2.00 m Similar as above, but with more shell fragments. 
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Fig. III. 6 X-ray diffractogram of sediments from eastern (A) 
and western (B) ends of the second depression 
which is occupied partly by Lake Maryut at a depth 
of 0.9 and 1.20 metres respectively. 
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ii) Sediments from the western end of the depression (BH4) 

The sediments of the western end are different from 

those of the eastern end. They are lighter in colour and con- 

tain more carbonate and gypsum than those of the eastern end 

of the depression. 

0.00-0.50 m is composed of yellowish brown calcareous clayey 

silt with Cardium-slells. 

0.50-2.00 m Greyish gypseous-carbonate mud. The mineral- 

ogical analysis (using X-Ray diffraction) re- 

vealed the following composition: 65% calcite, 

22% gypsum, 7% dolomite and 6% feldspars and 

quartz. The clay fraction is mainly composed 

of kaolinite and illite with minor amount of 

smectite (see fig. III. 6. B). The lower part 

of the sediment lacks gypsum and is composed 

. of more than 50% calcite with some dolomite and 

contains more than 40% quartz, feldspar and 

clays. 

A comparison between sediments of the eastern (i) and 

western (ii) ends of the second depression shows that the 

former contains more siliciclastics of typical Nile origin 

(particularly smectite) than the latter. 

111.3 Sediments from the third depression (Quaternary 

lagoonal-sabkha deposits 

The lagoonal-sabkha deposits occupying the depression 
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behind the third ridge have been examined in three open-cast 

quarries. The following is the stratigraphic sequence found 

in the depression from top to bottom (see also Fig. 111.7). 

A) El-Charbanyat Quarry (55 km west of Alexandria) 

0.00-0.40 m Brownish calcareous loess which varies in thick- 

ness from 0.20 to 0.60m. 

0.40-0.90 m Upper gypsum bed: this includes discoidal, fib- 

rous and granular crystals of gypsum. 

0.90-1.20 m Upper marl bed: white in colour and composed of 

highly fossiliferous marls rich in molluscan shells. 

The aragonitic shells of such marls have been 

completely dissolved only casts remain. This has 

resulted in the development of a secondary poro- 

sity. This probably reflects fresh water influx 

into the eastern side of the lagoon from the Nile 

delta. 

1.20-1.80 m 001itic-skeletal grainstone: this probably was 

derived from the beach-dune ridge (to seaward) or 

washed through an inlet across that ridge and then 

deposited on the lagoonal floor. 

1.80-3.50 m Lower gypsum bed: this is similar in composition 

to the upper gypsum bed. 

3.50-? m Lower skeletal basal marls: the top of this hor- 

izon is just revealed in the quarry. 

B) El-Hammam Quarry (63 km west of Alexandria) 

0.00-0.40 m Brownish calcareous loess: this includes some 

layers of gypcrete which have developed as a 



74 

o0 

ti 

  
7o 

 . m 
 CA 
oyn 

"r. C 

Gn tP 
eo 

r" n 

yý 
äs 

rtA d 

.ývG 
 O. 
C 

,^N Bm 

rO r' O 

ýnp 
SSr 

ý 
r. O 

OA 

n 

c 
r 
H 

n 
m 
to O O 

" 
Ö ýn O ý O 

9 
A 
1 

ä 

r )1 crir1 IOc<. ýý 
Ic 

I I(I ýc 

iI ýI LLR1J 

L' ý' i" 
i 

0 t, 
O y Q 

V. C- N 'O f0 
-+ C V. 3N7n w a 

N ý. y . -. gyp w 

r LwC ^ý 
C !. -p a w r1 
N cC-; . 7r a 

LLt0 C 
NCC A 

waA 9 

. NA 
' a -e m cIw- 

-I 9- '1 

o w C maa9 
to m 

nnI G 
"'t SS 

P'' 
<<<<<<< I <<<<<<<<<<<<<<<<<<<<<<<<<<< 

'II. ««<<<. L. . <<<<<<<< < <<< < <«««<<<<<< 

m 

w 

e 

Iý , )I <<<<< < aº r el I < ««<«<< <<<<< <««<«<< 

* 

: I) 
1 

0 
R 
N 
N 

7" 

0 

................ 
Ilk 

............ . 



\+ ! 

post-depositional feature. 

0.40-1.20 m Fossiliferous marls: this is rich in molluscan 

shells as found in marls of El-Gharbanyat quarry 

between 0.90 and 1.20 in. 

1.20 - 1.80 m Upper gypsum bed: this encloses near its top 

a very thin layer of unfossiliferous marl. 

Different types of gypsum crystals are found 

ranging from pure fibrous and chevron near the 

bottom to impure granular and large discoidal 

crystals enclosing fossils in the upper part of 

the bed (see fig. 111.14,15,16). 

1.80-2.40 m Fossiliferous marls rich in ostracods: these 

contain some lustrous discoidal gypsum crystals. 

2.40-3.00 m Lower gypsum bed: this has variable types of 

gypsum but with abundance of the fibrous pure 

type at the bottom-of the bed and with some dis- 

coidal gypsum at the top. 

3.00-3.50 m Lower fossiliferous basal marl: this has some 

discoidal gypsum and contains ostracods. 

C. El-Omayid Quarry (80 km west of Alexandria) 

0.00-0.20 m Brownish calcareous loess 

0.20-0.60 m Poorly fossiliferous gypseous marl 

0.60-0.80 m Oolitic skeletal grainstone: this is similar 

in composition to the sediments of the beach- 

dune ridge to seaward from which it may have 

been derived. 
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0.80 - 3.00 m Gypsum bed: this is mainly composed of dis- 

coidal crystals growing displacively and en- 

trapping fine-grained carbonate grains. A 

thin layer of unfossiliferous marl rich in 

gypsum has been found interbedded within the 

lower part of this bed. Some chevron gypsum 

has been found in the upper part of the gypsum 

bed. 

3.00 - 3.50 m Fossiliferous marl: the fossils are mainly 

molluscan debris. 

i Mineralogy, petrography and environment of deposition of 

the marls: 

The marls are generally composed of 507 or more carbonates, 

mainly calcite and 50% or less clay minerals and other sili- 

ciclastic sediment e. g. quartz and feldspars together with 

clays e. g. kaolinite, illite and authigenic attapulgite. Also 

they contain some celestite and gypsum. The latter is found 

in higher percentages in the parts of the beds close to the 

contact with the gypsum beds. The gypseous marls (in contact 

with gyspum beds) have a similar mineralogical composition to 

those discussed above but in these the proportion of gypsum 

becoming significantly higher. Generally, gypsum is more 

abundant in the western part of the depression, possibly towards 

an ancient lagoonal-sabkha margin where evaporation rates 

were presumably high. 

The petrographic study of these deposits revealed two 

interesting features which have an environmental significance: 
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(1) Two types of gypsum crystals have developed within the 

marls, these are: a) a poikilitic (Fig. 111.8) type which 

encloses carbonate grains-within coarsely crystalline gypsum 

2) a displacive or lensoid type which is composed of small 

lenses of gypsum which have grown displacively'within the 

fine grained marls. The latter type entrapped some inclusions 

and pushed apart the fine sediments (see Figs. 111.9,10). 

Kinsman (1969-b) noted that the gypsum which grew in sabkha 

sediments is lensoid and commonly contain inclusions in con- 

trast to brine-pan gypsum crystals which are elöngated and 

free from inclusions. Both poikilitic and, particularly, dis- 

placive types of gypsum are indicative of an early diagenetic 

sabkha environment (see also Schreiber and Doherty, 1978). 

(2) X-ray and SEM studies revealed the occurrence of authi- 

genic attapulgite crystals (this mineral is also sometimes 

known as palygorskite) which appear to have been deposited 

with the finely crystalline calcite*in an interwoven pattern 

(see Figs. III. II). Such a pattern confirms the authigenic 

origin of both the attapulgite and the calcite crystals. 

These crystals were apparently deposited in a highly saline 

environment, where sedimentation was mainly due to physico- 

chemical process. It seems that authigenic attapulgite 

(see Figs. 111.11,12,13) co-precipitated with evaporative 

authigenic gypsum and calcite from highly saline pore waters. 

The precipitation of gypsum from the brine. led to a substan- 

tial increase in the ratio of Mg2+/Ca2+ which provided the 

system with suitable geochemical conditions for the deposition 

of authigenic attapulgite. Such a geochemical environment 

requires an abundance of Si4+ and a high pH but relatively 
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x 80 

Fig. III. 8 Poikilitic gypsum: two large gypsum crystals 
one in extinction (to the left) enclosing carbonate 
grains in the marls of the Pleistocene sabkha sequence. 
E1-Hammam gypsum quarry. Crossed-polars. 

x 140 

Fig. 111.9 Discoidal displacive gypsum enclosing and 
entrappingcarbonate particles. Fleistocene sabkha 
sediments. Crossed-polars. 
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Fig. III. 10 Adva«ced stage of gypsum growth in the marls, 
most of the carbonate particles are enclosed within the 
gypsum crystals. Crossed-polars. 
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Fig. I: I. 11 Fibrous crystals of att. ulgite and calcite 
deposited -; uthigenically in the marls, Pleistocene 
lagoonal-sabkha sediments. Scanning electro,, ph, to- 
maicro; rzphs. 

a. Attapulgite ibces growing on calcite crystals x 2n, GOO 

b. Attapulgite fibres entrapping calcite crystals. x 25, ', 50 

c. Meshwork of attapulgite fibres. x 60,100 
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low levels of Al 
3+ 

so that Mg: Al is approximately unity. The 

origin of the silica and aluminum is unknown but it is possibly 

produced by dissolution of siliciclastic materials which are 

present in the marls. Further work using SEM techniques', is 

recommended on the marl of the area to investigate quantitative 

the role of physico-chemical processes in the depositional 

history of such sediments. 

Many workers have discussed the environment of deposition 

of clay minerals such as attapulgite. For instance, El Gabaly 

(1962) reported the occurrence of attapulgite from Alexandria - 

Cairo desert road (a few tens of kilometres to the south east 

of the area of study) and suggested that it had been formed 

from calcareous argillaceous matter in saline water. Isphording 

(1973) suggested, among many other factors, that land-locked 

basins are at possible environment of deposition. Singer and 

Norrish (1974) stated that dilute water derived from rock 

weathering draining into the depositional basin containing 

unconsolidated sediments in areas where annual evaporation 

exceeds precipitation would be concentrated until values 

allowed the precipitation of attapulgite (palygorskite). 

Couture (1977), has also suggested the formation, of attapulgite 

(palygorskite) to be favoured by high dissolved silica concen- 

tration, high pH value and high magnesium concentration in 

the interstitial water. From these discussions it is obvious 

that high salinity and a sufficiently high concentration of 

Si4+ and Mg2+ ions are essential factors for the deposition 

of palygorskite or attapulgite. The importance of the occur- 

ence of well formed cyrstals of attapulgite in the Egyptian 

marls, in the area of study, is not only because of its 
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environmental implications, but also its geochemical signifi- 

cance. Attapulgite is a magnesium rich clay mineral, which 

when it occurs could explain the hitherto puzzling excess of 

magnesium in such sediments. 

There are two ways in which the marls may have been 

deposited, these. are: 

1- Mechanical processes: The marls appear depositeu 

in a sheltered lagoon which was separated from the open sea 

by a barrier (the upper part of this is the present aeolian 

ridge), The lagoonal origin of the marls is indicated by the 

combination. of the presence of a low diversity of macrofauna 

(marine molluscs the microfaunal assemblages e. g. ostracods, 

and the presence of cerithid gastropods enclosed by large dis- 

coidal. gypsum within the marls (see 111.14). A shallow inlet 

in such a barrier would have allowed fine-grained sediments 

to pass through and later be deposited in a quiet lagoonal 

environment (see also Hoyt, 1967b). The inlet may have existed 

in the central part of the barrier (near the locality of El- 

Hammara quarry) because beds of fossiliferous marl found in 

this area thins out to the western side of the lagoon (see 

Fig. 111.7). Also the section in El-Gharbanyat quarry show 

that the amount of gypsum increases eastwards from the vici- 

nity of E1-Hammam quarry. 

In addition to this, wind blown dust from the surround- 

ing desert may also have settled in the lagoon and contributed 

to such deposits. 

2- Physico-chemical processes: Fine-grained calcite 

may have been deposited by a physico-chemical process e. g. 
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Fig. 111.14 Cerithid gastropod enclosed in a large 
discoidal gypsum in El Hammam quarry. 
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interaction between ground water and saline water (see also 

Terlecky, 1974). The delicate arrangement of fibrous, one 

micron length attapulgite crystals with micron sized mosaic 

calcite appear to be the result of precipitation and could 

never have been deposited mechanically. It is evident that 

the marls including the gypseous and limy marls are a result 

of both mechanical and physico-chemical processes. Towards 

the lagoonal margins (e. g. western end of the lagoon) where 

salinity was high the number of molluscs and the other marine 

organisms (e. g. ostracods) which could not tolerate such high 

salinity has decreased. 

ii Petrography and environment of deposition of gypsum 

and gypseous deposits: 

Examination of these deposits revealed the occurrence 

of four types of gypsum according to crystal morphology-and 

degree of purity. The first is that which exhibited a remark- 

able similarity to those described when dealing with the marls 

i. e. the poikilitic and discoidal types of typical sabkha 

environment. The second type, however is formed of coarsely 

crystalline or porphyroid gypsum. Neither type are pure 

gypsum as-they contain some inclusions which give the gypsum 

a brownish appearance. The third and fourth types of gypsum 

are formed of fibrous and chevron-sahped crystals (Figs. 

111.15,16). They are almost pure crystals and have probably 

been deposited from brine-pans when gypsum was freely deposit- 

ed from highly saline water and not displacively as in types 

which are developed in sabkha sediments. The chevron type of 
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Fig. II1.15 Pure fibrous gypsum of the Pleistocene 
Sabkha sequence. El Hammam gypsum quarry. 

Fig. 111.16 Chevron type of gypsum of E1-Omayid quarry. 
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gypsum is similar to that which has been described by Shearnian 

and Cabo (1976) as being a product of a subaqueous environment. 

It should be noted that pure gypsum could also form in 

a sabkha environment which received a continuous supply of 

saline water. In the latter case two types of gypsum would 

have been deposited; first, the impure type, which developed 

by enclsoing grain particles from the surrounding sabkha sedi- 

ments; the second type is the pure type which developed at 

the expense of the first type by pushing the impure crystals 

apart to give way for the development of pure gypsum. 

The topography of the lagoonal floor may have added 

another important factor to the distribution pattern and the 

depositional history of the gypsum and the marls. When the 

depression was flooded by marine water e. g. through an inlet 

the areas of topographic lows i. e. deeper water would have been 

a site of deposition of fossiliferous marls and subaqueous 

gypsum (e. g. pure fibrous and chevron varieties). Whereas 

higher areas i. e. zones of shallow water would be expected to 

be a site of deposition of very shallow lagoonal to sabkha 

sediments where discoidal gypsum (enclosing fine grains) and 

poorly to unfossiliferous marls were deposited. 

It is therefore suggested that the floor of the central 

part of the depression near El-Hauanam was covered by deeper 

water as indicated from the presence of deposits represented 

by alternating beds of pure gypsum with abundant fossiliferous 

marls. Whereas the lagoonal margins such as near El-Omayid 

was a site of shallow water as indicated by the deposition of 
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a thick bed mainly of discoidal gypsum and near El-Gharbanyat 

where discoidal and granular (impure) gypsum are the dominant 

types. 

It should be noted that there is no obvious field ind- 

ication of an opening in the third ridge in the vicinity of 

El Hammam quarry. However, this could easily silted and this 

would be difficult to detect. 
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CHAPTER IV 

PART 1 
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CHAPTER IV RIDGE SEDIMENTS 

PART 1 

IV. 1 Geological Evolution and the Origin of the Quaternary Coastal 

Plain; North Western Egypt 

IV. 1.1 Introduction 

The Quaternary coastal plain, west of Alexandria, with 

its beach ridges enclosing depressions filled with lagoonal- 

sabkha deposits is geomorphologically similar to those coasts 

of the southern and eastern Mediterranean and other coasts 

around the world. The evolution of this coast can be better 

understood if the eustatic changes of sea level (during the 

Quaternary) and the formation of barrier island are first 

considered. 

IV. L1.1 Beach-dune ridges 

Coastal beach-dune ridges including barrier islands are 

widely distributed along many coasts. They occupy many of the 

continental margins and although the reasons for their alt- 

itudes are complex, many reflect the lowering of the sea from 

the higher altitudes on the Pliocene, Pleistocene. and early 

Holocene to its present level. 

Table IV. -L1.1, summarises the work which has been carried 

out by Shukri et al. (1955) and the earlier workers on the 

Egyptian coastal ridges and compares their finding with those 

made on the coastal terraces of Cyrenaica (Hey, 1956) and the 

fluviatile terraces of the Nile (Sandford and Arkell, 1939; 

Ball, 1939). As seen, the ages of these ridges have been given 

on an altimetric basis. In El Dabba area, few tens of kilo- 

metres to the west of the area of study, El Shami et al. (1969), 
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correlated four well formed beach ridges with the beach 

ridges in the present area of study which were described by 

Zeuner (1952) and Shukri et al. (1955). The ridges from the 

former area range in elevation from 90 to 25 metres. El Shami' 

et al. (1969) dated them as: Sicilian (for the oldest most 

inland and highest in elevation); Milazzian, Tyrrhenian and 

main Monasterian (the youngest-, the most seaward and lowest in 

elevation). The latter may be correlated with the second 

ridge in the area of study. In Matruh, west of the El Dabba, 

El Shazly and Shata (1969) distinguished five beach ridges 

and correlated them with those present. in the area of study, 

the oldest (pink limestone ridge) which is the most inland 

and attains an elevation of (80-110 m) was thought to be 

Sicilian in age. The youngest most coastal and lowest ridge, 

which attains an elevation of (5-10 m), was dated as Monasterian. 

Such a pattern, if the correlations are valid, shows the con- 

sistency of Pleistocene history along the Western Egyptian 

coast. Such features continue to the west and to the east of 

the area of study along the Mediterranean coast. For instance, 

Hey (1956) described some "raised" coastal features in Libya. 

There, he found six shorelines on the north coast of Cyrenaica 

having the following heights, starting with the most recent: 

6,15-25,40-45,44-55,70-90, and . 
140-190 metres. Further 

to the west, along the coast of Tunis and Algeria, Hey (1971), 

reported eight successive beach ridges. On the eastern shores 

of the Mediterranean, Issar and Picard (1971) have recognised 

four beach ridges in Israel. These, they think, represent the 

Sicilian beach of +50 m., the Tyrrhenian I beach of + 30 m, 

Tyrrhenian II beach of + 20 m, and the post Tyrrhenian (Flandrian) 
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beach of +5 in. Hey (1971) summarised the earlier classical 

studies on the north part of the Mediterranean, along the French 

coast and reported four "Beach ridges" ranging in elevation from 

7 to 100 in. In the Black Sea,. Hey (op, cit. ) reported eight 

beach ridges, ranging from 2 to 105 in. along the Caucasus coast. 

Similar features are widely distributed all over the world. For 

instance, Fuenzalidaet al. (1965) and Guilcher (1969) described 

the beach ridges along the Chilean coast and Land et al. (1967) 

described the beach ridges along the Bermudan coast, (see also 

Table IV. 1.1.2) . 

IV. 1.1.2 Eustatic changes in sea level 

A. General The world wide occurrence of Quaternary beach 

ridges along the continental margins have led many workers to 

consider the reason for such phenomena. Fairbridge (1961) 

has summarised the hypotheses which have been suggested by 

various workers in order to understand such changes. These are: 

1. Tectono-Eustacy or Eustatism Hypothesis: This deals 

with the variations in the capacity of ocean basins due to tect- 

onics, while its water content remains constant. Changes in 

sea level either postive or negative are due to tectonic 

events which have taken place"in the oceanic basins. 

2. Volcano-Sedimento-Eustacy Hypothesis: This deals with 

volcanic eruption and the deposition of land derived sediments 

in an oceanic basin.. This results in reduction in their 

capacities and a rise in the sea level. The rise of sea level 

in this case is due to the deposition of sediments or volcanic 

products in an ocean and a subsequent reduction in its capacity. 
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3. Geodetic Hypothesis: Fairbridge has explained that 

the acceleration of the angular velocity of the earth would 

cause a rise of sea level in the equatorial belt and lowering 

at poles. This-means that due to such an acceleration sea 

level rises in one place and falls in the other. . 

4. Glacio-eustacy: This is considered the most important 

factor, among many others explained above, which affect the. 

changes in sea level. Glacio-eustacy is related to the change 

in volume of ice sheets which accompanied the climatic 

fluctuation that have taken place in the Quaternary period. 

World wide climatic changes produced glacial and interglacial 

phases. During the glacial phases a considerable volume of 

water was locked up in ice and this caused a lowering of sea 

level. During the following interglacial phase, ice melted, 

the water returned to the sea and the sea level rose. Recently 

Donovan and Jones (1979) summarised the reasons which are 

responsible for wide sea level changes as follows: (1) changes 

in the volume of land ice, at a rate of 1 cm/year. (2) changes 

in the volume of ocean ridges, at a rate of 1 cm/1000 years. 

(3) sediment accumulation, at a rate of 1 cm/1000 years and 

(4) desiccation of isolated ocean basins, at a rate of 1 cm/ 

year. 

The climatic changes that occurred during the Quaternary 

period have been described by Emiliani (1955) and will be 

discussed later. The successive glacial and interglacial 

periods which accompanied ice sheets and the melting of the 

ice resulted in four or five major glacial phases (Fig. IV. 1.1.3). 

The amplitude of the fluctuation of sea level as a result of 
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melting and accumulation of ice has been estimated and figured 

in various curves by various authors. Probably the most famous 

of these is that proposed by Fairbridge (1961). Although this 

has been subjected to considerable criticism by latter workers, 

that there have been successive rise and fall of sea level 

seems well established. Oaks and Coch (1963), for instance in 

their studies on the sediment of Southern Virginia have concluded 

the existence of six episodes of submergence and emergence, 

which they attributed to glacio-eustatic changes in sea level 

during the Pleistocene. Sterns and Thurber (1965), applied 

Th230 _ U234 dates to late Pleistocene marine fossils of the 

Mediterranean and Atlantic Moraccan littorals and concluded 

that sea levels must have stood high between 140,000 and 115,000 

years B. P. They suggested a cold stage of low stand of sea level, 

(followed by a warm stage of high stand of sea level) about 95,000 

to 125,000 years B. P. and suggested a non-glacial intervals of 

high sea levels (75,000 - 90,000 years B. P. ). This data fits 

the Fairbridge curve (1961) with a little shifting in position 

of the time interval. Steinen et al. (1973) have confirmed 

eustatic low-stands of the sea between 125,000 and 105,000 

years B. P. from the subsurface studies of Barbados, West Indies. 

This latter event can be fitted in well with the Fairbridge 

curve. Sancetta et al. (1973), from their studies on a deep 

sea core in the North Atlantic ocean have established a climatic 

record which revealed significant correlation with that shown by 

the Fairbridge curve. Bortolami et al. (1977) studied C14 

dated sediments of a core put down in the Plain of Venice and 

the lower Po valley, and found evidence for several marine 

transgressions and regressions over the last 60,000 years B. P. 
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These events were found to be readily correlated with the 

climatic fluctuations of successive warm and cold periods as 

exhibited by the Fairbridge curve. The comparison between 

climatic change and fluctuations of sea level have been studied 

by Emiliani (1955b). Such a study was based on recording the 

temperature of the Pleistocene sea level inferred from oxygen 

-isotope-studies of deep sea foraminifera. Emiliani (1955a) 

has identified seven complete temperature cycles in a Caribbean 

core and has stated that the correlation with continental 

events suggested that the earliest temperature minimum corres- 

ponds to the first glaciation. Furthermore, the same worker, 

identified ten stages of such temperature cycles from a core 

from the Mediterranean Sea all of which can be correlated with 

continental stratigraphy. In 1958, Emiliani stated that the 

fluctuation of sea level seems to parallel closely the temp- 

erature variation curve of the deep sea cores and added that 

such a curve closely reflects the variation in the amount of 

ice' existing on land. Emiliani and 9iadcleton (1974), have since 

modified their previous paleotemperature curves by adding to them 

new information obtained from 018'studies on the sediments from 

a Pacific core V28288. They identified ten peaks of high 

temperature, alternating with nine troughs in the curve, corr- 

esponding to lower temperatures with periodic variation of 105 

years between successive cycles. From the foregoing it can be 

seen that Emiliani's work has supported the conclusion that 

the Pleistocene fluctuations in sea level are mainly caused by 

climatic changes. It hasalso confirmed a cyclic fluctuation 

of the Pleistocene sea level with a time period of 105 years 

for each of these cycles and that the fluctuations were 
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always accompanied by climatic changes due to glacial and inter- 

glacial periods. Such work directly supports Fairbridge's 

deductions from his curve (1961). However, Fairbridge (1958) 

pointed out that the world wide radiocarbon figures afford a 

striking confirmation of the picture drawn by earlier workers 

on the basis of normal stratigraphy and pollen dating. He 

also said that "just as the Quaternary period as a whole is 

better known as regards sea level changes than any earlier, 

so the late Quaternary is very muc; 1 better known than the early 

and middle Quaternary". It is, however, worth discussing 

briefly the Flandrian transgression as a key to the Pleistocene 

in general. Fairbridge (1958) recorded a series of oscillations 

of sea level in the last 9000 years. In 1961, he added that: 

the last 6000 years exhibited a vertical oscillation in sea 

level acting until present (see also Shepard, 1963). He con- 

cluded that sea level rose by 1-4 m. above the present at least 

five times in the last 6000 years. Fairbridge (1962) estimated 

the rate of rise of sea level in the period from 16,000 - 6,000 

years B. P., to be 10 mm/year, while the last 6000 years exhibit 

a vertical oscillation i. e. no steady rise of sea level but an 

up and down oscillation. Shepard (1963) stated that during the 

period between 17,000 to 6000 years B. P. the sea level was rising 

at an average of about 25 feet/1000 years (7.5 mm/year). Such 

a rise=was occasionally interrupted by several readvances of 

the retreating glaciers. Shepard and Curray (1967) modified 

the part of the Fairbridge curve that covers the last 10,000 

years and constructed a smooth and gradual rise in sea level 

instead of the oscillating curve. Morner (1971, a, b, c) 
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modified. all previously constructed curves of the last 20,000 

years claiming that his conclusions are based on-the separation 

of isostatic and eustatic factors in the uplifted areas, (see 

Fig. IV. 1.1.4). On the Egyptian coasts, the apparent reflection 

of the vertical oscillation of sea level which has taken place 

in the last 6000 years has been recorded by Butzer (1957), 

who found clear indications of +2 and +4 m shorelines along the 

coastal areas between Alamein and Ras Shaqiq and compared 

these shorelines with the coasts of "Palestine" (now Israeli 

coast) and Lebanon. 

The usefulness of referring to Fairbridge's eustatic 

curve is because it helps in the understanding of the strati- 

graphy of the Quaternary period and shows the past fluctuations 

in sea level and its drop from higher altitude e. g. 100 m in 

the Early Pleistocene to its nearly present altitude in the 

Holocene. Also it indicates the exposure of continental shelves 

several times during the glacial periods and then submergence 

during the following interglacial periods. Nevertheless, the 

altitudes and time scale given in the Fairbridge curve or indeed 

any other curve may not be very accurate for several reasons: 

(1) the dated samples may be either contaminated with 

Recent organic material or subjected to diagenetic effects or 

both effects. This may provide a younger age than reality in 

the dated sample. 

(2) the failure in the exact determination of an altitude 

of a dated sample i. e. by assuming that the material is "insitu" 

and by ignoring the transportation factor, either by wind or 

water currents or both. This may give an altitudinal error, as 

the dated sample in this case does not refer to the actual pos- 

ition of sea level. 
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(3) ignoring, or failure to determine tectonic effects, 

whether uplifting or subsidence which is or was acting in the 

area from which the sample was collected for dating. Also 

failure in estimating the exact isostatic response of the 

earth's crust to either the accumulation or melting of ice. 

For all these reasons the dated samples may give an 

inaccurate curve of eustatic rise of sea levels. Therefore 

many workers have argued about the validity of such a curve. 

Yves (1954) studying the northwestern coast of Algeria came to 

the conclusion that the present elevations of the Algerian 

"raised beaches" are due to a combination of both eustatic' 

changes in sea level and gradual upward movement of the cont- 

inent. Flint (1966) emphasised the influence of the Pleistocene 

tectonic movements in the Mediterranean region, and stated 

that "it is no longer thought likely that a strand line having 

an altitude of 100 m records a former sea that rose eustati- 

cally to that altitude. Guilcher (1969) studied the Moroccan 

beach and declared that the altitudes of the present ridges 

are thought not to be original'and that there was a continuous 

or progressive uplift of land in the Pleistocene instead of 

a progressive fall in sea level. He stated that if the whole 

of the world's ice melted, the resulting high stand in sea 

level would have never reached the high altitudes (e. g. 100 m). 

which are-shown in Fairbridge's curve. El Ramly (1971) seems 

to have followed this idea and suggested that the Egyptian 

beach ridges originated from successive earth movements, where 

the land subsided and successive stages of the ridge formation 

began inthe Early Pleistocene time with the evolution of 

these ridges one after the other. This statement, however, 

has not satisfactorily explained the high elevations attained 
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by the Egyptian beach ridges and also there is no indication 

of such successive movements inýthe Pleistocene of the 

Mediterranean littoral of the western coast of Egypt. 

Many owrkers have approved the idea of the establishment 

of the eustatic curve by Fairbridge (1961) have suggested some 

modifications. For instance, McFarlan (1961) suggested a 

period of long stand in sea level had taken place in the period 

from 35,000 to 18,000 years B. P. He reached such'a conclusion 

from his studies on the late Quaternary deposits from South 

Louisiana. Shepard and Curry (1967), claimed that the C14 and 

uramium methods of dating for samples collected from marine 

terraces of the stable part of Western Australia revealed an 

age of 100,000 to 160,000 years B. P. with an average 130,000 

years for the terraces ranging in altitude from 2-10 metres. 

Consequently they concluded that sea level was slightly higher 

at that time. This event however could be correlated with 

Fairbridge's curve with a shift in time interval (see Fig. 

IV. 1.1.3). Milliman and Emery (1968) stated that the last 

interstadial high stand of sea level was near the present level 

about 30,000 to 35,000 years ago. Also Sherif (1978), has 

dated a coastal ridge in the Gulf of Sirte which again indicates 

a sea level close to that at present about 30,000 years B. P. - 

However, such a high stand in sea level exists on Fairbridge's 

curve but never reached the present sea level. Fairbridge (1970) 

has criticised Milliman and Curray, and others for proposing 

a high stand of sea level close to that of the present in the 

period from 30,000 to 35,000 years B. P. and mentioned that, 

it is regrettable to accept such a modification in the eustatic 

curve without comment and without referring to the work done 
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by C14 geochemists who all pointed out that published shell- 

dates in this age (25,000 - 35,000 years. B. P. ) are suspect 

because of contamination with Recent carbonate. Bloom et al. 

(1974) supported Fairbridge's arguments against any assumption 

that sea level reached the same elevation as present around 

35,000 years ago and mentioned, that the last time the 

eustatic sea level was higher than the present (about 125,000 

years ago) five sea level maxima occurred at roughly 20,000 

year intervals, none being as high as present. Recently, 

Shackleton and Matthews (1977) gave more support to Fairbridge 

curve in confirming that sea level stood higher than-the 

present time about 125,000 years B. P. and stated that the 

time between 125,000 B. P. and present the sea had not reached 

higher elevations than that of the present. From the fore- 

going discussions it seems that Fairbridge's curve could be 

used in correlating stratigraphic events that took place in 

the Quaternary, bearing in mind that there are some problems 

concerning the accuracy of timing and the magnitude of each 

eustatic event which are still debatable. 

B. Application of the eustatic curve to the Mediterranean, 

with particular reference to the Egyptian coast 

Glaaser (1978) stated that 20.9% of the barrier beaches 

east of the Nile delta are of tectonic origin, compared with 

only 4.9% of barrier beaches along the African coast of the 

Mediterranean, 
-(see 

Table pages 293-294, Glaeser, 1978); i. e. 

the barrier beaches of tectonic origin to the east of the Nile 

delta are four times more abundant than to the west. In 

support of stability to the west Zeuner (1950) had stated 

earlier stated that the Arabs' Gulf, to the west of the Nile 

delta, appears to have been stable at least since the end of 
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the Pliocene. Zeuner (1952) went further in comparing the 

stable areas surrounding the Mediterranean littorals (see 

Table, Fig. IV. -1.1.2), and compared the Quaternary beach ridges 

(raised beaches) along the Syrian, north Egyptian and Moroccan 

coasts, and based his comparison on an altimetric basis. He 

stated that for comparison, if the altimetric difference are 

neglibible or non existent and the intervals in height between 

successive shorelines are the same in three or more such 

widely scattered locations, it is certain that they have not 

been displaced by tectonic movements and concluded that these 

conditions are fulfilled for quite a number of areas. Hey 

(1971) is in agreement with Zeuner and applied the same prin- 

cipal to the Algerian, Spanish, French, Turkish, Lenanease and 

Caucusian coasts. He stated that the beach ridges of these 

coasts are found over a vast region and yet retain comparable 

elevations. He therefore claimed that their present altitude 

represents actual eustatic rather than tectonic changes. 

Abdallah (1966) from his studies on El Alamein-El Dabba- 

Qattara-Moghra, west of the Nile delta stated: "From the 

tectonic view-point, no major true structural displacements 

(faulting or folding) are recognised during the field work 

carried out. Nevertheless, a few exceptions are observed, 

represented by fracturing and jointing, genetically of 

epeirogenic movement and/or mild post-Miocene tensional forces". 

It is, however, reasonable to assume that only the eastern 

parts of the ridges - i. e. those close to the Nile delta - 

have suffered some displacement as a result of subsidence 

of the deltaic body, whereas to the west the ridges may have 

been only slightly affected. The views of Zeuner (1950) and 
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Hey (1971) concerning the-correlation of the beach ridges 

along the Mediterranean coasts seem acceptable, except for 

the-fact that they considered that the beach ridges were sub- 

marine bars, and directly related their altitude to former 

stands of sea level. However, they were unfortunate not to 

realise that most of the recorded altitudes, at least for'the 

Egyptian ridges have been measured on what are obviously 

subaerial accumulations of dune sand sitting on top of beach 

deposits. For this reason the present altitudes of, these 

ridges do not represent the former levels of the sea during 

the Pleistocene. Although Zeuner (op, cit) considered the 

surface of the depressions or lagoons which separate the 

ridges, in the area of study as a good indicator of the level 

of the former seas, in his correlation he only considered the 

ridge height and ignored the level of the depressions. Also, 

he did-not realise. the considerable accumulation of loessic 

sediment which cover the surfaces of these depressions and 

thus increase their actual altitudes. Shukri et al. (1955) 

followed'Zeuner in (1952) in giving ages to the Eyptian ridges 

based on their altitudes (Table, Fig. -IV. 1.1.1). Unfortunately 

many other Egyptian workers have followed the scheme and have 

given ages to the ridges along the Egyptian Mediterranean 

coastal plain based mainly on their heights. However, Butzer 

(1960) argued against this procedure of using the altimetric 

basis provided by Zeuner (1952) and Shukri et al. (1955) and 

considered their measurements inaccurate as indications of 

former sea level. Unfortunately Butzer did not go even further 

and argue against. the submarine origin for the Eygptian ridges, 

which is the core of the whole problem and did not consider 

the aeolian cover which provided unreliable altitudes for 
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former sea levels. It is however, necessary to consider the 

stratigraphy and"age (C14 and other dating) for accurate 

correlation and dating of these ridges. It"is also important 

to consider the large accumulation of aeolian sediment before- 

comparing the present altitudes with the eustatic curve of 

Fairbridge. 

A study of the stratigraphic sequences of the third . 

ridge, where it is exposed in a trench near Bourg El Arab, 

makes it clear that more than 2/3 of the present height of 

this particular ridge is due to accumulation of aeolian sedi- 

ment superimposed on beach deposits. If however, this value 

(i. e. the thickness of the aeolian sand) is subtracted the 

age of Tyrrenhian (basing the age on altimetric criteria) given 

to the third ridge by all previous workers, would be changed 

to Late Monasterian according to Fairbridge's curve (Fig. 

IV: 1.1.3). If it is assumed that the same ratio (2/3) of the 

total heights attained by all Egyptian ridges are due to 

accumulation'of aeolian sediment on beach deposits, then there 

would be a significant shift in age of those ridges. They 

would all appear younger-than has been proposed by earlier work- 

ers. Using Fairbridge's curve, this shift in time is within 

the range of 50,000 to 100,000 years for the ridges older than 

the third. Although some workers attributed the present con- 

figuration of the Egyptian beach ridges (barrier) to the accum- 

ulation of dunes e. g. Hume and Hughs (1921); Ball (1939); 

Shata (1955), they did not attempt to relate these features 

to the past fluctuation of sea levels. It seems that the pro- 

blem of correlating the present altitudes of the beach ridges 

with Fairbridge's curve is not only restricted to the 
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Quaternary coastal plain of Egypt, but it is a general problem 

facing many other workers who have studied the African coast 

of the Mediterranean Sea. This makes many people unconvinced 

that a beach ridge of an elevation of 200 m aldng"the Moroccan 

coast is related to a former Pleistocene Sea level. However, 

when this altitude(s) is adjusted, by subtracting the heights 

given by dune accumulation sitting on the top of the actual 

beach deposits, 'then it may be-possible to produce such a corr- 

elation with Fairbrige's curve. Where no such correlations seem 

possible tectonic factors must be considered. 

IVi1.1.3 Barrier islands 

Barrier islands are usually considered to be long narrow 

strips of detrital sediments which form beach-dune complexes 

rising above sea level and extending for a long distance parallel 

to the coast. They are separated from'the coast by a lagoon. 

Most of the Holocene barrier islands bordering the present 

coasts are thought to have been formed during the Flandrian 

transgression. There are two schools of thought concerning 

the origin of such islands. 

IV. 1.1.3. A Drowning of beach ridges 

This represents the view of a group of workers, who 

believed that they are formed by the drowning beaches. Hoyt 

(1967-a) suggested that a topographic ridge is formed along 

the upper edge of the beach by either wind or wave action or 

by a combination of both. Successive ridges could have formed 

during a regression of the sea to form series of beach 

ridges. In the succeeding stages of a marine transgression, 

the area landward of the ridge would be flooded to form a 
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lagoon behind the drowned ridge(s), which then became a barrier 

island. Hoyt (1969), argued against the formation of barrier 

islands from offshore bars and said if barriers developed from 

offshore bars, the area landward of the bar must have been 

originally occupied by sediments and organisms of the littoral. 

and shallow neritic marine environment. He claimed that the 

detailed work on barrier coasts has not revealed such sediments 

or fauna, which are esential for such a hypothesis. 

IV. 1.1.3. B Offshore origin of barrier islands 

Many other workers believe that barrier islands are 

originally formed as offshore bars, when the sea retreats the 

submerged bars emerge and a lagoon develops behind them which 

is cut off from the sea behind them. Leontyev and Nikiforov 

(1966) agreed that the barrier islands are a product of the 

post-glacial transgression, but stated that submarine bars 

emerge from below the sea level only during times of recession 

of the sea. Furthermore, Leontyev (1973) claimed that the 

global formation of barriers bordering coastal plains took 

place during a brief recession of sea level that followed the 

Flandrian transgression. However, the fall in Holocene sea 

level that this implies a very hotly debated point. Otvos 

(1970), supported the submarine origin of barrier islands 

and described several examples of barrier islands which have 

developed from submerged shoals formed during historical times, 

e. g. those developed in the Louisiana and the Mississippi 

coastal areas. However, Hoyt (1970), argued against Otvos's 

views and stated that such features appear to be outstanding 

examples of formation of barrier islands by the submergence 

of a beach or dune ridges. Other workers attempted to reconcile 
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the two externe views concerning the origin of barrier islands 

and suggested a composite theory to satisfy both views. 

Colquhoun et al. (1968), for instance, has classified barrier 

islands into two types on the basis of stratigraphic regional 

analysis. The first, -is the primary type which forms during 

a warine transgression and migrates landwards with the rise 

in sea level. This type is similar to what has been described 

by Hoyt (1967-a), while the second type described by Colquhoun 

et al. (1968) form during periods sea level stability or 

because of slow fall in sea level. This type, is similar to 

what has been suggested by the group of workers who believed 

in the offshore bar origin of barrier islands. Pierce and 

Colquhoun"(1970) studied the north Carolina coast and noted 

that the primary barriers were found resting on a subaerially 

weathered and eroded surface i. e. similar to those described 

by Hoyt (1967-a). They found the secondary type of barrier 

islands resting on the continental shelf sediments similar to 

what have been proposed by workers who believed in the submarine 

origin of barrier islands. The complexity of origin of 

barrier islands has been stressed by other workers: Gill 

(1967) stated that barrier islands moved back and forth 

according to the fluctuations of sea levels, and suggested 

that barrier islands migrate all the time. In agreement with 

Gill, Dickinson et al. (1972), declared that the migrating 

type of barrier island is usually found in sharp contact with 

the underlying lagoonal sediments. Fisher (1968) pointed 

out that Hoyt (1967-a) had not considered anywhere in his 

theory of the origin of barrier islands longshore transport 

as an agent in either deposition or erosion. However, this 
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claim-is hardly justified, as the latter writer considered 

the importance of longshore currents and changes in sea level 

to be the most important coastal processes acting on the sedi- 

ment of'unconsolidated shorelines. Further critics to Hoyt's 

hypothesis are Field and Duane (1976) who pointed out that when 

barriers move landwards, the older deposits are continuously 

being exposed and eroded at the base of the retreating barrier. 

Thus some of the criteria specified in Hoyt's theory was not 

appropriate. 

IV., 1.2 Bourg El Arab trench: 

An example of a barrier island complex and the landward 

lagoonal sediment. Some comments on the complex origin of the 

Egyptian beach dune ridges 

IV. L2.1 The study of the third ridge at Bourg El Arab: 

The village of Bourg El Arab is located 45 km west of 

Alexandria and approximately 4 km from the sea. , 
At this local- 

ity a drainage trench has recently been cut through the third 

ridge and extends into the lagoonal sediments to the south 

(i. e. landwards). The northern (i. e. seawards) outlet of 

this trench opens northward into Lake Maryut. This trench has 

provided an excellent section of more than a thousand metres 

in length and 35 metres in height (see Fig. IV. L 2.1 a, b). 

Thirteen vertical sections have been measured in this exposure 

and these have allowed the construction of a two dimensional, 

cross-section of the third ridge (see Fig. IV. L 2.2). The 

ground elevations of the trench were measured by using standard 

levelling techniques (Fig. IV. l. 2. la) and the heights were tran- 

sfered from a survey trigonometric base-point near the area. 
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Fig. IV. 1.2. la The northern side of Bourg El Arab 
trench (across the third ridge) looking north towards 
Lake Maryut. 

Fig. IV. 1.2. lb The trench of Bourg El Arab looking 
north. 
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The geological sections were measured using a Jacob staff. The 

lithologic units encountered were: 

a. Aeolian limestones: These limestone units are 

cemented oolitic-skeletal grainstone with rounded, well sorted 

grains, it occurs as horizons which are lensoid in shape and 

are separated from one another by two metre thick layers of 

brownish sediments (loess) which increase in thickness towards 

the flanks of the ridge. 

The following sedimentary structures have been found in 

the aeolinite from Bourg El Arab trench and from minor cuts 

in the third and younger ridges e. g. the second and coastal 

ridges. 

1. Horizontal or gently dipping stratification which 

exhibits low angles of dip ranging from 3 to 100. This is well 

developed on the windward side of the dune ridge (see Fig. 

IV: 1.2.3.1 and IV. 1.2.3.2). 

2. Cross-stratification : Several varieties have been 

observed. 

(a) Concave upward cross-stratification. This variety 

was described by Bigarella (1972) in his studies on the aeolian 

environments and latter explained by Reineck and Singh (1975) 

to represent the infilling of an erosional surface developed 

during dune accumulation. This variety of cross-stratification 

is well shown in many exposures (Figs. IV. 1.2.3.3,4) 

(b) Wedge and convex upwards cross-stratifications. 

These varieties are also present (see Figs ßu. 1 . 2.3.5 and 

IV. L 2.3.6). The former has been described elsewhere by Mckee 

(1966) and Reineck and Singh (1975) as being a result of 

changing in wind direction during stages of dune development. 
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Fig. IV. 1.2.3.1 Low angle planar cross-stratification 
of slightly cemented aeolianite of the coastal ridge looking west. 
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Fig. Iv. 1.2.3.2 Planar cross-stratification in aeolia- 
nite in old Roman cave of the third ridge looking west. 
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Fig. IV. 1.2.3.3 Upward concave cross-stratification in 

the second ridge (El Max) locking north-west. 
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Fig. IV. 1.2.3.4 Upward concave trough-stratification in 
the second ridge exposed in cut normal to the prevailing 
winds (El Max) looking north east. 
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Fig. IV. 1.2.3.5 Wedge shape cross-stratification exposed in a cut in the aeolianite of the second ridge (El Max) 
looking north east. 

Fig. IV. 1.2.3.6 Convex upwards cross-stratification in the aeplianite of the third ridge (old Roman cave). South of Sidi Kreer village looking north west. 
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(c) Planar or tabular cross-stratification, similar to 

type 1. Two types have been seen: the first is that exhibit- 

ing low angles of dip (Fig. IV. 1.2.3.7) ; and the second shows 

high angles of dip ranging from 24° to nearly 40 0 (Fig. IV. 1.2.3.8), 

although Mckee (1966), Bigarella (1972) and Reineck and Singh 

(1975) gave a maximum of 34° for this kind. The high-angle 

planar cross-stratification is commonly developed on the lee- 

ward side of the dunes. The presence of a coarse grained laminae 

interbedded with the fine grained laminae within the planar 

cross-bedded variety e. g. (Fig. Iv. 1.2.3.7) indicates alternating 

episodes of strong and weak winds which have blown regularly 

and have been interrupted by other episodes of less strong 

winds. The variation in wind velocities thus has produced an 

alternating fine and coarse grained carbonate sand now cemented 

to form limestone (see also Mckee, 1966). 

The study of the limestone units of the Bourg El Arab 

trench revealed a combination of the sedimentary structures 

described above. Each unit shows large scale cross-stratification: 

whereas on the north side of the ridge, this is low angle 

(ranging from 50 - 16°) large scale cross-stratification 

dipping in a NW direction, on the southern (leeward) side of 

the ridge this shows high angle (ranging from 12° - 40°) large 

scale cross-stratification dipping to the SE. The direction 

of dipping shown by these kinds is more or less similar to 

that of the Recent dunes along the present coast. This indicates 

that the wind pattern which prevailed, at least during part 

of the Quaternary, was similar to those of today. The study 

of the sedimentary structures (including evidence of plant 

root structure, absence of megafossils and burrows) of the 
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Fig. IV. 1.2.3.7 Low-angle planar or tabular cross- 
stratification in the aeolianite of the second ridge 
(E1 Max). Note the alternation of coarse-grained and 
fine-grained laminae. 
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Fig. IV. 1.2.3.8 High-angle planar or tabular cross- 
straLification dipping inland in the lower part of the 
third ridge (old Roma« cave) looking east. 
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ridges indicates quite unambiguously an aeolian origin for the 

units which have been studied. In addition to this, the 

study of the texture of both loose and cemented sediments from 

these units, has shown that they are composed of well sorted 

and well rounded calcarenites, which again support the aeolian 

origin. 

b. Loessic sediment: This sediment separates the various 

units of the aeolian limestone. It thickens towards the flanks 

of the ridge and is seen to interfinger with the limestone 

units as well as blanketing the inter-ridge deposits (see also 

1.3.2 and II. 2. B). This sediment is assumed to have been 

transported by continental storm winds from south and south- 

east. Kukla and Koci (1972) have described such dust storm 

deposits in central Europe and suggested local or regional 

deposition for such sediments and attributed their formation 

to long dry seasons in areas very sparingly vegetated by pat- 

ches of grass. Holmes (1977) reviewed the reports of dust 

storm deposition from many parts of the world. Furthermore, 

Fairbridge (1972) suggested that such sediment accumulated 

in periglacial' times. Billard and Fedoroff (1977) confirmed 

that a cold climate accompanied each phase of deposition of 

loessic sediment. Flint (1971) stated that the Pleistocene 

epoch provided conditions ideal for the production of loess. 

Each of the layers of loess which separated the aeolianite 

units under discussion may have 
, 
formed during a cold climatic 

phase. Such cold phases. may generate wind storms which carried 

the fine sediment from the continental interior (south and 

southeast) and deposited it when storms abated. This wind 
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storm presumably originated when cold air of high atomospheric 

pressure moved towards warm regions of lower atmospheric 

pressure (see also Bowler, 1977). The alternation and inter- 

fingering of the loessic sediment with the aeolinite units 

may reflect the changeable weather, which characterised the 

Quaternary climate, during the depositional history of the 

ridges. The least that-such alternations indicate is that 

periods when nearshore shallow marine deposits were driven 

landwards by winds from northerly quadrants alternated with 

periods when such movements were relatively unimportant 

compared to the seaward transport of loessic sediment. 

c. Storm beach deposits (beach boulders): Two such 

units have been found lying unconformably on the lower 

aeolinite unit on the northern side of the ridge. These were 

deposited about fifteen metres (laterally) from one another 

and consist of two sets of beach boulders, which show imbricate 

structures (Fig. IV. L2.2 and IV. L2.4) . The oldest lies to 

the south and attains a maximum height of + 13 in, (above mean 

sea level). This unit dips at an angle of approximately 16° 

N4SW. The youngest set, which lies north of the older unit, 

attains a maximum height of +15 m, (above sea level). This 

unit dips at a steeper angle 25°, N40W. Each of the beach 

boulders is in the form of a triaxial ellipsoid which has a 

long axis ranging from 50-150 cm and a short axis ranging 

from 10-30 cm. These boulders are composed of cemented, bored, 

oolitic-skeletal grainstone similar in composition to the 

aeolinites. The spaces between are filled with skeletal 

fragments derived from the worn molluscan shells (Fig. IV: 1.2.5). 

This unit lies with an erosional contact on the lower aeolinite 
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Fig. IV. 1.2.4 Storm beachboulders, dipping to the 
north i. e. seaward ( Bourg El Arab trench) looking 

north west. 
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rig. 1V. 1.2.5 Imbricated beach boulders. Notice the 
erosional contact and the infill of skeletal debris, 

( Bourg El Arab trench. ) 
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unit. The imbricated pattern in which these boulders are 

arranged, the steep angle of dip of each of those imbricated 

sets and the erosional contact between each set and the aeoli- 

nite unit underneath suggest two episodes of high stand of the 

contemporary sea level. 

d. Beach - berm deposits: The elevation of the beach - 

berm deposits is approximately +6 m. above the mean sea lev3l 

They have been found buried beneath the lower. aeolian limestone. 

They consist of two arched shape patches, each of which is 

about 40 m. in length and consists of concentrates of marine 

molluscs-which are nearly free of any matrix. These deposits 

appear to have been washed onto the crests of the berm (see 

also King, 1972). There was presumably a northward inclined 

beach facing seaward i. e. north of this berm but this is not 

seen in the exposure. 

The berm deposits are located to the south of the two 

sets of imbricated beach boulder (Fig. 1VA. 2.2 and IV-1-2.6). 

It was impossible to trace the northern and southern extentions 

of such deposits because the trench is not deep enough to 

reach them. It is only because the berm is topographically 

high that it has been encountered within the trench section. 

IV. 1.2.2 The development of the third ridge and the lagoonal 

area to landward 

The stratigraphic sequence from gypsum quarries and the 

environment of deposition of the lagoonal-sabkha sediments 

filling the depression to landward of the third ridge have 

been discussed in Chapter III. It is impossible to see the 

exact lateral relationships between the sediments exposed in 
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these gypsum quarries (see figs. 111.7 and IV. 1.2.7) and in 

the sections in the third ridge but an attempt has been made 

to relate these. At this stage. this cannot be regarded as 

anything other than speculation and will almost certainly be 

modified as deeper and more extensive-sections become avail- 

able for study. However, it appears useful to attempt to pro- 

pose the stratigraphic development of the third ridge and the 

apparently related sediments of the central part of the dep- 

ression to landward. This-is done below: 

Stage A When the sea was standing at 5+1m, above the mean 

' sea level of the present, molluscan shells accumulated on the 

berm crest (see fig. IV. 1.2.2 and IV. 1.2.2.8A). The beach face 

deposits, which occured to seaward of the berm deposits have 

not been encountered within the trench section. Neither have 

the deposits of the more landward part of the presumed berm 

been seen but may be encountered landward (i. e. to the south) 

of the third ridge beneath the lagoonal deposits. Said et al. 

(1956) described what they claimed to be beach deposits, ben- 

eath the lagoonal deposits in a locality which lies to the 

west of the section which has been studied. The elevation of 

the beach deposits which is 5+1 in. When compared with the 

Fairbridge curve (1961 - p. 133) suggests a Monasterian age 

(75,000 to 90,000 years B. P. ) for these sediments. Previous 

workers e. g. Zeuner (1952) and Shukri et al. (1955) suggested 

an older age of Tyrrhenian I. Whereas Butzer (1966) suggested 

Tyrrhenian II. Both of these estimates are older than that 

suggested here. Their estimation was based on the assumption 

that the ridge was originally deposited as an offshore bar, 

and consequently considered the present altitude of the crest 

of the ridge of + 35 m to represent the former sea level when 
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the third ridge was formed. This assumption is obviously un- 

acceptable now a section has revealed the stratigraphy of the 

third ridge. During the stage', when sea level stood at 5+1m 

and formed the beach, the relatively low land area behind was 

probably subjected to seepage of sea water. It is possible that 

a sabkha with possibly temporary lagoons developed behind. It 

is possible that the lower part of the marls in the bottom of 

El-Hammain quarry which are rich in discoidal gypsum were formed 

at this stage. The gypsum is comparable. with that beeing formed 

at present in the coastal sabkha behind the coastal ridge of the 

Egyptian coast today, and also elsewhere in Libya (Sherif, 

1978), and other parts of the world (Shearman, 1966). 

Staff 

The prevailing northerly winds transported the beach sedi- 

ments inland to form a dune ridge. These sediments later 

became stabilised by light cementation. At this stage the 

core of the lower aeolianite unit (L1) was developed (see fig. 

IV. 1.2.8. B) and the dune sediments prograded seaward over the 

berm. 

Std 

Later the sea rose and attained a higher elevation than 

the 5+1m (and a minimum of +6 to + 8m). This resulted in 

the development of an erosional surface on the northern part 

of the aeolianite (L1) which had bcome partly cemented. This 

presumably formed a north facing cliff, where imbricated beach 
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Approximate scales 
12 m 

for the sediments of the beach- 
dune ridges 

80 m 

for the lagoonal-sabkha sediments to 
landwards of the beach-dune ridge 
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Beach berm deposits 
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Beach boulders 
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Calcareous silt (with carbonate sands) and 
rootlets) grading seaward into aeolian oolitic 
skeletal grainstone 

Loess 

Marls with discoidal gypsum 

Marls rich in ostracods 

Marls rich in molluscs 

Gypsum 

Legend for Figs. IV. 1.2.8 (A-H) 
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boulders accumulated and attained a maximum elevation of + 13 m 

(see also figs. IV. 1.2.4 and IV. 1.2.8. C). It is interesting 

to note that Hoyt (1967b) reported that during the Pleistocene 

wave erosion produced sea cliffs as high as 3 m, in Georgia, 

U. S. A. and in the S. W. Africa, which were notched in places 

and which have a terraced surface cut by deep gullies or surge 

channels on their seaward parts. It is extremely difficult 

to state with any degree of confidence whether the apparent 

increase in sea level was due to one or several stroms, even 

several years of storms, or a permanant eustatic change. How- 

ever, the bored nature of the boulders probably support the 

latter. 

At this stage, the low laying land (+ 5 m) behind the 

beach-dune ridge (LI), it is suggested, was flooded by. the sea 

possibly caused by a break e. g. the development of an inlet 

through that ridge where marine currents crossed the ridge 

(a smilar situation. from the Exuma island of the Bahamas has- 

been described by Ball (1967). Subsequently a lagoon formed 

landward of the aealianite ridge while the ridge became trans- 

formed into a barrier island (see Hoyt, 1967a). During this 

stage it is possible that the fossiliferous marls rich in 

ostracods was deposited in the lagoon. 

Std 

By the end of stage C the storm beach deposits which 

demarcated the cliff face were buried by the continued develop- 

went of dune sands which form the aeolinite. unit (L1). This 

may have been due to the prevalence of or return to less 
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stormy conditions or perhaps due to a retreat of the sea. 

Unit (LI), subsequently, grew wider and higher as it received 

more blown sand from the adjacent beach. The lagoon to land- 

ward became shallower and gypsum (particularly discoidal in 

the later phases) was deposited as conditions became more re- 

stricted (see fig. IV. 1.2.8. D). This gypsum followed the ear- 

her marls which are more likely to have formed when there 

was a better connection with the open sea. 

Std 

A second erosive phase occured. The level of the sea 

appears to have risen again above the former level (5 +1 m) 

i. e. to + 10 m or even higher levels. Erosion again resulted 

in the formation of a steep north facing cliff at the foot 

of which the second set of imbricated beach boulders accum- 

ulated. The depression behind the ridge appears to have been 

flooded with water transforming it again to a relatively 

deeper lagoon compared with that of Stage D and the ridge again 

became a barrier island. This is indicated because the 

depression behind the ridge attains an elevation of about + 6m 

to + 7m, while the marine action on the north of the ridge 

reached levels of not less than + 10 m and to a maximum ele- 

vation of + 15 m (as indicated by beach boulder accumulations). 

Such a difference in elevation between the open sea and the 

depression was responsible for flooding of the depression to 

landward (see fig. IV. 1.2.8. E). Again fine-grained marls rich in ostracods 

appear to have passed through the inlet and have been deposited 

in the quiet sheltered environment of the lagoon. 
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Stage F 

By the end of the second erosive phase, sea level fell 

probably to +6 to +7m near its former level. This resulted 

in the emergence of that part of the coast which was tempor- 

arily submerged by the episode dominated by high sea level 

conditions. The emergent coast provided a further supply of 

wind blown sediment and again the second set of imbricated 

boulders produced by the former high sea level were buried. 

The restriction in the lagoon was due to retreat of the sea 

or a return to its former level and a subsequent decrease in 

the influx of open sea water to the lagoon through the inlet. 

This led to the deposition of pure gypsum which became over- 

lain by impure discoidal gypsum possibly when the lagoon be- 

came shallower. A final fossiliferous marl was deposited in 

the lagoon possibly due to a temporary high stand of sea level. 

However, this marl is not succeeded by a bed of gypsum as in 

the previous cycles neither is there any clear evidence of 

erosion at a slightly higher level on the beach-dune barrier. 

This unit terminated the depositional history of the lagoonal- 

sabkha sediments. This was followed by the deposition of 

loess which covered these sediments as well as the aeclianite 

unit (L1) to seaward. The deposition of loess was presumably 

due to a change to a cold climate which resulted in continental 

winds from the south carrying terrestial sediment and deposit- 

ing it on top of both the lagoonal sediments and the aeolinaite 

ridge (L1). This loessic sediment attain its maximum thickness 

towards the flanks of the ridge and thins out over the top of 

the ridge (see fig. IV. 1.2.8. F) and was obviously banked up 
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against this feature. 

Std 

At the end of Stage F, and the deposition of the loess 

which buried the aeolinite unit (L1), normal climatic conditions 

prevailed again and the coastal deposits developed . This 

encouraged the accumulation of wind blown carbonate sediments 

on top of (L1) which were carried landward by the northerly 

or landward directed winds. Because of the continuous supply 

of wind blown material, the second aeolinite unit (L2) developed 

(see fig. IV. 1.2.8 G). This unit is separated from the under- 

lying 2m thick layer of loess by a sharp contact which can be 

clearly seen in the field (see Fig. 11.6). The aeolinite unit 

(L2) is similar in composition to (LI): both consisting of 

an oolitic-skeletal grainstone which has been slightly cemented 

in the vadose environment. This cementation prevented deflation. 

After the deposition and cementation of unit (L2), another epis- 

ode of deposition of loess on the top of this unit took place, 

and was presumably deposited in the same manner as the earlier 

loess unit. This resulted in the burial of the second aeolinite 

unit (L2). 

Stage H 

The mechanism of deposition of unit (L 3)1 was probably 

similar to that which formed unit (L2). The deposition and the 

subsequent burial of the top aeolinite (L3), marked the final 

stage of the development of the third ridge with its present 

configuration (see Fig. IV. 1.2.8. H). 
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The study of the third ridge has shown the complex origin 

. of these ridges. Apparently, the sea' level fluctuated around 

+5m. mark during different stages of the development of the 

third ridge before it finally dropped to another level to-start 

forming the younger, second ridge. The evidence of such fluc- 

tuation, is the presence of two sets of beach boulders within 

the lower aeolinite unit (embryonic stage of formation of the 

third ridge) having maximum elevations of + 13 m and + 15 m 

above the level of earlier beach (+ 5+1 m). During these 

times the aeolinite ridge, it has been suggested, transformed 

to a barrier island in a similar manner as described by Hoyt 

(1967a). It is possible that the two boulder beaches are re- 

lated to two successive marl units of the lagoonal deposits. 

This study indicates the need for further work, particularly 

in the field of correlation of the beach ridges and barrier 

island complexes along the Mediterranean coast especially its 

southern and eastern parts. Some examples in the literature 

appear to show a comparable history in the neighbouring areas. 

Hey (1968), for instance, described cemented dunes which rest 

upon the + 6m shoreline between Bengazi and Derna of Libya. 

This is a quite comparable with the third ridge of Egypt. 

Paskoff and Sanlaville (1977), refered to a brown soil, similar 

to what the author has described as loess, which was laid 

down during a phase of marine regression and is covered with 

calcareous aeolinite. Such a sequence exhibited in Tunisia 

is correlatable with the Egyptian aeolinite - loessic sequence. 

Furthermore, simialar sequences of interbedded loess and cal- 

careous aeolianite together with horizons of beach boulders 

have been found on the western coast of the Gulf of Sirte in 
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the adjacent Libya (Sherif and Evans personal communication). 

From the foregoing discussion, it seems that the Quaternary 

history of'the southern and probably the eastern Mediterranean 

are quite similar. Therefore, it'is recommended that a detail- 

ed study of major exposures along the Mediterranean, be 

undertaken with a view to obtaining an overall view of the 

development of the Mediterranean coast during the Quaternary. 
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PART 2 

IV. 2 Petrographic Studies' 

IV. 2.1 Introduction 

It is well known that carbonate sediments are more susc- 

eptible to alteration than other sedimentary rocks. However, 

the diagenetic history of many carbonate sediments can not be 

investigated directly as it involves long periods of time and 

frequently has involved several phases; it is therefore use-' } 

ful tQ tackle this problem by studying Quaternary sediments 

where many processes can be assessed at an early state of' 

development. Diagenesis is a general term, in this thesis it 

is restricted to mineralogical, textural and geochemical 

changes that have taken place under low temperature and pres- 

sure after the deposition of the sediments. The'mineralogical 

changes involve the dissolution and recrystallisation of un- 

stable minerals e. g. aragonite and high-magnesium calcite 

and the precipitation of relatively stable minerals e. g. low- 

magnesium calcite. This in turn is accompanied by changes 

in the geochemical parameters of the sediments so altered. 

Petrographic studies lead to a discussion of many pro- 

cesses, e. g. neomorphic transformations of the sediments in 

addition to inversion and recrystallisation of aragonite and 

high-magensium calcite respectively (Folk, 1965). Such dia- 

genetic terms were described by Friedman (1964) as paramorphic 

replacements. Many other terms will be used in the course of 

these petrographic discussions, such as replacement and 
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displacive growth. The former is commonly used for'describ- 

ing processes such as calcitisation of quartz and dolomitis- 

ation of-calcite; whereas the later term is-used in the dis- 

cussion of the growth of various types of gypsum developed in 

the shallow lagoonal-sabkha deposits (Chapter III). It may 

be useful to refer to some earlier workers who have contrib-. 

uted much in the field of carbonate petrography. Orme and 

Brown (1963) applied the term "grain diminution" to describe 

the process which produced a new form of calcite by recry- 

stallisation from a large number of nuclei at low temperature . 

and pressure. These, in their opinion resulted in conversion 

of larger grains to a fine granular mosaic. The equivalent 

term for grain diminution used by Folk (1965) was 'degrading 

recrystallisation' to describe a similar process. However, 

Bathurst (1971) pointed out that the terms grain diminution 

and degradational recrystallisation must be used carefully 

as the latter process may not have produced crystals which 

are smaller in size than those originally present. Banner 

and Wood (1964) defined recrystallisation as a process which 

involves change in size and shape of crystals without an acc- 

ompanying change in chemical composition or crystal structure 

(see also Folk, 1965). 

The area which has been studied is an ideal one for the 

study of the progressive changes in the mineralogical, tex- 

tural and geochemical composition of sediments with time. In 

this respect, the area exhibits a remarkable. similarity to 

the calcareous dune-rocks of the Peninsula of north-eastern 

Yucatan, as described by Ward (1971). 

In this study the sediments and rocks of each individual 
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ridge, from the most recently formed coastal ridge to the 

' oldest most inland ridge, have been studied and this was 

followed by a study of the rocks from. limestone quarries and 

old Roman caves in the second and third-ridges respectively. 

IV. 2.1.1 Preparation of sample for petrographic studies 

and methods of study 

The loose carbonate grains of the present day calcar- 

eous beach and dune sediments as well as the slightly cement- 

ed carbonate rocks and gypsum bearing lägoonal sediments were 

impregnated prior to thin sectioning. The technique of imp- 

regnation used in this study (see Appendix IV. 1) was suitable 

for both carbonate and gypsum bearing sediments. Most of the- 

thin sections were stained with Alizarin red-S solution and a 

few were stained with Feigl's solution (see Appendix IV. l). 

IV. 2.1.2 Purpose of study 

The main purpose of this study was to determine the 

progressive stages of diagenesis of the carbonate sediments 

from one ridge to another with respect to time. This was 

facilitated as each individual ridge represents an independ- 

ent geologic unit which has been deposited at a particular 

geological time during the Quaternary. Accordingly, the study 

of successive ridges which developed at different stages of 

construction of the Quaternary coastal plain, give an opport- 

unity to ascertain the progressive diagenetic history of the 
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Quaternary sediments and their varying environments of 

deposition. 

IV. 2.2 Petrographic studies on the sediments of the carbonate 

ridges 

IV. 2.2.1 The sediments of the coastal beach-dune ridge 

fringing the present shoreline: 

The sediments of this ridge are loose and mainly composed 

of well sorted, well rounded carbonate grains which consist 

essentially of ooids together with minor amounts of peloids, 

bioclastic grains and fragments of molluscs, echinods, bry- 

. 
ozoans, calcareous algae and foraminifera. The ooids have 

an average grain size ranging from 250 to 500 . while the 

bioclasts have a wide range of grain size from 250 to 1000/74. 

The ooids are of two types: those, which are dominant are 

termed true. ooids, because they exhibit a cortex of several 

tens of concentric layers which surround a relatively small 

nucleus; and for those with a cortex composed of less than 

five concentric layers the term surficial ooids is used. The 

composition of the nuclei of both true and surficial ooids 

in order of their abundance, are: peloids, skeletal fragments, 

calcareous algae, forams and quartz. The present day beach 

and dune sediments have the same composition and there is 

no lateral variation in their composition when they are 

traced from Alexandria to El Omayid, a total distance of, 70 

kms. 

= micron =1 of a millimetre 
1000 
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The most obvious diagenetic feature of these sediment 

is the micritisation of the carbonate grains by algal borings. 

Some-of the grains only exhibit partial micritisation and 

these are of two types: 

1. Those which possess irregular micritised"patches 

within the well defined concentric zone of the ooids. Such a 

type has been described by Newell et al. -(1960) and Bathurst 

(1966). The latter attributed this feature'to several epi- 

sodes of boring by algae which developed on the surface of 

the ooids during various stages of their growth (see Fig. IV. 

2.1). 

2. - The second type shows micritic patches which are 

only developed on the outer surfaces of the ooids. These 

formed when the micritised ooids were neomorphised, at a 

later stage, to calcitic microspar and again this is thought 

to be due to algae (Bathurst, 1971). When such a process 

progresses inwards, the internal structure has been damaged 

and the coherence of the ooid grains is weakened (see-Fig. 

IV. 2.2). When the ooids are subjected to intensive algal 

boring they lose their concentric structure and develop into 

grains-which-are undistinguishable from peloids. In very 

few cases a weak pseudo-uniaxial figure can still, however, 

be observed under cross nicols which confirm the origin of 

such grains. 

Most of the aragonitic grains, including the ooids, 

have not suffered intensive dissolution. Acicular aragonitic 

crystals which filled some foraminiferal and gastropod chamb- 

ers have rarely been affected (Fig. IV. 2.3). This explains 

the high aragonite/calcite ratio of the beach-dune sediments 
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1ý1 - 

Fig. IV. 2.1 Development of micritic patches within 
the well defined concentric layers of ooids, coastal 
ridge, sample 37. 

Fig. IV. 2.2 Weakness of body of an ooid due to sub- 
jection to heavy micritization followed by development 
of neomorphic microspar, coastal ridge, sample 44. 

x 120 

x 125 
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of the coastal ridge. While the occurrence of unaltered cal- 

careous-algae and foraminifera accounts for the considerable 

amount of high-magnesiura calcite in the bulk samples (see also 

part 3 of this Chapter). There are however some minor 

mineralogical alterations, particularly among the slightly 

cemented dune samples. In the latter some tiny drusy calcite 

crystals have been found coating the grains (see Figs. IV. 2.4,5). 

These calcine crystals were probably precipitated after the 

dissolution of some of the aragonitic grains and the carbonate 

produced from such dissolution was later deposited as a calcite 

cement due to oversaturation in the pore-waters produced by 

evaporation. 

The abundance of ooids and the absence of a carbonate- 

mud matrix, as well as the rounded and well sorted character 

of the carbonate grains is characteristic of sediments deposited 

in a high energy warm shallow marine environment. These sedi- 

ments were carried landwards to form the present day beach- 

dune. ridge. 

IV. 2.2.2 The sediments of the second ridge: 

The sediments'of this ridge are composed of well rounded, 

well sorted carbonate grains which mainly consist of ooids and 

peloids as well as some lithoclasts and bioclastic components 

e. g. those of calcareous algae, foraminifera, gastropods and 

bryozoans. The skeletal and non skeletal grains are cemented 

together by a calcite cement to form a skeletal oolitic grain- 

stone. The average grain size of the ooids is about 500 t. 

whereas the skeletal grains exhibit a wide range of size, 
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Fig. IV. 2.3 Foraminiferal chambers filled with 
acicular aragonite crystals, coastal ridge, sample 43, 

crossed-polars 

Fig. IV. 2.4 Deposition of drusy calcine on grain 
surface with slight tendency to occlude the inter- 
particle pore spaces, coastal ridge, sample 22, 
crossed-polars. 

x 15O 

x 120 
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but rarly exceed 1000/t4. Both true and surficial ooids exisc 

and are similar to those described from the coastal ridge. 

The peloids exhibit a uniform micritized internal structure, 

as those described by Bathurst (1971). 

Most of the aragonite grains have not suffered complete 

dissolution. However, some grains have been partially diss- 

olved to produce a moldic porosity. Some of the carbonate 

derived from the dissolved aragonite grains have been dep- 

osited as a calcite cement around neighbouring grains. Some- 

times the ooids have been subjected to intensive leaching, 

and their concentric structure has become obscure. The rap- 

idly removed aragonitic crystals left the mucilagenous 

framework unsupported and this collapsed without leaving a 

framework on which later calcite crystals could orient them- 

selves (Shearman and Skipwith), 1965). This process together 

with boring by algae has destroyed the internal structure of 

many ooids (see Fig. IV. 2.6). The sediment of this ridge 

has undergone a similar diagenetic history to the carbonate 

sediments of Florida and the Bahamas described by Robinson 

(1967) and may be compared with rocks of the diagenetic stage 

III of Land et al. (1967). 

Usually only one phase of calcite cement can be recogn- 

iced, this has been precipitated on the grain surface and 

near grain to grain contacts. However, a second phase of cal- 

cite cement, although of only minor importance, also forms 

a mosaic-calcite cement overlying the cement of the first 

phase. The two phases can be differentiated from one another 

by a dusty line of demarcation (see Fig. IV. 2.6). Thorstenson 
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Fig. IV. 2.5 Grain contact calcite cement in 
. the 

slightly cemented sediment, coastal ridge, sample 22, 

crossed-polars. 

x y() 

x 120 

Fig. IV. 2.6 Development of moldic porosity after the dissolution 
of aragonitic grains. Note the deposition of the second phase of 
calcite cement, the filling of the interparticle pore spaces 
and the destruction of the ooid concentric structure when 
aragonite inverted to calcite microspar, second ridge, sample 17, 
Crossed-polars. 
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et al. (1972) concluded from laboratory experiments that cal- 

cite can be deposited in the vadose zone. This appears to be 

verified here. It is important to note that the sediment of 

this ridge does not exhibit any significant lateral changes 

in their composition and form a distinctive homogeneous sedi- 

mentological unit. 

In contrast with the sediments of the coastal ridge, 

the rocks of the second ridge show some evidence that clearly 

indicates progressive diagenetic alteration. This can be 

summarised as follows: 

a. Partial to complete dissolution of more. aragonitic 

grains than '(is seen) in the sediments of the 

first ridge. 

b. The development of more moldic porosity and more 

infilling of 'the pore spaces with calcite cement. 

c. The development of a second phase of calcite cem- 

. 
ent which, although of minor occurence,:.. has 

started in some cases to fill the interparticle. 

pore-spaces. 

d. The aragonite/calcite ratio of the sediments, 

though still high, is less than that of the sedi- 

ments of the first coastal ridge (see part .3 of 

this chapter). However, the occurrence of acicular 

crystals of aragonite and many undissolved aragonite 

grains are responsible for the continuing high 

aragonite/calcite ratio. 

e. The rocks of the second ridge have a high porosity 

for two reasons: the first reason is that the 

primary pore spaces have not yet been completely 



153 

filled with calcite cement; the second being the 

development of moldic porosilty which have remained 

unfilled with cement. 

The abundance of ooids, the well sorted and well rounded 

grains together with the absence of carbonate-mud and other 

fine matrix suggest, that these sediments were originally de- 

posited in a high energy, warm, shallow marine environment. 

The high energy environment was apparently interrupted by 

either episodes of slow rate of sedimentation or tranquil 

periods when conditions were favourable for marine cementa- 

tion (Shinn (1971) stated that areas of rapid and/or muddy 

sedimentation are less likely to become cemented that areas 

of slow -carbonate sand sedimentation}. This assumpiton is 

based on the fact that some coupled aggregates'of ooids have 

been observed with a common oolitic coat (see Fig. IV. 2.7). 

These probably-formed in an evironment which allowed the 

ooids to join; later these cemented aggregates of ooids were 

mobilized and an oolitic coat developed around them. Simi- 

lar aggregated grain have been observed from the Khor Al 

Bazam area of Abu Dhabi (Kendall and Skipwith, 1969) as well 

as by Illing (1954) and Purdy (1963) from the Bahaman region. 

IV. 2.2.3 
- The sediments of the third ridge: 

The rocks of this ridge 

well sorted carbonate grains, 

1000 *1. These grains consist 

calcareous algae, foraminifer 

and spines as well as peloids 

are composed of moderately to 

ranging in diameter from 250 to 

of skeletal fragments including 

a, bryozoans and echinoid plates 

and ooids (see Fig. IV. 2.8). 
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X 

Fig. IV. 2.7 Composite grain with oolitic coating, second ridge 
sample 38, 

X 85 

Fig. IV. 2.8 The development of calcite cement in the 
sediment of the third ridge, sample 40, 
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They are best termed skeletal, grainstones. Selim (1974) 

studied the origin and lithification of the Pleistocene carbon- 

ate of the Salum area, which lies 500 km. to the west of the 

area which has been studied. He showed. that the sediments of 

the younger two ridges to seaward are composed mainly of ooids 

while that of the third ridge is composed of intraclasts, 

pellets, skeletal grains and quartz cemented together with low 

magnesium calcite. ` 

The. studied rocks have undergone various diagenetic 

alterations. These are: 

1. The development of moldic porosity which resulted 

from the leaching of aragonitic grains. 

2. Replacement of some-skeletal grains by calcite 

microspar (see Fig. IV. 2.9). This microspar may 

have possibly, replaced original aragonite skeletal 

grains. The"dekrelopment of such a microspar 

makes it difficult to distinguish between cal- 

cite mosaic cement and neomorphic microspars. 

This is particularly difficult when the dusty 

line which usually demarcates the surface of the 

carbonate grains is entirely enclosed within cal- 

cite crystals i. e. both the neomorphic and the 

cementing crystals. In some cases an ellipsoidal 

and rounded grain, probably originally a peloid 

or micritized ooid, has been obliterated by the 

development of neomorphic microspar (figs. IV. 2.10, 

11). As a result the origin of such an altered 

grain remains unknown. However, on other occasion 

partially altered ooids can be seen where some of 
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Fig. IV. 2.9 Replacement of skeletal grain by microspar, 
third ridge, sample 28, crossed-polars. 

Fig. IV. 2.10 Another example of replacement of rounded 
and ellipsoidal grains probably peloids by calcite micro- 
spaý, third ridge, sample 81. 

x 1', 0 

x 125 
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the concentric structure still remains (fig. IV. 2.11). 

Most of the body of such'an ooid has been destroyed 

by the replacing neomorphic microspar. It seems 

likely that many of the undifferentiated rounded or 

ellipsoidal grain which now consist of mass of micro- 

spar were originally ooids. 

Some skeletal grains which are known to have been 

originally composed of high-magnesium calcite have been tran- 

sformed to low-magnesium calcite without suffering auy obvious 

textural change (figs. IV. 2.12,13 and Chanda, 1967a). This 

process may be either termed paramorphic replacement (Friedman, 

1964)., or recrystallization (Folk, 1965). The loss of Mg++ 

from the calcite lattices of these skeletal grains due to re- 

crystallisation has taken place without the destruction of 

the crystal lattices, thus the skeletal grains have retained 

their delicate structure inspite of such changes. 

Dolomitizatiön: The presence of dolomite in the rocks 

which have been studied was first noticed on X. R. D. traces 

and confirmed by microchemical staining using Alizarin red-S 

solution. which revealed the presence of minor amount of dolo- 

mite in the sediments. Small euhedral to subhedral dolo- 

mitic rhombs can be seen partially replacing the interior. 

of some fine grained particles (fig. IV. 2.14). Either these 

particles are of detrital origin and are clasts of fine 

grained dolomitic limestones eroded from earlier rocks or 

else the dolomite, may have formed by preferential dolomitiza- 

tion of pellets. There is also some evidence that some 

skeletal grains have been partially replaced by dolomite. 

Dolomitization is a common process in marine environ- 

ment where the carbonate grains are subjected to a coatinuous 
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Fig. IV. 2.11 Partial 
causing destrucLio, i of 
although some parts of 
crossed-polars. 

replacement of 
the concentric 
it can be seen, 

x 125 

an ooid with microspar 
structure of the ooid, 

third ridge, sample 82, 

x 80 

Fig. IV. 2.12 Calcareous algae probably Amphiora, its delicate 
ultrastcucture is preserved although recrystallized to low-magnesium 
calcite, third ridge, sample 88, crossed polars. 
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Fig. IV. 2.13 Recrystallization of a foraminiferid without any 
damage of the structure of the test and filling of its chambers 
with granular calcite cement, third ridge, sample 89. 
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Fig. IV. 2.14 Dolomitic rhombs within a grain, third ridge, 
sample 28. 

x 100 
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influx of Mg to cause reaction with CaCO3 as follows: 

Mg ++ +2 CaCO3 ' CaMg(CO3)2 + Ca ++ 

in soln. carbonate Dolomite in solution 
sediments 

In the vadose environment where the carbonate sediments 

are subjected to leaching by fresh water and where there is 

no enrichment of Mg++ or it is not available in such water, 

dolomite is sparsely developed. But under certain circumstances - 

when Mg is available in these solutions, partial dolo- 

mitization can take place. 

Chave (1954-b), stated that the removal of Mg ++ from 

fossils may lead to the deposition of dolomite nearby. Graf 

and Goldsmith (1955), described the synthesis of dolomite 

from algal-high magnesium calcite in the following equation: 

High-Mg calcite (I) Dolomite + high-Mg-calcite (II) 

where high-Mg calcite (II) is poorer in Mg ++ than that of M. 

Land (1967), stated the possibility of dolomitization of ara- 

gonite under normal diagenetic conditions, where high-magnesium 

calcite is more susceptible to dolomitization. Alexanderson 

(1972), stated that high-magnesium calcite in subaerial cond- 

tions. loses Mg ++ 
and is rapidly changed to low-magnesium calcite 

without any accompanying textural changes. An increase of 

Mg ++ from external source leads to dolomitization. 

Also, of course, Mg++ leached from high-magnesium calcite 

skeletal grains when concentrated by evaporation may itself 

cause partial dolomitization of neighbouring carbonate grains. 

Cementation: Three types of calcite cement have been 

distinguished: (1) the meniscus type similar to that which 

was described by Dunham (1971) (fig. IV. 2.11), (2) 'the grav- 

itational type similar to that described by Muller (1971), 
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(fig. IV. 2.18). Muller (op. cit. ) described this type of 

cement as an indication of the vadose environment. He stated 

that this gravitational type of cement is "forming after the 

bulk of mobile water has dried out of the pores but still 

leaving a thicker film "drop" at the lower surface of the 

grains facing in the direction of the gravity vector and in 

the vicinity of grain contacts, the upper (opposite)'surfaces 

" only being covered by a thinner film of water". 3) the 

third type of cement which is also found is the equant cal- 

cite mosaic. This is found filling chambers of gastropods 

and foraminifera (see fig. IV. 2.13). First, tiny calcite 

crystals have been deposited on the inner chamber wall; these 

were followed by the deposition of equant calcite crystals 

which filled the whole chamber. The chambers of foraminifera 

and gastropods behaved"as micro-environmemts similar to the 

phreatic environment where water persistently occur which 

gives enough time for granular calcite to develop. The cement 

which developed in the rocks of this ridge have not entirely 

filled the whole interparticle pore-spaces, so the rock is 

still porous. 

Two phases of calcite cement can be recognised: the 

first formed by the deposition of a drusy calcite cement on 

the grain surface; the second phase post-dates the first and 

formed as a bladed or granular calcite mosoic which started 

filling the interparticle pore-spaces (see fig. IV. 2.15). A 

dusty line is found demarcating the boundary between the 

two phases of calcite cement. 

The bladed and fibrous calcite crystals are deposited 

normally on the grain surface and have grown towards the 
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inter-particle pore-spaces. This pattern is similar to the 

äragonitic cement formed in beach rock (see figs. IV. 2.16,17). 

Such pattern characterizes the rocks from the lower parts of 

the ridge. Usually it is the aragonite which was precipitated 

as fibrous crystals in the formation of beach rock. It 

appears that the described pattern, of fibrous crystals, were 

originally aragonite and have retained the original form of 

aragonite crystals even after being replaced by calcite. This 

is a possible process in a phreatic brackish environment which 

may have occupied the lower parts of the ridges.. -Here Mg ++ 

could have retarded rapid dissolution of aragonitic crystals 

(Bathurst, 1971), and may have then allowed piecemeal replace- 

ment. Folk (1974) in his studies on the effect of Mg and 

salinity on the crystal growth of CaCO3 concluded that, Mg++ 

selectively inhibited sideward growth of calcite; thus CaCO3 

prefers: to crystallize as aragonite or minute fibres or steep 

rhombs of high-magnesium calcite. He suggested that Mg++ . 

prohibits all the crystal growth direction but one - the C- 

axis direction - thus forcing magnesium calcite to assume 

the fibrous or steep rhombic form. Folk (op. cit. ) neither 

discuss the possibility of deposition of fibrous low-magnesium 

calcite from solution bearing Mg ++ 
as suggested above, nor 

the piecemeal replacement of fibrous aragonite by calcite in 

brackish Mg++ bearing waters. Such brackish water may have 

been resulted from the mixing of saline and fresh waters: 

the former having moved inland from the Mediterranean, whilst 

the later is the meteoric water which has percolated through 

the sediment. Also, of course, some fresh water may have 

resulted from seepage from the Nile delta (see also hydro- 
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Fig. IV. 2.15 Two phases of calcite cement, notice the 
dusty line separates both phases, third ridge, sample 
4, crossed -polars 
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Fig. IV. 2.16 Bladed and acicular calcite cement 
deposited similar to those developed in beach rocks, third 
ridge, sample 98, crossed-polars. 
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Fig. IV. 2.17 Fibrous calcite ý, cment developed in the 
rocks of the western part of the third ridge, sample 
70, crossed-polars. 
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Fig. IV. 2.18 Gravitational cement developed in the vadose 
environment, third ridge, sa: uple 4, crossed-polars 
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geological aspects part 1.5 and figs. 1.5.1,2). 

Because of the dissolution of aragonite and deposition 

of calcite the aragonite/calcite ratio of the bulk sediments 

have decreased (see part 3 for details). 

In contrast to the sediments of the first two ridges 

which are compositionally similar and thought to have been 

originally deposited in similar high energy environments be- 

fore being finally blown landwards to form the present aeolian 

ridges, the sediments of the third ridge seems to have been 

deposited originally in a slightly different environment. 

These sediments consist largely of calcareous algae, benthonic 

foraminifera together with molluscan shell fragments with 

. 
fewer. ooids. This may suggest a different wager chemistry 

(salinity) for these sediments when compared with the condi- 

tion in which those of-the first two ridges were formed. How- 

ever, as in the former cases they were ultimately driven shore- 

wards and accumulated to form a beach ridge capped by aeolian 

dunes. 

IV. 2.2.4 The sediments of the fourth ridge 

The rocks of this ridge are composed of moderately 

sorted carbonate grains. These grains consist of molluscan 

shell fragments, calcareous algae, foraminifera, bryozoans, 

peloids and ooids together with-non carbonate siliclastic 

grains e. g. quartz and feldspars which are found to be high 

and increase towards the eastern parts of the fourth ridge. 

The siliclästic particles may have been blown from the 

alluvial plain of the Nile delta which is located to the east 
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of the ridge or possibly more likely from beaches which were 

richer in siliclastic sediment due to their porximity to the 

Nile delta. The sediments of the fourth ridge, however, are 

compositionally similar to those of the third ridge. The only obv- 

vious difference is the greater abundance of siliclastic grains 

which are found in the sedinients of the fourth ridge. The 

rocks of this ridge are best termed skeletal grainstones. 

The rocks of the fourth ridge have undergone progressive 

diagenetic alterations. Micrice has been fouLid either'envelop- 

ing the'carbonate grains or extends into the grain interior 

to obsucre its internal structure (see fig. IV. 2.19). How- 

ever, when the micritization progressed to overwhelm the int- 

ernal structure, the entire grain became a structureless 

mass of micrite"and the problem of identification is then 

considerable. 

Some aragonite grains have been leached and this. has 

created mouldic porosity. These pores are partially filled 

with calcite cement. The moulds of the aragonitic skeletal 

grains are preserved by micritic envelopes. These moulds are 

partially supported by the first phase of calcite cement. 

When the skeletal grains went into solution and the calcite 

cement was deposited the outer frames of the original ara- 

gonitic grains were preserved and now reveal the original 

shape of such dissolved grains, although they have lost the 

details of their internal structure. 

Two types of recrystallization can be seen in fragments 

of calcareous algae. These were originally composed of high- 

magnesium-calcite and have now been recrystallized to low- 

magnesium calcite. The first type, has taken place with com- 
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plete preservation of the delicate structure of the calcareous 

algae as seen in the sediments of the third ridge. The loss 

of Mg++ which accompanied such recrystallization had obviously, 

not damaged the skeletal structure. The second type, is that 

which was accompanied by an obliteration of the structure of 

the skeleton. This type is observed when calcite microspar 

is found developed and obscures the internal structure of the 

calcareous algae (fig. IV. 2.20,21). The reasons for the 

presence of two types of recrystallization. for a skeletal 

grain composed of high-magnesium calcite is not clearly under- 

stood. However, some possible processes are discussed below 

in an attempt to understand such a phenomenon. 

The amount of Mg ++ incorporated in the high-magnesium 

calcite lattices: 

When the amount df Mg++ in the high-magnesium calcite 

is originally small (slightly higher than that in a low- 

magnesium calcite lattice), the loss of Mg++, due to recry- 

stallization, may-not lead to obvious structural destruction 

of the calcite lattice. Hence a skeletal grain which is 

originally composed of high-magnesium calcite will retain 

its original structure after being recrystallized to low- 

magnesium calcite. 

However, when the amount of Mg ++ in the high-magnesium 

calcite is higher than that in the case discussed above (Banner 

and Wood, 1964); the loss of Mg ++ due to recrystallization may 

lead to the evacuation of a large number of sites within 

these lattices which have been previously occupied by Mg++. 

This may subsequently lead to the destruction of these lattices 

and hence to collapse of the skeletal structure particularly 

when recrystallisation is taking place rapidly. 
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In places algae have bored deeply into skeletons of the 

calcareous algae and have produced an interconnected framework 

of algal tubes. After the death of these algae and decay of 

their filaments', they left hollow tubes which have later been 

filled with patches of aragonitic micrite within the high- 

magnesium calcite calcareous algae, subsequently creating 

areas of solubility contrast, within the algal'body due'to 

coexistence of more than one mineral phase (Schroeder, 19G9 

and Winland, 1971). When such a skeletal grain was subjected 

to an influx of fresh water (e. g. in the vadose zone), the 

aragouitic micrite would have been dissolved and calcite 

microspar was then deposited. The inversion of fine grained 

aragonite to calcite microspar, within the closed microsystem- 

created by infilling of empty tubes, would have been accompanied 

by an increase in volume of such pore space. Such an increase 

in volume results from the smaller specific gravity of calcite 

compared to aragonite this subsequently leads to destruction 

of the skeletal grain.. 

The aragonitic patches may be developed by other means. 

Winland (1969) and Kendal and Skipwith (1969) suggested that 

under marine conditions partial recrystallization of high- 

magnesium calcite skeletal grains to aragonite is a possible 

mechanism. When such, partially recrystallized grains were 

exposed to fresh water, e. g. in the vadose environment the 

aragonitic patches would invert to calcite microspar-and sub- 

sequently damage the skeletal structure. 

Folk (1973), described the role of Mg in the course 

of recrystallization of high-magnesium calcite to low-magnesium 

calcite as follows: upon burial and advanced diagenesis the 
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magnesian calcite expels the Mg++. This results in a formation 

of a uniform mosaic of polyhedral, equant blocks of calcite 

averaging about 21". According to Folk, the Mg++ expelled 

from the new, tiny calcite crystals are retained interstitially 

in the rock and probably attached to the surface of-calcite 

polyhedra; they form a "cage" around each calcite crystal which 

prevents normal growth beyond the equilibrium size of. 2-31. 

This may be the mechanism responsible for recrystallization of 

high-magnesium calcite skeletal grains without damaging their 

delicate structures. Folk (op. cit. ), stated that "if for any 

reason the surroundings became very low in Mg, the calcite 

crystals are freed of their imprisoning cage of Mg++, they can' 

burst through the "micrite curtain" and by porphyroid neo- 

morphism transform to microspar or even pseudo-spar. Folk may 

be correct in his statement about the inhibiting effect of Mg 

in the growth of low-magnesium calcite and it is possible that 

process invoked by Folk's may provide another explanation for 

the recrystallization of a high-magnesium calcite skeletal 

grain (Fig. 2.20,21) which was accompanied by a. great deal 

of obliteration of the structure of the skeleton. Chanda 

(1967b) 'refered to two types of recrystallization: the first 

has produced internal and what he called self-destructive; 

the second led to selective retention of the structures. He 

went further and stayed that structurally initiated internal 

recrystallization in many cases is facilitated by the aragonitic 

composition of the pre-existing structures, which inverts to 

calcite with time. The cause for initial preference to re- 

crystallization (calcite to calcite) of one type over the 

other and vice versa according to Chanda is not known. He 
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Fig. IV.. 2.19 Intensive w1critization of skeletal grains 
ha, ob., cured their internal structure, fourth ridge, sample 
11, 
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Fig. IV. 2.20 Recrystallization of a skeletal grain, 
probably a calcareous alga. Note the development of micro- 
spar and its role in damaging the structure of the 
skeletal grain, fourth ridge, sample 42. Crossed-polars. 
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also claimed that slight variation in the distribution of Mg++ 

in the calcite may be a possible factor. 

The cement includes equant granular calcite mosaic (see. 

fig. IV. 2.19), together with some bladed calcite crystals. 

The equant calcite mosaic has been found filli«g the inter- 

particle pore-spaces and chambers of some skeletal e. g. foram- 

inifera*(see fig. IV. 2.22). Bladed calcite crystals are some- 

times found deposited in the interparticle pore-spaces. Un- 

dissolved acicular aragonite crystals are only found filling 

the chambers of gastropods-or foraminifera particularly in 

the sediments of the western side of the ridge. Gravitational 

cement, although not common, is a significant-indicator of 

cementation in the vadose environment (see fig. IV. 2.23). 

Petrographic studies on the sediments of the western 

parts of she fourth ridge showed the development of some 

bladed calcite cement which-is quite different-from the usual 

grannular type found elsewhere in the area. It has been 

suggested that the bladed calcite cement developed by "inversion" 

of aragonite to calcite in brackish water, where the magnesium 

ions slowed down the process (see also Folk, 1974), thus allow- 

ing piecemeal replacement (inversion) or aragonite to calcite. 

This has subsequently allowed crystals to retain their bladed 

or firbrous texture when gradually replaced or inverted to cal- 

cite. The brackish water is thought to be the result of the 

mixing of saline water, which intruded inland from the 

Mediterranean Sea, with fresh and meteoric waters which percolated 

through the sediments (see explanotory fig. 1.5.2 and hydro- 

geological aspects 1.5). 
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Fig. IV. 2.21 Another example of recrystallization of a fragment of 

a calcareous alga accompanied by the development of 
neomorphic microspar, fourth ridge, sample 49. 

x 130 

Fig. I'ß'. 2.22 Filling of chambers of foraminifered with equant mosaic calcit 
fourth ridge, sample 47. 
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Fig. IV. 2.23 Gravitational cement and sparmicritization, 
fourth ridge, sample 49, 

X 80 
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The aragonite/calcite ratio, which is indicative of 

the degree of diagenesis of the carbonate sediments, shows a 

good correlation with the petrographic data. Whenever fresh 

undissolved acicular aragonite crystals were found filling 

the chambers of gastropods or foraminifera and where fresh 

ooids occur, the aragonite/calcite ratio is found tobe as 

high as 35/65. This ratio drops dramatically in the eastern 

parts of the ridge to 3-5/95 where aragonitic grains are mostly 

dissolved and calcite cement has filled most of the inter- 

particle pore-spaces. This has been taken as evidence for 

the past effect of the influx of the fresh water of the Nile 

delta into the adjacent sedimeats. It is also important to 

note that the variation in the aragonite/calcite ratio along 

the ridge is not related to the variation in the original rock 

compo6ition, but is essentially related to the difference in 

intensity of diagenetic alterations to which these sediments 

have been subjected. This in turn, is related to the amount. 

of fresh water which has moved into the sediments. Such an 

effect will be discussed in detail in part 3 of this chapter. 

IV. 2.3 Petrographic studies on the rocks of the limestone 

quarries of the second ridge 

IV. 2.3.1 General 

The study of the rocks from the quarries have provided 

information about the mechanism of diagenetic alterations 

which have taken place within the ridge sediments. These 

quarries are from east to west: El Agami, Sidi Kreer and 
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El Hammara quarries. These are located 21,35 and 63 km 

respectively west of Alexandria. The samples are composed of 

well sorted well rounded oolitic grainstones. These consist 

mainly of ooids and with a few grains of peloids, calcareous 

algae and foraminifera. The average size of'these grains is 

about 4001 
AA. 

The aragonite/calcite ratio is high (see also 

part 3). Some grains, particularly the ooids have been mic- 

ritized by boring algae, when such micrite extended inwards 

to the grain core, the structure of such-a grain is obliterated 

and micritized ooids can hardly be distinguished from a peloid. 

There are two types of porosity developed: the first, is 

considered primary as it forms the interparticle pore spaces; 

the second Lype, however, is diagenetic i. e. developed after 

the dissolution of aragonicic grains and is thus secondary or 

mouldic porosity. Most of the moulds are left unfilled with 

cement and were developed by intensive leaching of carbonate 

grains of the upper part of the ridge, 'while most of the 

original porosity developed in the bottom part of the ridge 

has now been destroyed as the cavities are filled with cal- 

cite mosaic cement. This is apparently because water was 

persistently present in this zone and subsequently lead to 

cementation. Although there is no distinctive relationship 

between the amount of cement and the depth. It appears that 

these types of fabric i. e. the one found in the upper part 

of the ridge with interparticle and mouldic c-porosity and on 

the other hand the one found in the lower part of the ridge 

with much less porosity are indicative of the vadose and 

phreatic zones respectively. 
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Sediments from the vadose zone, when subjected to leach- 

ing by meteoric water lead to a solution rich in dissolved 

CaCO3. When this percolates through the rock it becomes 

saturated with CaCO3 due to the dissolution of more aragonitic 

grains during its downward passage. This when oversaturated, 

started to deposit calcite crystals on grain surface or the 

destruction of the primary and secondary porosity. Two phases 

of calcite cement have been distinguished: the first is 

that which was deposited as drusy calcite on the grain sur- 

face, the second phase, is that which was deposited as gran- 

ular calcite cement and filled the interparticle pore-spaces. 

In a few cases, bladed calcite crystals are observed instead 

of the familiar granular type. In such cases the crystals 

were directly deposited on grain surfaces and grew outwards 

until they met along a dusty, compromise boundary. Such a 

cementation pattern may indicate a continuous episode of deposition of 

calcite without break. It should be noted, that Lhis type 

of cement distinguishes the sediments of the middle part of 

the quarry where it is suggested a"contact zone between the 

upper (vadose) and lower (phreatic) zone exists (see part 

IV. 3). 

IV. 2.3.2 Celestite deposited within the sediments of lime- 

stone quarries: the significance of its occureace 

The mechanism of dissolution of aragonite and the pre- 

cipitation of calcite within the carbonate sediments of the 

second ridge has not only resulted in the creation of mouldf c. 

porosity and sometimes the filling of these pores with 
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calcite cements, it has also resulted in* the precipitation of 

celestite within the sediments. This has developed in several 

ways: 

1. Pore filling celestite 

Celestite has been found filling some of. the interpar- 

ticle pore spaces (figs. IV. 2.24,25). The precipitation of 

such a mineral appears to have taken place when solutions 

bearing Sr++ and others bearing SO4 came into contact and 

reacted in the pore spaces. Celestite (Sr SO4) was deposited 

and filled the pore spaces between the carbonate grains. 

(a) Solutions bearing Sr-" 

Solutions bearing Sr++may have resulted from the dissol- 

ution of aragonitic-grains in the vadoze zone. When these. 

grains were leached by fresh meteoric water, Sr++ which was 

incorporated in aragonitic lattices, was released and carried 

downwards with the percolating calcium carbonate rich solution. 

When calcite started to precipitate as a cement, the remain- 

ing solution became enriched with Sr++. This is because the 

precipitated calcite accomodated only a small amount of the re- 

leased Sr++, due to its lattice spaces being much smaller than 

that of aragonite, and it could not accömodate the inos with 

relatively large atomic radii of Sr++. The difference in 

amount of Sr ++ 
which were previously accomodated in the ara- 

gonitic lattices prior to dissolution and that which was in- 

corporatedin the calcite lattices after inversion represents 

the amount of Sr++ enrichment in the percolating solution and 

which was available for reaction with SO4 to produce celestite. 
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Fig. IV. 2.24 Celestite(c)filling the interparticle pore 
spaces, quarry sample of the second ridge. Crossed- 

polars 
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Fig. IV. 2 
. 
25 Celestite (c) filling the pore spaces and possibly 

partially replacing upper outer concentric aragonitic 
layer of an ooid, quarry sample of the second ridge, 
crossed-pula: s 
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(b) Solution bearing SO4 

Lake Maryut occupied the depression behind the second 

ridge, its water can possibly extend northwards under the 

sediments of the second ridge to form an arm of dense saline 

water over which the fresh water floats. It is probably 

that SO4 diffused from such saline water through the over- 

lying Fresh phreatic water and transformed it to a brackish 

water which still contains a considerable amount of SO4 .' 

The S04 of Lake Maryut have been tested by Ba Cl2 solution 

which proved positively the abundance of SO4 . The S04 

bearing solution, ascended by capillarity to form the inter- 

stitial water that filled the intergranular pore spaces. 

When the downward percolating solution (rich in Sr± and 

the ascending SO4 bearing solution met in the inter-particle 

pore spaces, and when both solutions attained the appropriate 

concentration, a possible reaction between them took place and 

led to the precipitation of celestite. Evans and Shearman 

(1954) suggested that'any diagenetic changes which resulted 

in solution or replacement of aragonite would be expected to 

release Srinto the pore waters and celestite-would thus be 

deposited as a bi-product of this process. Khantaprab (1972) 

described celestite from core samples from the sea floor of 

the Persian Gulf. El Hinawi and Loukina (1972) suggested that 

the high Sr content 
of the Mokattam, Upper Eocene limestone 

of Egypt (near Cairo) is due to the presence of dispersed 

celestite grains, but did not suggest a specific mechanism 

for their formation. It is possible, that the saline or 

brackish phreatic water which occupies the bottom of the 

second ridge, in the area of study has transformed the second 
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ridge . into a closed system or one in which there are only 

slow water movements. This has not allowed the percolating 

solution rich in Sr++, after dissolution of aragonite and 

precipitation of calcite, to move quickly out of such a system 

and has thus provided sufficient time and suitable conditions 

for solution carrying Sr ++ 
and SO to react and to deposit 

celestite in the pore spaces between grains. 

The mechanism of deposition of celestite can be summarized 

as follows: 

(1) The Sr which is available for reaction: 

Aragonite (X Sr++) inverted to Calcite (Y Sr++) +Z Sr++ 

dissolved precipitated released into. 
solution 

The Z Sr (in solution) is equal to X Sr (in aragonite) 

-Y Sr (in precipitated calcite) 

where X Sr ++ is the Sr++ accomodated in aragonite latt- 

ices 

Y Sr++ is the Sr++ accomodated in calcite after inversion 

of aragonite 

Z Sr++ is the Sr which is released into solution and 

. which is available for reaction with SO 4' 

(2) The reaction between released Sr++ and SO solutions 

Z Sr++ +n4 Sr SO4 + Zl Sr++ and or nl SO4 
I 

percolating ascending deposited non reacted ions 
solution solution celestite 

where n is the amount of SO4 available in solution 

++ (nl, Zl) are the autounts of SO4 and Sr respectively remain- 

ing after the reaccion. 

The mechanism of precipitation of celestite may be 

further explained by the equations and diagrams given below: 
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Vadose Zone 

H2O + COZ +2 Ca CO 3 
(X Sr++) di. solutio ý Ca (HCO 

3)2 

meteoric Aragonite carbonate solution 
water 

percolating 

- CO., (gas) + H2O (Z SrT+) +2 Ca CO3 (Y Sr++)F-I 

(By product, after (Calcite deposited 

precipitation of as cement) 
calcite) 

percolating ->Sr 
SO4 + (ZI or 

n) ions 

Phreatic zone celestite remaining ions 

H2O (n SO4 ) 

ascending 

Loess 

Calcareous ridge 
I 

Sr++ 

C)o 
]S04-- 

Lake Maryut 

2. Replacive Celestite: 

SrS04 

(: 2D 
Celestite filling 

pore spaces 

Petrographic studies have revealed another type of celestite, 

that is found replacing some carbonate grains. 
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A carbonate grain, probably, a peloid has been almost 

completely replaced by coarse prismatic celestite crystals 

(see fig. IV. 2.26). This type of replacement may have taken 

place when SO4 solutions came in direct contact, for a long 

period of time, with aLagunitic grains; this period was 

sufficient to start off a reaction between them. Such cir- 

cumstances have also allowed slow dissolution of aragonite 

and subsequently released its Sr ++ 
to the surrounding SO4 

solution. Thus a reaction between Sr +-t- 
and SO, took place 

and led to tue deposition of celestite. Such a reaction 

might have taken place in a piecemeal ordei (see fig. below). 

Calcareous ridge 

carbonate grain in contact with brackish water 
(bearing S04--) 

y 

++ 
SrS 04 

Sr T 

S04 

"" 
Sr 

S04 

Celestite replacing the 
carbonate grain 

3. Concomitant precipitation of celestite and calcite 

cement: 

In some cases, some celestite crystals were apparently 

deposited concomitantly with calcite and filled the grain 

pore-spaces to produce intermingling of crystals of both cal- 

cite and celestite (see fig. Iv. 2.27). It is, of course, al- 

ways extremely difficult to be certain of the latter in thin 

sections. The mechamism of deposition of such crystals is 

Lake Maryut 
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Fig. IV. 2.2b Celestite (c) filling the pore spaces and 
replacing a carbonate grain probably a peloid, quarry 
sample. Crossed-polars. 
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Fig. IV. 2.27 Celestite (c) & calcite deposited con- 
comitantly and filling the pore spaces, quarry sample, 
crossed polars. 



184 

rather similar to that described when discussing the first 

type. However, the differente is-that calcite was deposited 

first, in the pore filling type, then the solution left after 

deposition percolated until it met the ascending-solution 

bearing SO4 in the pore spaces. Thus a reaction between two 

solutions takes place and celestite was deposited to fill the 

pore spaces. While the latter type appear to have been deposit- 

ed when percolating carbonate solution bearing Sr; +after dis- 

solution of aragonitic grains, met the SO4 solution in the 

pore spaces for sufficient period of time. This led to con- 

comitant deposition of celestite together with calcite is the 

pore spaces. 

Celestite could have been deposited in the pore spaces 

when solutions bearing Sr ++ 
and SO moved through the rock 

body. Whereas replacive types of celestite presumably required 

more time and hence were deposited when solutions were less 

mobile or at stand-still. Whether or not concomittant deposit- 

ion of calcite and celestite also need such condition is not 

so clear. Further work is needed to find out if there is any 

correlation between the. type of celestite and the diagenetic 

environment i'. e. vadose and phreatic. 



185 

CHAPTER IV 

PART 3 
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PART 3 

IV. 3 Mineralogical and Geochemical Studies 

IV. 3.1 Introduction 

The main aim of this section is to provide information 

on variations in the carbonate mineralogy and to relate them 

to the distribution of various elements e. g. Sr, Mg, Fe and 

Ca. This helps in the interpretation of the diagenetic his- 

tory of the deposits, which have been studied from both min- 

eralogical and geochemical points of view and suggests poss- 

ible mechanism for the various diagenetic changes. The min- 

eralogy and geochemistry of the sediments of'each ridge was 

studied commencing with the most recent coastal beach-dune 

ridge and continuing to the older inland ridges together with 

sediments collected from limestone quarries and Roman caves 

of the second and third ridges respectively. 

IV. 3.2 Preparation of samples for mineralogical and geo- 

: chemical studies. 

The samples were crushed using a tungsten carbide pestle 

and mortar then ground in agate mortar so that the powder 

would pass through 240 mesh British standard sieve (62.5 

apperture). The samples were then split into two parts: one 

was kept for mineralogical studies; the other was used for 

geochemical analysis (see appendix IV. 2). 
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IV. 3.3 Plan and topics far mineralogical and geochemical 

studies 

As the mineralogical and geochemical data are closely 

related they will be discussed together. Sediments have 

been analysed from seven profiles, which cover the area of 

study (figs. 1.7.1,2). The study of the mineralogical com- 

position of these sediments has made it possible to assess 

the progressive diagenesis of the sediments from the younger 

to older ridges. The lateral variations in the mineralogical 

and geochemical components of the sediments aloag each ridge' 

were studied from the east, near the Nile delta, to the west; 

these variations have been considered with regard tu the 

different influences of the ground waters to which these sedi- 

ments have been subjected.. A study of the vertical distrib- 

ution of the mineralogical and geochemical elements in the 

second and third ridges has also been made. This provided 

a vertical dimension to the study of the diagenetic history. 

The data were plotted in three cycle, logarithimic 

graph papers as this appeared to be the most useful mehtod of 

representation. The only data that has been used to study 

the diagenetic alterations in a quantitative way is that of 

the carbonate minerals, and to that end the data has been 

recalculated to make the carbonate mineralogy of each sample 

add up to 100%. 

IV. 3.4 Studies on the profile samples 

The mineralogical and geochemical data obtained from 
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the profile samples have been tabulated (appendix IV. 3 and 

IV. 4) and plotted in a series of diagrams (figs. IV. 3.1 - 3). 

As has already been discussed in the petrographic des- 

cription, there is a noticeable increase in the non-carbonate 

fraction of the sediments of the ridges both landwards and 

eastwards towards the alluvial plain of the Nile delta. The 

non-carbonate fraction is mainly composed of grains of quartz, 

feldspars and clay minerals, e. g. kaolinite, illite and 

attapulgite. (The latter mineral has been formed in situ and 

is concentrated in the upper caliche zone). Celestite has 

only been found in the sediment of the second ridge (see parts 

IV. 2.3 and IV. 3.5. A). 

The present day beach sediments are mainly composed of 

aragonite; other components include high-magnesium calcite and 

low-magnesium-calcite. The average' aragonite content of six 

samples of the sediments along a strip of coast extending from 

El-Agami (20 km west of Alexandria), to El-Omayid (80 km west 

of Alexandria) is 82%. However, 'further to the west; (i. e. 

from 88 km west of Alexandria, *'at a site of profile G which 

marks the western boundary of the area of study) there is a 

noticeable increase in content of aragonite to 91%. One 

possible explanation for this would be a higher than normal 

.. 
salinity in the sea water. The influx 'of fresh water'seeping 

from the Nile delta to the Mediterranean Sea is certainly very 

much reduced or non-existant in this area. 

Kinsman and Holland (1969) stated that above 30°C 

aragonite was the only polymorph of CaCO3 precipitated from 

sea water while at 16°C high-magnesium calcite is a common 

additional phase. This statement may help to explain the 

enrichment of the carbonate beach sediments with aragonite. 



189 

In summer, air temperature can reach values higher than 300C 

(see climate 1.6) and water temperature attain values ranging 

from 24 to 270C and could reach up to 300C in the hottest days. 

These higher temperatures, approaching these where aragonite 

would be the only phase, would favour the precipitation of 

high proportions of aragonite. 

There is a general decrease in the content of aragonite 

in the sediments from the younger to older ridges. This res- 

ults in a negative relationship between aragonite and low- 

magnesium calcite (figs. IV. 3.1 and IV. 3.2, a, b, c, d, e, f, 

g). The. constituent grains of the first and second ridges 

on one hand and those of the third and fourth ridges on the 

other are similar throughout the area (see petrography IV. 2). 

Thus the decrease in aragonitic content of these sediment 

from the first to second and from the third to fourth ridges 

must be related to progressive dissolution of aragonite 

with time as the increase in low-magnesium calcite precipit- 

ated as a cement does not appear to be sufficient to produce 

the pattern observed. Sr ++ lost from aragonite lattices dur- 

ing diagenetic alteration to calcite (see figs. IV. 3.3, a to 

g and IV. 3.4) has gone into the interstitial pore fluid from 

which some of it has been precipitated as authigenic celestite. 

This is shown to be the case for the sediments from the quarr- 

ies in the second ridge (see parts IV. 2.3 and IV. 3.5A). Mg ++ 

and Fe++ behave similarly to one another but differently to 

Sr++: the decrease in the abundance of aragonite and the 

increase in the abundance of calcite, is marked by an increase 

in Mg ++ 
and Fe ++ (fig. IV. 3.3 a-g and IV. 3.5). Chave (1954a) 

showed the aragonitic skeletal material seldom contains over 

1% MgCO3, while calcitic skeletal material rarely contains less 
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than 1% and often have 20% to 30% Mg CO3. The insoluble resi- 

due of the carbonate sands and rocks-is found to be enriched 

in Mg and Fe++. This may be attributable to the presence of 

Mg-rich clay minerals and acid insoluble iron bearing minerals. 

The foregoing--results agree with those of Selim (1974). He 

(op. cit. ) compared the diagenetic history of the carbonate" 

sediments of beach-dune ridges found near the Libyan border 

with stages 3,4 and 5 of Land (1967) and'Land et al. (1967). 

He showed that the content of Fe ++ 
and Mg ++ 

of the sediments 

of the ridges increases progressively from younger to older 

and that Sr++ behaves in the reverse way which suggests the 

inversion of aragonite to calcite. 

The decrease per kilometre of aragonite along the pro- 

files which are located near the Nile delta (A-E) is greater 

than for the profiles located further to the west, e. g. pro- 

files F and G (figs. IV. 3.2 A tö': g). It appears that the 

maximum dissolution of aragonite'has taken place near the 

Nile delta and that such a decrease has been falling grad- 

ually away from the Nile delta. It is noticeable that the 

maximum decrease of aragonite takes place between the sediments 

of the third and the fourth ridges for all profiles. 

The presence of high-magnesium calcite in the sediments 

is mainly due to the occurence of skeletal grains such as cal- 

careous algae and foraminifera. High-magnesium-calcite is 

known to be unstable under subaerial. conditions, particularly 

where subjected to the action of fresh water (Friedman, 1964 

and Bathurst, 1971). This mineral is present in the contempor- 

ary beach sediment, which has obviously not yet been subjected 

to fresh water for a sufficient period of time to cause its 

removal. Inland it has been found in the sediments of the 
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lower parts of the third ridge where it has been encountered 

in deep trenches and in the Old Roman Caves. Unfortunately, 

there was no similar deep cuts in the older ridges, i. e. the 

fourth and fifth, etc. High-Magnesium calcite has also been 

found in the sediments of the. western end of the subaerially 

exposed old ridges (the third ridge, sample 70, figs. IV. 3.2 f 

and IV. 3.6) and the content of dolomite increases in the sedi- 

ments, of the third and fourth ridges in a westward direction. 

See table below. 

Dolomite 

irýfjle dge G F E D C B A 

3 4% 3% 2% 2.6% 1% 1% 1% 

4 6% 6%. 
, 

3% 3% 2% 0 0. 

Average 5% 4.5% 2.5% 2.8% 1.5% 0.5% 0.5% 

West 

Table IV. 3.4 

East 

The lowest Sr value (464 ppm) is also found in a sample 

--from 
the fourth ridge in the location nearest to the Nile 

delta. 

Profile E (located 65 km west of Alexandria) (fig. IV. 3.7) 

seems to separate the area of study into two mineralogically 

different zones (only inland ridges e. g. the third and fourth 

ridges) the first, to the east of Profile E is characterized 

" by a uniform trend of contour lines which show a gradual in- 

crease in aragonite and high-magensium calcite towards the 

west until a location near to profile E, the second is to the 
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west of profile E where-a noticeable change in the pattern of 

contour lines of aragonite and high-magnesium calcite can be 

seen, particularly in sample 70 (along profile G of the third 

ridge) where an increase 'in high-magnesium calcite has been 

detected. However, to the east of PG and along the same 

ridge no high-magnesium calcite'has been found in subaerially 

exposed sediments, but only exists in the subsurface (re- 

-trieved from'Old Roman Caves). The change in the mineralogical - 

pattern is found to be roughly correlatable with the hydro- 

geological pattern of the area of study (see hydrogeology part 

I. 5). From this, it is possible to suggest that, the saline 

water which intrudes landwards from the Mediterranean has 

prevented the overlying fresh water body from reaching the 

sediment. Such a fresh water body seems tobe thinning out 

in the western parts of the area (e. g. PG) where'it is appar- 

ently replaced by saline water. and where high-magnesium cal- 

cite is found still surviving. 

It is important to note that the microscopic studies 

have proven that there are no significant changes in the type 

and proportion of the various grains that made up the original 

rocks, i. e. of the abundance and types of the constituent 

grains along each ridge. The amount of low-magnesium calcite 

precipitated as cement in the interparticle pore spaces within 

the sediments of the ridges is; as has been stated earlier, 

not sufficient to explain the variation of values detected by 

x-ray diffraction techniques. Furthermore, comparing the 

mineralogy of the sediments from vertical sections (e. g. Roman 

caves of the third ridge) proved that, although the sediments 

are composed of similar particles, there is a wide range of 

difference in the mineralogical constituents (i. e. high- 
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magnesium calcite/aragonite/low-magnesium calcite ratios). 

Any mineralogical changes within these sediments appear to 

be largely attributed to diagenetic changes to which they have 

been subjected. The skeletal (aragonitic and high-magnesium) 

calcite grains may have been subjected to influx of waters 

of different chemical characters. These would have created 

various diagenetic environments and consequently have produced 

different mineralogical compositions. It also appears that 

the location of the Nile delta (as a source of fresh water) 

to the east of the ridges has played a major role in a part 

of the diagenetic history of the sediments. 

During the time of deposition of the third'and fourth 

ridges, the sea level and that of the Nile delta was higher 

than the present (as indicated from the occurence of highly 

elevated Nile terraces; see also part II. 2. A). Consequently, 

the level of the groundwater must have stood higher (10-30 

metres) than at present. The lense of fresh water which formed 

by seepage from the Nile delta, at that time, may have occupied 

the upper parts of the ridges (now occupied by the vadose- 

zone). This fresh water may have affected the sediments, cau- 

sing more dissolution of aragonite and high-magnesium calcite 

grains in the easterly parts of the ridges, than in the west- 

erly parts. Such an effect decreases gradually to the west, 

where the fresh water appears to thin out. 

The lower parts of the ridges were presumably occupied 

by marine water which intruded inland from the Mediterranean. 

This would explain the presence of high-magnesium calcite and 

aragonite in such parts. Later the level of the ground water 

must have fallen from higher to lower altitudes, controlled 

by the fall in sea level. The fresh water that has occupied 
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much of the upper parts of the ridges since the fall in sea 

level has not led-to the complete elimination of the unstable 

carbonate minerals in such parts of the ridges and also has 

not obviously in any way affected the sediments of the lower 

parts of the ridges which were previously occupied by marine 

water (see parts IV. 3.5 and IV. 3.5. B). The sediments of the 

latter show the preservation of the fabric of the earlier 

marine cementation which is apparently unaffected. This is 

very curious as during periods of much lower sea levels they 

must have been even if temporarily flushed out by meteoric 

water. Also, of course, as present day sea level is lower 

than when these ridges were formed leaching should be taking 

place today. Perhaps this has not happened because of the 

aridity of the area. Consequently the past effect of the 

fresh ground water from the. Nile delta can still be traced in 

the sediments of the upper parts of the ridges. 

To estimate such an effect in quantitative terms, the 

following steps were taken. 

a) The aragonite distribution along profile A-E has 

been plotted on one graph (fig. IV. 3.8). 

b) The aragonite content of the sediments (consider- 

ing the carbonate minerals as making up 100%) 

from the third and fourth ridges, in an area enc- 

losed between profiles A-E a total distance of 

45 kms are only involved in this part of study 

for the following reasons. The sediments of 

these ridges (third and fourth) are similar and 

do not exhibit any significant variation in their 

primary-constituent grains from east to west. 

Their mineralogical composition, therefore, 



214 

A 
R 
A 
G 
0 
N 
I 
T 
E 

1 

RIDGES 
024 
1 

kms 

Fig. IV. 3.8 The distribution of aragonite along profiles A-E. 
Note the gradual decrease of aragonite westwards 
away from the Nile Delta. (Profile A is the closest 
to the Nile delta). 
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reflects the effect of prolonged exposure to the 

fresh water which has been seeping from the Nile 

delta'. Consequently, the sediments of the third 

and fourth ridges have had a longer period to come 

into equilibrium with the water of the surrounding 

aquifer and thus they are diagenetically more 

mature than those of the younger ridges. 

c) The average amount of aragonite, which has inverted 

to calcite, in the sediments of the third and 

fourth ridges, largely due to the affect of fresh 

water which has seeped from the Nile delta can be 

estimated using the following formula and the 

diagram seen below: 

PE 

West East 

Reduction of aragonite content along the third ridge 

(PE , R3) - (PA, R3) 

Reduction of aragonite content along the fourth ridge a 

(PES R4) - (PA, R4) 

The average reduction of'aragonite content along the 

PA 
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.. ä 

third and fourth ridges 

(PE, R3) --(PA,, R3) + (PE, R4) - (PA, R4) 
} 

Where indicated the average of the aragonite content being 

reduced from the sediments of the two ridges (R3, R4). 

(PE, R3) is aragonite content on line E (PE), located 65 km 

west of Alexandria, across the third ridge (R3) and equal 

to 42% (sample. 40). 

(PApR3) is aragonite content on line A (PA), located 

20 km west of Alexandria, across the third ridge (R3) and 

is equal to 20% (sample 81). 

(PE, R4) is aragonite content on line E (PE), located 

65 km west of Alexandria, across the fourth ridge and is 

equal to 20% (sample 42). 

(PA, R4) is aragonite content on line A (PA), located 

20 km west Of Alexandria, across the fourth ridge and is 

equal to 3% (sample 87). 

See also location map of profiles(l. 7.1 a, band mineral- 

ogical data (appendix IV. 3). 

By applying the above formula using the available data 

as follows 

(42-20) + (20-3) _}C 22+17 )= 19.5% aragonite (I) 

This means that on average the aragonite content has 

been reduced by 19.5% in the sediments of the ridges (R3, R4) 

between profiles A and E (45 kms) at an average rate of 19.5 
45 

= 0.43% aragonite per kilometre. Although this data was 

taken from only two extreme lines (A, E) for simplicity, the 

data along the other lines, in between, i. e. B, C and D shows 

intermediate values (see fig. IV. 3.8). It must be also noted 

that this data is liable to experimental error up to 10%. 

Also, it is possible to represent the reduction in the content 
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of aragonite by diagenetic process between the third and fourth 

ridges along each profile as follows: 

In PA; R3 -%x 100 - 
23 

x 100 = 747 (II) 
T 

In PE; R3 - R4 22 
Tx 100 = 62 x 100 = 35.5% (III) 

'where R3 and R4 indicated the amount of*aragonite in the 

third and the fourth ridges respectively at a given profile- 

(e. g. A and E in the above equations)"T is equal to (R3 + R4), 

which represents the total amount of aragonite in the third 

and fourth ridges at a given location (profiles). From(II) 

and(III), it could be seen that the percentage reduction of 

aragonite in the sediments near the Nile delta (PA) is almost 

twice the reduction'of aragonite further west from the delta 

(PE). This clearly indicates the leaching effect of the fresh 

water seeped from the Nile delta into the adjoining sediments. 

d- The same calculations have been made to estimate the 

amount of calcite which has been produced within the sediments 

of the ridges due to the of 

calcite data (Fig. IV. 3.9) 

[calcite (PA, R3) 

(PA)R4) - calcite 

- 
[(78 

- 57) + (97 - 

Eect of the Nile, but using the 

as follows 

- calcite(PEsR3) + calcite 

(PE s R4)J 

69)] = 24.5% (IV) 

This means that there is an average increase of 24.5% 

calcite within the sediments of the ridges along a distance of 

45 km. The average increase of low-magnesium calcite, per 

kilometre, due to the effect of the Nile delta, can be est- 

imated as follows 24.5 = 0.54% per km calcite. Comparing this 
45 

figure with that of aragonite dissolved per kilometre (. 43%). 

It is obvious that the amount of low-magnesium calcite which 
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Fig. IV. 3.9 The distribution of calcite along profiles A-E. Note 
the gradual increase of calcite content eastwards to- 
wards the Nile Delta. (profile A is the closest to 
the Nile delta). 
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has been deposited is more than the amount of aragonite which 

jhas been dissolved. Such an excess is suggested to be due 

to the recrystallization of high-magnesium calcite and pro- 

bably to calcitization of dolomite. The latter mineral was 

shown to have decreased in amount progressively towards the 

Nile Delta (see table IV. 3.4., p. 208). 

e- The depletion of Sr++ in the sediments due to dia- 

genetic alteration can also be estimated in a similar way as 

explained above but using Sr data, (see fig. IV. 3.10 and App- 

endix IV. 4) as follows: 

F1 
{(3016 

- 1714) + (1478 - 632)] = 1074 ppm (V) 

(The data for Sr+has been estimated by considering the 

++ 
carbonate fraction as being. 100%). The amount of Sr which 

has been lost per kilometre is then equivalent to 1074 = 24 ppm. 
45 

Further calculations have been done to assess the 

leaching effect of the fresh water of the Nile delta by com- 

paring the loss of Sr and that of aragonite from the sediments 

as follows: 

Comparing equation I and V, then- 19.5% aragonite is 

equivalent to 1074 ppm Sr or 1% aragonite lost is equivalent 

to 55 ppm Sr +(V1). But an average 1% aragonite contains about 

95 ppm Sr, see for comparison (Bathurst, 1971,: page 262 and 

Kinsman, 1969-a). Comparing the amount of Sr lost (equation 

VI) with 95 ppm Sr in 1% aragonite, it can be concluded that-- 

1% of aragonite which originally contained 95 ppm Sr when 

subjected to leaching by fresh water of the Nile delta, 55 ppm 

of SrIas been leached and only 40 ppm remains in the sediments. 

Putting these figures in terms of percentage, it indicates that 

58% of the Sri as been lost in an area between 20-65 kms west of 
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R2 The second ridge 
R3 The third ridge 

R4 The fourth ridge 

profile B 
profile E 

profile D 

profile C 
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kms 

Fig. IV. 3.10 The distribution of Sr along profile A-E. Consider- 
ing carbonates beeing 100%. 
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PE 

Alexandria due, to the effect of the fresh water seepage from 

the Nile delta . This means that 42% of the Sr has been 

retained in the sediments e. g. in the calcite lattices, ab- 

sorbed by clay minerals or deposited as celestite (Sr SO4). 

Theoretically it is possible to locate the area where a total 

dissolution of aragonite and complete loss of Sr from the 

sediments of the ridges would be expected, if the dissolution 

trend of aragonite continued in the same way eastward. 

(See schematic map and equation below). 

PA 

Alexandria 

100% 
loss of Sr? 

Nile Delta 

8% loss 
,x 

45 
ýs '\ RosetýNranch 

20 km west of Alexandria 

65 km west of Alexandria 

58 100 
Xa 32. *6 km 45 45+X 

Where X is the assumed distance in kilometres east of 

Alexandria, where a 100% loss of Sr will theoretically occur. 
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This is so only if the effect of the fresh water of the Nile 

delta, to the east increases gradually. At a distance of 32.4 

km east of Alexandria (where a total loss of Sr from the carb- 

onate sediments of the ridges has been theoretically estimated), 

the carbonate ridges" are unfortunately depressed under the 

alluvial cover of the Nile delta (see figs. 11.4 and 11.5). 

IV. 3.5 Vertical distribution of mineralogy and geochemistry 

in the sediments of the second and the third ridges: 

The data from the analyses of the quarry and Roman Cave 

samples have been plotted on diagrams (figs. IV. 3 (12-17). 

The principals behind the labelling of some of the diagrams 

with various ground water zones can be understood from the 

following discussion. The survival of unstable minerals e. g. 

high-magnesium calcite and the dominant occurence of aragonite 

in carbonate sediments at a given depth (i. e. in the lower 

part of the third ridge) is taken as evidence of past marine 

influx of water e. g. marine phreatic environment, see Steinen 

and Mathews (1973), Steinen (1974) and Land (1970). The high 

magnesium calcite and aragonite are present in skeletal grains 

and as a cement; in addition there appears to be some replace- 

went of some skeletal grain by dolomite or high-magnesium 

calcite. Friedman (1964) stated that in the märine environ- 

ment aragonite and high magnesium calcite do not undergo 

mineralogical or textural changes and added that low-magnesium 

calcite on exposure to sea water becomes converted to high- 

magnesium calcite. Berner (1966) had shown that the marine 

derived interstitial waters of marine sediments in Bermuda 
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and South Florida show the same variations in the concentra- 

tion of Mg ++ (i. e. the molar ratio of the Mg/Ca is constant) 

as does the overlying sea water. This suggests that little 

or no recrystallization of high-magnesium calcite to low- 

magnesium calcite, with the inevitably loss of Mg ++ to the 

interstitial water, takes place. On the otherhand Winland 

(1969), in his studies on the stability of CaCO3 polymorphs 

in warm, shallow sea water stated that the studies of Recent 

carbonate sediments from the shelves of British Honduras and 

the Bahama Bank, show that high-magnesium calcite skeletal 

debris commonly undergoe recrystallization to aragonite. In 

contradiction. to. this, Taylor and Illing (1971), suggested 

that aragonite altered to high-magnesium calcite in the Per- 

sian Gulf. From the above discussion although various chan- 

ges are possible it appears that the unstable carbonate min- 

eral, i. e. aragonite and high-magnesium calcite can survive 

conversion to low-magnesium calcite under marine conditions, 

for prolonged periods. Also, as is well known, they can sur- 

vive such alteration where they have not been subjected for 

sufficient period of time to the action of fresh water (see 

Friedman 1964 and Bathurst, 1971). Thus their survival may 

indicate that in the past marine water was present and as 

yet fresh waters has not been acting for a sufficiently long 

period to destroy the aragonite and the high-magnesium cal- 

cite in the lower parts of the ridges. It should be remem- 

bered, as has already been stressed, that the rainfall is very 

low in this area. Also, of course, it is possible that the 

ground waters in the lower parts of the ridge has remained 

saline due to seepage from adjacent evaporitic sediments in 

the inter-ridge'areas. 
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The survival of the unstable minerals inspite of the 

changing sea levels and consequent exposure is curious, as has 

already been discussed, but a similar preservation has been 

described by Steinen and Mathews (1973) from Barbados. 

The occurence of low-magnesium calcite and the absence 

of high-magnesium calcite has been taken as a measure of in- 

flux of fresh water into carbonate sediments (see Steinen and 

Mathews, 1973). On the other hand the occurence of both low- 

magnesium calcite and aragonite in nearly equal proportions, and 

the complete absence of high-magnesium calcite may indicate 

a slight influx of fresh water e. g. vadose or vadose/fresh 

phreatic environment. The fresh phreatic environment envisaged 

is different from that which has been described by Steinen and 

Mathews (1973) who suggested the presence of only low-magnesium 

calcite,. i. c. a complete absence of high-magnesium calcite 

and aragonite. While here it is considered that phreatic 

conditions prevalied when there is a dominance of low-magnesium 

calcite, with only minor occurrence of aragonite, but with the 

absence of high-magnesium calcite. 

Below is a table to show various inferred diagenetic 

environments (zones) and the occurence of carbonate minerals. 

Diagenetic environ- 
. ments (inferred zones) 

High-magne- 
sium calcite 

Aragonite Low magnes- 
ium calcite 

Marine-phreatic x x x 

Vadose x x 

Fresh-phreatic x xx 

x indicates the presence of a particular carbonate mineral 
xx indicates the dominance of a particular mineral 
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In contrast the upper parts of the ridges (which are 

aeolian sediments) were never innundated, except in their 

lower parts, by the sea although they derived thin sediments 

from the nearby marine beach areas. They therefore show only 

the effects of leaching and contain low-magnesium calcite 

and aragonite whereas the latter mineral has presented in 

these sediments high magnesium calcite is never found. 

The occurence of Sr in the insoluble residue (of the 

second ridge) is taken as a measure of the presence of cele- 

stite which was impossible to accurately estimate quantita- 

vely using X-ray diffraction techniques (appendix IV. 2. C). 

The presence of celestite (see fig. IV. 3.11) although only 

in minor amounts, has been confirmed using other methods 

e. g. x-ray diffraction of the insoluble residue and normal 

petrographic techniques. The relative percentage of total 

Sr++ in the insoluble residue, which is proportional to the 

amount of celestite, has been estimated as follows: 

SrB - SrC 
x 100 

SrB 

where SrB is the amount of Sr++ in the bulk sediment 

using a fusion technique of analysis. While SrC is the amoult 

of Sr+ incorporated in the carbonate lattices using an acid 

leaching technique of analysis (see appendix IV. 2. D). The 

same equation was used in order to estimate quantitively the 

amount of Mg ++ 
and Fe++ which occur in the insoluble residue. 

The former may indicate the presence of some clay minerals, 

while the later indicates the existence of some acid insoluble 

iron bearing minerals. 
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IV. 3.5 A Vertical Distribution of mineralogy and "geochemistry 

of the sediments of the second ridge 

1-El Agami Quarry (20 km west of Alexandria) 

The dominant carbonate minerals in the sediments of El 

Agami Quarry are calcite and aragonite. The sediments of 

the upper 1.5 metres of the quarry are dominated by aragonite 

which forms 60% to'80% of the sediment. The proportion of 

calcite increases downwards at the expense of aragonite in 

the lower 10 metres of the quarry (diagram IV. 3.12). The 

sediment of the lower part consisting only of 40-50% aragonite. 

Sr++ in the insoluble residue (indicative of the presence of 

celestite) is concentrated at three levels, which are suggest- 

ed to rperesent inferred contact zones (see fig. IV. 3.13 and 

16). Such contact zones are found to lie beneath or parallel to 

the zones where maximum dissolution of aragonite occurs as 

indicated by the arrows (fig. IV. 3.16). Mg ++ 
and Fe++ have 

also been found concentrated at more than one level. The two 

maxima of the Mg ++ 
curve are found to 'be corelated with the 

occurence of dolomite. 

2- El Ham Quarry (63 km west of Alexandria) 

The sediments of the upper most 1.5 metres of this quarry 

are mainly composed of aragonite which ranges in amount bet- 

ween 60 and 80% (see fig. IV. 3.14). Whereas the sediment 

beneath is composed of approximate equal proportions of 

aragonite and calcite but calcite tends to increase downwards. 
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Sr++ in the insoluble residue, indicative of celestite, is 

concentrated mainly in one zone at a depth of 5, metres, (see 

figs. IV. 3.15,16). In such a zone Fe. in the insoluble 

residue has also been found to increase. This level (inferred 

contact zone) has. been found just beneath another zone where 

there is suggested to have been the-maximum dissolution of 

aragonite. 

The study of the sediments of these two quarries appears 

to suggest that in order to attain maximum deposition of cele- 

stite in a given system the following conditions must be ful- 

filled: a closed or semi closed system, where maximum dis- 

solution of aragonite at a certain level would supply the 

underlying interstitial solution, bearing SO4 (suggested 

to be named as a contact zone) with additional Sr++. -Thus would 

lead to a reaction between Sr++ and SO4 and results in the 

deposition of celestite. The water level in the inferred con- 

tact zone should be more or less constant, so celestite would 

accumulate in such a zone (e. g. in El-Hammam quarry). However, 

change of water level will cause these to be a broader zone 

of contact where celestite could have been deposited. Thus 

celestite would be deposited dispersely rather than concen- 

trated at a particular level (e. g. in El-Agami quarry). A 

petrographic examination of samples collected from the suggest- 

ed contact zones exhibits different types of celestite e. g. 

pore filling, replacive and intermingled with calcite (see 

petrographic part for further details). It has also been 

found that in such a zone Fe++ in the insoluble residue (pro- 

bably iron oxide) has been increased. 
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IV. 3.5B Vertical variations in mineralogy of the sediments 

of the third ridge 

The vertical distribution of the mineralogy of the 

sediments collected from the Roman Cave cuts in the third 

ridge appears to fall into different groups which may be in- 

ferred to have formed in two different groudwaters or dia- 

genetic zones. These zones may have been formed during a 

limited period of time during the Quaternary when sea level 

stood higher than the present. Slight modification in the 

mineralogy of the sediments of these zones may have occured 

due to scarcity of metoric water. This effect, although of 

minor importance, would have an equal effect"on the sediments 

throughout the length of the ridges. 

The carbonate ridge sediments near the Nile, delta can 

be inferred in fig. IV. 3.17 to have three zones: a marine 

phreatic at the bottom. overlain by fresh phreatic, probably 

formed by seepage from the deltaic area, which is finally 

overlain by a vadose zone. To the west, away from the Nile 

delta, another cut exhibits only two zones: at the bottom 

is the marine phreatic and this is thicker than that of the 

easterly cut, overlain by vadose zone. It seems that the,., 

fresh phreatic zone gradually disappears in a westward dir- 

ection away from the Nile delta where it is gradually replaced 

by the marine phreatic zone. Further to the west the thickness 

of the marine phreatic zone increases as proved by the occur- 

ence of high-magensium calcite and aragonite in high propor- 

tions in subaerially exposed rock (sample 70 - profile G). 

Fig. IV. 3.18 is an x-ray diffractogram which provides an 
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example of mineralogical analysis of one cave sediment taken 

from a suggested marine phreatic zone. The presence of gypsum 

in such a-sediment may indicate the evaporative level of 

such marine phreatic zone. _ 

These inferred zones will undoubtedly be a subject of 

future modifications when more data concerning the mineral- 

ogical and petrographic features of the sediments become 

available for study.. 
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CHAPTER IV 

PART 4 
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PART 4 

IV. 4 Caliche Deposits 

IV. . 4.1 Introduction - 

An indurated surficial calcareous crust i. e. caliche is an important 

element in the physiography of the area which has-been studied. It is 

found capping the carbonate beach-dune ridges particularly in the east 

where it thickens and interfingerswith the deposits of the alluvial 

plain of the Nile delta. 

Caliche is generally formed above the watertable in the vadose 

environment in arid to semi-arid or semi humid regions. Thus it has a 

very restricted geographical distribution. The study of caliche through- 

out the world has shown that specific diagenetic fabrics can be attributed 

to certain diagenetic environments. It is not, however, a simple task 

to recognise these as in many cases similar fabrics are found in more than 

one such environments. A careful study of caliche deposits may reveal 

specific criteria which can be used in the recognition of such environments. 

This is particularly true when such deposits are found extensively deve- 

loped and form marker horizon within a sedimentary sequence. 

IV. 4.1.1 Definition of the term caliche: 

Blake (1902) was one of the earliest workers to apply the term 

caliche to a calcareous formation of variable thickness and volume found 

a few inches to few feet beneath the surface-soil on the dry gravelly 

plains of Southern Arizona. Later Bretz and Horberg (1949) stated that 

caliche deposits are highly susceptible to climatic changes. They 

considered the caliche deposits of south eastern New Mexico to contain a 

partial record of climatic changes which have taken place since the 

Middle Pliocene . Blank and Tynes (1965) pointed out that caliche was a 

deposit formed as a result of a process of insitu redistribution of 

CaCO3 within a limestone rather than one of addition of CaCO3 from another 
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source. Referring to the form of calcium carbonates, Read. (1974) who 

studies caliche from Shark Bay of Australia described (calcrete) as an 

accumulation of low-magnesium calcite in the form of interlocking 

crystals of (1-4/1 and commonly associated with other secondary minerals 

e. g. opaline silica, high. magnesium"calci"te and crypto-crystalline 

dolomite together with insoluble residues e. g. -detrital grains of quartz 

and red pigments of iron oxides. 

IV. 4 1V. 2 Factors in caliche development: 

Many workers have discussed the controlling factors and mode of 

development of caliche. Blake (1902) stated that caliche developed as 

a result of the upward capillary flow of carbonate - rich water, induced 

by constant and rapid evaporation at the surface in a comparatively rain- 

less regions. Price (1933) claimed that the formation of caliche was 

restricted to areas with semi-arid climate, or to marginal drier areas- 

of the humid zone. Bretz and Horberg (1949) claimed the main factors 

which were responsible for. caliche development within the soil profile, 

were: age, topographic setting, rainfall, erosional attack by wind and 

water and the composition and texture of the parent material. In addition 

to these factors they discussed the role of rising artesian water or the 

capillary rise of water from the watertable and realised that conditions 

of alternating saturation and desiccation in a relatively dry climate 

with occasional rain play an important role in the development of 

caliche. In 1958, Swineford et al described pisolitic limestones which 

they suggested developed within the soil profile under conditions 

similar to those suitable for the formation of caliche. Those conditions 

in their opinion were: the presence of rock that contains easily soluble 

minerals yielding solutions rich in Ca++; effective rock permeability; 

deficient and spasmodic rainfall with long dry periods; low topographic 
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relief; and a sufficient period of time for pisolitesto develop. They 

showed that-pisolites always develop above the level of the permanent 

watertable. Theenvironmental implications of factors particularly with 

regard to the watertable is important and significant. Regarding the 

amount. of water necessary for caliche development, Watkins (1967) sugg- 

ested an annual rainfall of 10-30 inches. "Furthermore, James (1972) 

noted that too little moisture allows only surface accumulation of carb- 

onate while too much water causes regional leaching of soluble materials. 

He added that desert loess together with the soils themselves and atmos- 

pheric dust are important sources of the carbonate which is essential 

for caliche development. James (op, cit)-suggested that caliche was 

formed by theprecipitation of calcium carbonate from waters enriched 

with dissolved calcium carbonate. Much of this . he claimedjwas lost in 

the vadose zone, but some remained and was precipitated as calcite during 

periods of intense evaporation. Goudie (1973) agreed with James (1972) 

on the mechanism of caliche development and declared that dissolution of 

calcium carbonate. by percolating rain water takes place during the wet 

seasons and that in dry seasons it is precipitated from the water rising 

over a very limited distance towards the surface. 

Recently, Kahle (1977) and Klappa (1979 ) added the biological 

factor to the other quoted before as contributing element in the calich- 

ification process. Kahle (1977) described spar-micritisation by endo- 

lithic fungi. Such a process in Kahle's opinion leads to transformation 

of sparry calcite to micrite by degrading recrystallisation. He also 

reported that 95% of all spar-micritisation involves partial to complete 

dissolution of sparry calcite crystals-accompanied by concomitant preci- 

pitation of microcrystalline calcite in the spaces occupied previously 

by the dissolved portion of the crystals. Klappa (1979) discussed the 

241 
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the effect of lichen in formation of laminated calcareous crusts. 

It seems that the term. calichification is best defined as a 

physio-chemical process acting within the vadose zone upon a soil 

profile under arid to semi-humid conditions. Such a process results in 

reduction of terrigenous material and redistribution of CaCO3 and thus 

causes an in-situ enrichment of the soil in CaCO3 rather than addition 

of CaCO3 from another source. The main controlling factors in such a 

process are humidity and rates of evaporation. The balance between 

these is essential to retain and to precipitate CaCO3 within the soil 

profile and to prevent the leaching of CaCO3 from the soil. If the 

evaporation rate is too high, only a thin calcareous crust would 

accumulate on the surface. If, however, precipitation is high, CaCO3 

would then be leached out of the soil (Motts, 1958). In both cases a 

thick caliche crust is'unlikely to be developed. Other important 

factors in caliche development are biological. For instance, rootlets 

and micro organisms e. g. fungi, bacteria and algae (Friedman et al, 1971, 

Kahle, 1977 and Klappa, 1979) can all play a role in dissolution and 

precipitation of carbonates and non-carbonates. This biological influ-. 

ence may be the effect of either photosynthesis or the secretion of 

organic acids. The latter may result in two possible processes: firstly, 

an. in-situ, dissolution of carbonate grains followed by a concomitant 

precipitation of CaCO3 in a piecemeal fashion (replacement);. secondly, 

the mobile solution rich in dissolved CaCO3, after carbonate grain 

dissolution, may have later precipitatad calcite when suitable conditions 

were attained. When, a solution saturated with CaCO3 ascends 

by capillary action, it becomes oversaturated near the surface as a result 

of sudden increase in the rate of evaporation. This leads to the release 

of CO2 gas from the oversaturated solution followed by the spontaneous 
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precipitation of CaCO3 crystals. This process can be. summarised as, 

follows: 

H2O + CO2 

Carbonic meteoric 

water 

,, CO2 + H2O 

�gas released 
from highly 

evaporated 

solution 
(Ca (HCO3) 

2) 

dissolution 
+ CaCO3 

of carbonate 
Ca(HCO 

3)2 

limestone 

in sediment profile 
(parent rock) 

+ CaCO3 

deposited as finely 

crystalline calcite 
(micrite) 

Solution rich in 

dissolved carbonate 
(bicarbonate) 

Solution ascends by 

capillarity becoming 

oversaturated near 

surface . 

The result of these processes in a soil give caliche its distinctive 

petrographic and mineralogical pattern. 

IV. 4.2 Petrographic studies of Egyptian caliche: 

A. Introduction: Not much work has been done on the study of the 

Egyptian caliche. - It has been always described by earlier workers (e. g. 

Shukri et al, 1955) as a top recrystallised-layer capping the carbonate 

ridges. In this layer (Shukri et al, op, cit) claimed-that theooids 

(which are found in the parent rock beneath) have become smaller in size 

until they are obliterated. In the rocks which have been studied 

it seems that the physicochemical dissolution precipitation processes 

acting in the'vadoze zone'have resulted in dramatic textural changes and make the 

identification of the original components in a caliche-rock difficult. 

However, the petrographic studies on the adjacent unaltered rocks of the 

only slightly altered parts of the caliche-profile have made the latter 

possible. The study of the transitional zone in a caliche-profile has 

revealed gradational stages of transformation of the parent-rock to a, 



244 

highly altered, caliche-rock. This demonstates that the layers which are 

now caliche in a caliche profile were originally compositionally and tex- 

turally similar or identical to the parent rock before they were subjected 

to physico-chemical alternations. The parent rocks, have been described 

in Chapter IV. 2, and are composed of cemented grains of calcareous algae, 

foraminifera, skeletal fragments, ooids, quartz and feldspars. In addition 

to these, the caliche layers contain pisolites and some undifferentiated 

rounded carbonate grains held together by brownish cryptocrystalline 

calcite and a loessic matrix. 
J 

IV. 4.2 B. Petrographic fabrics of caliche: 

1. Clotted fabric: This fabric is common in caliche layers and 

appears as irregular or rounded micritic patches and aggregates dispersed 

in a calcite mosaic cement. The rounded clots range in diameter from 

several microns to more than 1 mm. when smaller micritic patches have 

coalesced. Kahle (1977), described a similar feature and named it spar- 

micritisation and attributed such a phenomenon to endolithic fungi and 

algae boring into sparry calcite followed by calicification of the algae 

and fungi by filling of empty boring by micrite. He suggested that the 

clotted fabric in the calcareous crust (caliche) was a result of incom- 

plete spar micritisation together with other factors e. g. occurrence of 

algaland fungal endoliths in sparry calcite. 

Other undifferentiated carbonate grains in caliche layers, show 

evidences of alteration of an originally skeletal grain (see Figs. IV. 4 

1,2,3). These alterations are 'a result-of centripetal replacement of a 

carbonate grain by micrite. -Such a replacement proceeds inwards in a 

similar manner to that proposed for the micritisation of grains by endo- 

lithic algal boring. However, it appears that endolithic algal boring 

is not the only mechanism that can produce such a texture. It can also 
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Fig. IV. 4. l Clotted fabric and spar micritization 

Ii 

x 100 

x 150 

Fig. IV. 4.2 Centripetal recrystallization of a foraminifera. 
Notice spar micritization and she contribution of micrite 
developed by calichification to the original sediment. 
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Fig. IV. 4.3 ^. ecrystallization of a calcareous alga and 
sparmicritization lead to gradual transformation of 
grainsLone to wackestone due to calichification 

Fig. IV. 4.4 Embryonic stage of pisolite formation 

x 96 

x 75 
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be produced by an in-situ physico-chemical dissolution-precipitation. 

process as follows: 

a- The process acts on. carbonate grains as well as the calcite 

cement and results in spontaneous dissolution-precipitation without 

obvious cavity filling. Such a process having taken place in the-near 

surface caliche environment may be attributed to changing pH values, 

where the surrounding micro-environment fluctuates between slightly 

acidic to slightly alkaline as a result of secreted organic acids as 

well as the photosynthesis of algal, fungi, bacteria and the plants 

(see also parts IV. 4.1.1 and IV. 4. ],. 21 

b- The process is possibly a centripetal replacement of carbonate 

grains by micrite. 

c- In a carbonate grainstone-subjected to replacement by micrite, 

as described earlier, both allochems and cement will gradually produce 

a clotted patterný(see fig; IV. 4.1). In advance stages that rock is 

transformed almost completely to micrite (see Figs. IV. 4.1,3). The 

gradual change of the parent rock to a caliche, where. such features have 

been observed, confirm that these phenomenon are characteristic only of the 

caliche environment. 

It appears that the difference, in textures of micrites, between 

those which have been produced by algal-boring and those produced by 

physico-chemical precipitation processes, is that the former usually 

develops an irregular contact, whereas the latter exhibits slightly irregular 

to sharp contacts with their non-micritised parts. 

2. Pisolitic fabric: Dunham (1969) drew attention to the fact that 

the best development of pisolitic limestone occurs in the vadose zone 

environment in semi-arid climates. Itissuggested that in such an environ- 

ment the solutions rich in dissolved carbonate ascended due to capillary 
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forces and surrounded the allochems and terrigenous particles when such 

a solution reached the surface, the evaporation rate increases 

abruptly, rapid precipitation of CaCO3 to form micro-crystalline 

calcite-. This leads to the development of a thin micritic coat around the 

particles, hence forming the embryonic stages of pisolites. When the 

micrite develops a thick coat by continuous deposition of micrite around 

the particles, complete pisolites start to develop. An example of coated 

particles, can be seen in Fig. IV. 4.4,7 Walls et al (1975), who studied 

the Carboniferous caliche from north eastern Kentucky described similar 

coated particles from caliche deposits. Sometimes when the core of a 

coated particle, or pisolith is small or is intensively replaced by micr- 

ite; it can not be distinguished from the surrounding micritic coat. 

This may result in a rounded micritised grain texturally similar 

to those seen in the clotted-fabric. A schematic diagram, shown in Fig. 

(IV. 4.5), illustrates the mechanism of formation of grain coated particles 

or pisoliths. When the grains, or cores, are held in a fine-grained 

matrix (that is a matrix produced by spar micritisation or produced by 

deposition of authigenic, finely crystalline clay minerals) which reduces 

the gravitational effect and thus allows. equal distribution of the solu- 

tion around them, a spherical or ellipsoidal uniform thick micritic coat 

not an asymmetric gravitational one, is expected to form around the core 

grains; depending on the shape of the original grain they are spherical 

or ellipsoidal. Study of the micrtic coat, which had developed around a 

core using SEM techniques revealed that deposition of crystals of auth- 

igenic attapulgite (Mg5 Si8'020 (0H)2.8 H20, Brown, 1961) This developed as a 

network of interwoven, one micron length, fibrous crystals (Fig. 'IV. 4.6). 

Such a network has produced a suitable substrates upon which micrite was 

uniformally deposited during the course of pisolith formation. 

* limited replacement of(Mg. Si) by(Al. Al) in the sturcture is also 
observed by Brown (op. cit. ). 
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Fig. IV. 4.5 The mechanism of formation of grain coated 
particles or pisoliths 

The carbonate grains were first surrounded by a 

micritic coat initiated by the sparmicritization and the 

deposition of finely crystalline calcite from a rapidly evaporating 

solution rich in dissolved CaCO3' In the following stage, the 

core of a coated grain has been gradually replaced by micrite 

due to periodic interaction with meteoric water. Such water,. 

which is rich in C02, when in contact with the carbonate core 

results in its dissolution, followed by concomitant precipitation 

of micrite when later subjected to rapid evaporation. In 

advanced stages of calichif-ication more sparry calcite cement 

had been transformed to micrite due to sparmicritization. 

However, the parent rock which is subjected to such mechanisms 

will transform to micrite with no evidence of its previous 

texture. - 
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Fib. Iß'. +. 6 Scanning electron photomicroSranhs 

a. Thin micritic coat deposited on a carbonate grain. ° 390 

b. The contact between the micritic coat and the 
carbonate grain. Notice calcite crystals x 10,800 

entraped by the attapulgite _i res. 

c. The interwoven pattern of the precipitated micron- 
x 36,000 

sized attapulgite crystals. 
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The parent rock from which the caliche developed was an oolitic 

skeletal grainstone which consists largely of aragonite, high-magnesium 

calcite and calcite. When aragonite and high magnesium were converted 

to low-magnesium, during calichification, Mg++ ions would have been rel- 

eased to the interstitial pore fluid.. The detrital grains. of quartz and 

-feldspars show signs of corrosion (see part IV. 42.3)and suggest that 

Si and Al have also been mobilised from these. during caliche form- 4+ 3+ 

ation. The formation-of attapulgite is considered to be favoured by 

an environment that is enriched in Si4+, Mg2+ and with high pH (i. e. alk- 

aline) but with relatively low Al+ so that Al 
a+: 

Mg2+ is about unity. * 2 

Such condition prevail in the Egyptian ridge. The availability of, 

near surface magnesium rich solution and unstable silica in the caliche 

environment, assisted in the production of authigenic attapulgite, 

which may be used as a secondary criterion for the recognition of caliche 

deposits, of course, this only develops where the parent rock occurs in 

the correct climatic setting and contains sufficient Mgt+, A13+, and Si 
4+ 

to allow'the reaction. _ 

3. Replacement of terrigenous grains:. Some partly corroded 

detrital grains of quartz and fledspar which have been replaced by cal- 

cite were found in the Egyptian caliche. Blank and Tynes (1965)-found 

that quartz grains in an unaltered limestone zone of. a caliche profile, 

became corroded and partially replaced in the caliche. Reeves (1970) 

studied caliche from the southern high plains of Texas and stated that 

the predominant minerals in younger caliche are quartz and calcite, the tran - 

sition from younger to older caliche involve alteration of small percentages 

of quartz grains to metastable or amorphous types of silica, which have been. removed 

* If the Ala+: Mg 
2+ 

ratio exceeds-unity sepiolite is more likely to form than 
attupulgite (Velde, 1977, Singer and Norrich, 1974, Isphording, 1973). I 
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Fig. IV. '+. 7 Small pisoliths in a spar-micritizcd 
cement. 

Fig. Iß'. 4.8 Replacement of silica by calcite. Two 
quartz grains are partially replaced. Crossed polars. 

x 80 

x 130 
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in the mature caliche. The instability of silica, in the caliche 

environment, may be 'because of the slight increase in pH of 

'the solution surrounding the siliceous grains, following the release of 

CO2 from the evaporating solution rich in dissolved-CaCO3. The unstable 

silica can then be easily attacked by such rapidly evaporating solutions 

and then replaced by calcite (see Figs. IV. 4,8.9). Thus an increase in 

calcite content due to replacement of terrigenous components, is-taken 

. 
as evidence for the degree of maturity attained by caliche deposits 

(see also part IV. 4.3). 

4. Laminated crusts: This feature is observed, particularly, in 

those caliche located near to the alluvial plain of-the Nile delta (see 

Figs. VI. 2.10,11). They are composed of alternating mm. scale crypto- 

crystalline calcite and skeletal wackstone-packstone laminae. Skeletal 

and quartz grains are concentrated in the wackestone-packs tone laminae. 

Whereas in the crypto-crystalline calcite laminae, the skeletal grains 

are almost absent and quartz grains were very much reduced in size and 

in amount. This distribution of grains suggested that during episodes 

of active in-situ dissolution precipitation process the skeletal and 

the quartz grains were partially or wholly recrystallised 

or replaced by micrite. This was followed by a period of less. active 

dissolution-precipitation when the skeletal and quartz grains were only 

-slightly altered. The fluctuation between these active and less active 

episodes have resulted in such laminated fabrics in, caliche crusts. 

There are other factors which provide such laminated fabric due to diff-. 

erence in the colour of the alternating laminae. For-instance, during 

the leaching of'a carbonate , insoluble residues accumulate in some 

laminae and give a dark colour to such layers. However, less moisture 

accompanied with a high rate of evaporation will lead to the accumulation 
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Fig. IV'. .9 Repl: 3cement of a feldspar grain by 

calcite. Crossed-polars. 

Fig. 1V. 4.10 Laminated calcareous crust. The rounded 
patches which can be seen under the crust may be sites 
of decayed rootlets which were later filled with skeletal 

x1 -)O 

grains. 
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of carbonate and hence the development of lighter colour laminae. The 

alternation of leaching process with accumulation of carbonate will- 

produce a laminated caliche crust which in turn reflects-the fluctuation 

of moisture/evaporation. rates due to periodic climatic changes. 'Similar 

laminated crusts have been observed in many parts of the world by various 

workers e. g. Bretz and Horberg (1949), 'Multer and Hoffmeister (1968) who 

described the bands in the calcareous crusts of a caliche from Florida Keys 

and. attributed'them to differential staining by organic matter and 

concentration of organic particles in wetter periods. They suggested 

that the lighter bands were deposited by normal accumulation of-fine gr- 

ained mainly non organic, detritus during intervening drier periods. 

Robbin and Stipp (1979) attributed the formation of laminated crusts 

to the-alterations in amount of rainfall and variable length of dry 

intervals. They mentioned that the dominant brown colour is probably 

caused by included organic matter and minute traces of iron. Klappa 

(1979) attributed the formation of the laminated crusts (lichen strom- 

atolites) to successive cycles of organic (lichen), 'incipient 

pedogenesis and diägenesis. He claimed that lichens provide a 

source of organic matter, dissolve rock-forming minerals, synthesise 
rL 

calcium carbonate and calcium oxalate, produce fenestral voids and 

accumulate residual minerals derived from the altered substrate within 

their thalli. According *to Klappa (op, cit) laminar calcretes develop by 

alternation of organic-rich and organic-poor (mineral-rich) millimetre* 

laminae. It seems likely that in-situ dissolution-precipitation process 

is also important and efficient in developing the laminated crusts. 

Careful study of the laminated texture must be made, as has been pointed 

out by many workers, to distinguish those developed by calichification 

from those deposited e. g. by algal stromatalites in intertidal supra- 

tidal environment. 
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5. 'Rock fracturing: Fractures are common in the caliche 

of the area which has been studied. Their origin is not fully 

understood. The expansion caused by the growth*of rootlets 

in a soil may play a great role in-their development. The 

fractures are found either unfilled-or filled with sparry calcite 

cement; (see Fig. IV. 4.12) the former presumably postdate the 

latter. 

IV. 4.2. C. Diagenetic history of caliche rocks as revealed 

from petrographic studies; its significance and 

environmental implications: 

The following is a summary of the diagenetic-history of 

caliche sediments and its environmental implications. 

1- Micrite production: as has been demonstrated ear- 

lier, the spar micritisation and the physico-chemical dissolu- 

tion-precipitation process play -a major role in calichifica- 

tion and had led to replacement of_the. carbonate grains and 

the cement by"micrite. This, has resulted in: 

a- Textural changes of the rock; a rQCk"which was 

originally a carbonate-grainstone is--transformed, in a-caliche 

environment, to a"carbonate wackestone, then to. cärbonate mud- 

stone. This may mislead an observer in the interpretation of 

. 
the environment of deposition of such sediments. 

b- Enrichment-of the deposits within. the caliche pro- 

file with CaCO3. This has been demonstrated by the replace- 

ment of terrigenous matter e. g. quartz and feldspar by cal- 

-cite. 

2- The development of 'Stromatolitic-like' laminated 

crust and 'oncolite-like' pisolite grains: The laminated 

crusts, together with the coated small and large 
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Fig. IV. 4.11 Laminated calcareous crust. Notice 
the dentric pattern of fractures filled with calcite. 

Fig. IV. 4 
. 12 Development of fractures in caliche. 

Crossed-polars. 

x 25 
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pisolites -which are developed in the caliche 'have similar 

texture to those exhibited by algal stromatalite and oncolite (see Figs. 

IV. 4,10,11,13,14). The co-existance of laminated crust together with 

coated, pisölitic particles in caliche deposits may be mistaken for algal 

stromatolite and oncolite which developed in an intertidal environment. 

For this reason, it is necessary to carry out careful microscopic studies 

to find other criteria to justify the origin of such deposits, "particular- 

ly when present in ancient rocks. For instance, the replacement of 

terrigenous particles by calcite, in a sediment, would support a physico- 

chemical process and may then possibly interpreted as to having formed 

in a caliche environment providing that other factors are satified. In 

Addition, the study of the contact between the outer micritic envelope 

and the grains may help to distinguish between those deposited by algal 

(Fig. IV. 4.14) from those deposited by physico-chemical process in a 

-. caliche environment (Fig. IV. 4.13). For instance, Sibley and-Murray 

(1972), noted that the contact between skeletal fragments and encrusting 

algae is very abrupt. In contrast, the contact between skeletal frag- 

ments-and the micritised. edges of the skeletal fragments, in a caliche, 

is gradational. 
3- The precipitation of attapulgite: ' 

As. pointed out earlier, authigenic attapulg'ite which is'a product 

of physico-chemical process may be probably used as an associated addit- 

ional criterion to prove the occurence of a caliche in ancient deposits. 

IV. 4.3 Mineralogical studies- 

The brownish coloured caliche layers were'carefully separated from 

the whitish buff-coloured parent rock. Both were then powdered for 

qualitative and quantitative analyses using X. R. D. The results obtained show 

that. caliche, in general, contains about 87% calcite and 4% aragonite, 

while the parent rocks contain, on average, 67% calcite and 21% aragonite. 

Other associated minerals which are found in caliche layers as well as 
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Fig. IV. 4.13 Oncolite-like-pisolite. An example of 
large pisolite developed in caliche. 

Fig. IV. 4.14 A Lithified oncolite formed in tidal channels 
(Al-Khiran area of Kuwait). Notice the textural similarities 
between the pisolite in the upper figure and the oncolite formed 
by algae. Photograph provided by Dr. A. Saleh, Imperial College. 
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the parent rocks are quartz, feldspars and dolomite. Several 

types of caliche have been recognized in the area according. to 

the difference in their mineralogical constituents with part- 

icular reference to the carbonate minerals as-explained below. 

These are: 
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IV. 4.3 A Four types of caliche deposits developed in the 

third and fourth ridges, classified according to 

different degrees of maturity (see table IV. 4.1) 

Two profiles across the third ridge were selected for 

detailed study (Pc - sample 48 and Pg - sample 70). These 

sections are located 35 and 90 km respectively, west of 

Alexandria. The location of these profiles at a large dis- 

tance from each other gives a wide range of comparison bet- 

ween two types (considering the carbonate fractions only). 

1) Type 1 Caliche of profile Pc contains 95% calcite and 

5% aragonite, 2) type 2 caliche of profile Pg contains 82% 

calcite and 11% aragonite. Other minor constituents are dolo- 

mite, which occurs in both types, and high-magnesium calcite 

which only occurs in the latter type. 

The absolute difference in calcite content between the 

caliche layer and the parent rock beneath Pc(type 1)is 25% 

While there is a difference of 48% occurs between caliche Pg 

(type 2)and its parent rock. 

Two more profiles-across the fourth ridge were studied 

as explained below. 

These are: 3)Type 3 profile f (sample 24) located 80 km 

west of Alexandria. The caliche which'forms the top layer of 

this profile contains 89% calcite, 9% quartz and 2% dolomite. 
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The parent rock contains 78% calcite, "-"lli"aragonite, 

5% dolomite and 5% quartz. It is apparent that: firstly, ara-" 

gonite has been completely dissolved and transformed to calcite 

in the caliche top layer, while the parent rock still contains 

appreciable amount'of undissolved"aragonite; secondly, dolo- 

mite has been slightly reduced in amount during calichifi- 

cation, probably due to replacement by calcite. 

4) Type 4: - Caliche e-of profile g (sample 71) located 88 km 

west of Alexandria. This profile is located to the west of 

profile f (type 3). The caliche which form the top layer of 

this profile contains 78Z calcite, 8% aragonite, 97 quartz 

and feldspars and 4,. dolomite. The parent rock of the same 

profile contains 54% calcite, 31% aragonite, 10% quartz and 

feldspars and 5% dolomite. It is apparent. that: firstly, 

the aragonite content has been reduced enormously in the top 

of the profile due to calichification, secondly, in contrast 

to the caliche layer of the_same ridge to the east, this cal- 

iche is found to contain some undissolved aragonite. It is 

thus considered-to be less mature than that developed to the 

east.. 

The occurence of aragonite in caliche has been recorded 

in other areas by some workers: Reeves (1970) stated that 

caliche would be expected to be composed of calcite unless 

the evaporating solutions were hypersaline. However, Scholle 

and Kinsman (1974), stated: "It is suggested that the piso- 

litic crust of Abu Dhabi (as well as those of Bonaire ) 

are arogonitic and high-magnesium calcite caliches formed by 

the same processes which act on the other caliches but with 

different pore water chemistry (e. g. saline water) yielding 

different mineralogies". Accordingly, it is possible that 



265 

the caliche formed in (Pg) which is located to the extreme 

western side of the area of study, has been subjected to simi- 

lar effect as described by these workers. 

A formula may be used to express, in a precise way, the 

difference between each type and to indicate their degree of 

maturity. This formula is, excluding the non carbonate min- 

erals, and taking into account the calcite/aragonite ratio: 

Maturity factor for 
__ 

calcite 
a given caliche type 

ýF) 
aragonite 

caliche 

The higher the factor for a caliche the higher is the 

degree of maturity of this rock. Applying this formula to 

the data of each of the types which have been discussed 

above gives the following factors: 

1. Type 1 (Pc), caliche near the Nile delta 

F1= 95.14' 
4.86 caliche = 19.58 

2. Type 2 (Pg), caliche far west of the Nile delta- 

F2 a 82.23 
10.69 caliche = 7.7 

3. Type 3 *(Pf), 80 km west of Alexandria 

F3 97 
. 

F1 
. 0 caliche = a. 

Type 4: (Pg) 88 km west of Alexandria 
4. F4 =i 85 

L9 caliche = 9.4 
J 

As seen, caliche of type (1)'is about 2.5 times as mature 

as that of type (2). In other words the caliche of type (1) 

close to the Nile delta is much more mature than the second 

type located, far from it. Also, the caliche of type 3 is much 

more mature than typea-4,2 and 1. 

IV. 4.3. B Other types of caliche developed in older ridges: 
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0 .. 

1. Caliche of the fifth ridge (Pd - sample 46) 

Here caliche is found to contain 91' calcite, 2% dolo- 

mite. and 7% quartz. The parent-rock contains 76% calcite, 

20% aragonite, 2% quartz and 2% dolomite. This type shows a 

complete absence of aragonite from the topmost layers of cal- 

iche although it is present in the parent rock beneath. 

2. Caliche of the sixth ridge (Pf - sample'27) 

The caliche of the topmost layers contains 88% calcite 

and other terrigenous matter (mainly quartz). The parent 

rock contains 88% calcite, 7% aragonite and 5% quartz. This 

type shows the complete dissolution of aragonite from the 

caliche when this compared with the parent rock. The diff- 

erence between the caliches developed in the fifth and sixth 

ridges (i. e. Pd - sample 46 and Pf - sample 27 respectively) 

is that the latter is distinguished by enormous reduction 

of the aragonite content of the parent rock compared with the 

former type. This indicates the progressive maturity of cal- 

iche with time. 

. 
IV. 4 Conclusions 

It has been found that generally the caliches of older 

ridges attain a higher degree of maturity than that attained 

by the caliches of younger ridges. An exception is the cal- 

iche of the third ridge very near the Nile delta which has a 

maturity nearly twice that of the caliche of the fourth ridge 

located further west, which also is 2.5 times more mature 

than the caliche along the same ridge but located even fur- 

ther to the west. The caliches which characterize the west- 

ern parts of the ridges, are found to contain unstable carbon- 
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ate minerals e. g. high-magnesium calcite or aragonite or both. 

Such features demonstrate development of mineralogically. diff- 

erent types of caliches when subjected to different water 

chemistry. It is possible that the occurence, of the Nile 

delta, as a huge source of fresh water, to the east of the rid- 

ges has played a role in the formation of these caliches. 

A summary of the mineralogical changes caused by Cali- 

chifi. cation is shown in fig. IV. 4.15. 
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carbonate mudstone 

Fig. IV. 4.15 A schematic diagram to show stages 
of mineralogical and textural changes 
involved during calichification 
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CHAPTER V 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

Egypt is bordered to the east by the Red Sea and to the 

north by the Mediterranean Sea. The northern coast of Egypt 

may be subdivided into two different units - (1) one which 

extends eastwards from Alexandria towards the Sinai Peninsula. 

This unit mainly consists of a quartoze-sand-beach-dune belt, 

which forms the seaward edge of the deltaic coastal plain, it 

has developed by the redistribution of the sediments of the 

Nile. (2) The other extends westwards, fora few hundred kilo- 

meters, from Alexandria towards the Libyan border. This is 

mainly composed of oolitic and biogenic calcareous - sand form- 

ing the present coastal beach-dune ridge and encloses a coastal 

sabkha parallel to this*and lying further inland (to the south) 

are series of older indurated calcareous beach-dune ridges 

separated by depressions filled with lagoonal-sabkha deposits. 

The area which has been studied constitutes the eastern por- 

tion of the second unit and covers most of the eastern side 

of the Arabs' Gulf for a total distance along the coast of 

approximately 90 kms. It extends inland for a variable dis- 

tance ranging between 10-20 kms from the shore line. To the 

southeast of the area is the alluvial plain of the Nile delta 

which is composed of silt, clays and Pleistocene sands and 

gravels. The boundary between the. alluvial plain of the Nile 

delta, to the east, and the Pleistocene carbonate ridges, to 

the west, lies over a NW - SE fault system which downthrows to 

the east. Hence the Pleistocene sand and gravels of the Nile 

delta are in juxtaposition with the older carbonate Pleistocene - 
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Miocene sediments to the west. This has aided the subsurface 

flow of Nile water into. the sediments to the west. Such 

water forms alensoid like body above the dense saline water 

penetrating from the Mediterranean Sea. This fresh water body 

attains its maximum thickness to the-east in the vicinity of 

the Nile delta, whereas to-the west it thins and is gradually 

replaced by saline water. The Quaternary Coastal plain occ- 

upies the low-lying area between the plateau of Miocene 

Marmarican limestone to the south and the present shoreline 

of the Mediterranean to the north. Its width is controlled 

largely by the northern edge of the plateau which reaches, 

in the northwest of Egypt, the Mediterranean coast; thus the 

Quaternary coastal plain becomes narrower in a NW direction. 

The climate is arid to semi-arid with an annual average 

rainfall of 180, mm which only falls in winter. In summer, 

the temperature is*high (in average 30°C) and arid climate 

with relatively high humidity prevails. Such a climate is 

favourable for the development of caliche which is found cap- 

ping the older ridges. 

The beach-dune ridges and the intervening lagoonal-sabkha 

have developed along the receding Quaternary shorelines of 

the Mediterranean"Sea. Field studies have shown that the 

upper parts of these ridges are composed of aeolian sediments 

built upon beach deposits. An example of the depositional 

history of one such ridges has been studied from a drainage- 

cut through the third ridge and the lagoonal sediments to 

landwards, near, the village of Bourg El Arab. This ridge is- 

found to consist of three aeolian limestone units; these are 

lensoid in shape and are separated from one another by layers 
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of two metres thick brownish loessic sediments which increase 

in thickness towards the flanks of 'the ridge. 

Sea level stood around 5+1m above the present sea 

level during the course of the development of the early part 

ofn-this ridge. Two storm beach deposits formed due to temp- 

orary. high stands in the level of the sea. It is suggested 

that during this period the ridge was transformed into a 

barrier island, with the. low-lying depression to landward 

being flooded by two major ingressions-of sea water. 

The loess between the aeolianite units of the ridge was 

probably deposited during-periods of'different wind regime 

(possibly cold periods). The dominance of seaward directed 

winds carrying large amounts of sediment led to the deposition 

of the loess blanketing the ridges and infilling the lagoonal 

sabkha depressions. 

Earlier workers (e. g. Zeuner, 1952, Shukri et al., 1955 

and Butzer, 1960) appear to have directly related the present 

altitudes - attained by the ridges -. to those of former sea 

level. They were unfortunate in that they considered the 

beach-dune ridges to be submarine bars. The altitude of the 

aeolian sediment is obviously not a measure of the actual 

level of the sea. Consequently, the present study suggests 

an age (based on altimetric correlation with Fairbridge curve) 

50,000 years younger than has been proposed by earlier worker; 

and an elevation of +6m (not + 30 m as proposed earlier) for 

the former sea level at which this ridge' developed. This 

correlation is also suggested for ridges older than the third 

ridge on the assumption that they have more or less 'the same 
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ratio of aeolian to beach sediments as is found in the third 

ridge. It is recommended that further field investigations 

need to be carried out to correlate the Egyptian ridges with 

similar features fringing the-Mediterranean further to the 

west and to the east. Such correlation must'be done not on 

altimetric basis regarding the present altitudes attained by 

the ridges, but by finding the actual altitudes, and if poss- 

ible dating, the beach deposits onto which these beach dune 

ridges have been built. 

The present beach sediments are mainly composed of ara- 

gonite, high-magnesium calcite and low-magnesium calcite in 

that order of abundance. Such sediments have not undergone 

any significant diagenetic alterations. Nevertheless, -the 

slightly cemented dunes of the coastal ridge show slight 

increase in low-magnesium calcite due to the precipitation of 

calcite cement. 

Obvious textural, mineralogical and geochemical changes 

have been found to accompany the progressive stages of diagen- 

esis. For instance, 'the sediments of the second ridge (which 

were originally deposited as a sediment with similar compos- 

ition to those of the coastal ridge) show a tendency for the 

development of moldic porosity that has resulted from dissolu- 

tion of some carbonate grains (particularly ooidsrq Some of 

these molds and the interparticle pore spaces have been part- 

ially or fully filled with calcite cement. Most of the stron- 

tiiim released by the dissolution of aragonite has gone into 

the pore waters, to be deposited as celestite. Sulphate ions 

necessary for the reaction with the strontium to produce the 
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celestite (Sr SO4) have probably been provided by the water 

of Lake Maryut which occurs to landwards of the second ridge. 

The rocks of the third ridge (skeletal, grainstone) have under- 

gone various diagenetic alterations e. g. development of moldic 

porosity, replacement of skeletal grains by calcite micro- 

spar and neomorphism of previously micritized carbonate grains. 

The neomorphism has resulted in a great deal of structural* 

destruction in many grains. Recrystallization of skeletal 

grains (which were originally composed of high-magnesium cal- 

cite) to low-magnesium calcite without obvious obliteration 

of the internal structure of such grains (e. g. foraminifera 

and calcareous algae) has been commonly observed. Different 

types of calcite cements have been found e'. g. meniscus, gran- 

ular and gravitational. The rocks of the fourth ridge are 

compositionally similar to those'of the third ridge but with 

more siliciclastics. e. g. quartz, feldspars and clays (kaolin- 

ite and illite). These rocks have undergone advanced stages 

of diagenesis. They have undergone more advanced recrystall=:. -I: ' 

ization of the skeletal grains and occasionally the obliter- 

ation of the delicate structure of some grains (mainly of those 

calcareous algae). The rocks of the western parts of the 

third and fourth ridges show the development of some bladed 

calcite cement which ii thought to be a product of slow re- 

placement of fibrous aragonite by-calcite in brackish water. 

The occurence of Mg 2+ ions in such water is thought to be 

responsible for slowing down the piecemeal replacement process 

(i. e. inversion of aragonite to calcite) and this must have 

allowed the crystals to retain their original bladed and 

fibrous texture when gradually replaced by calcite. The 
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brackish water, which is thought to form the interstitial 

solutions of such rock has been produced by the mixing of 

saline water, which intruded landwards from the Mediterranean, 

with the fresh meteoric water which percolated down through 

the sediments and from seepage of fresh water from the Nile 

delta. Most-of the rocks of the eastern part of the third 

and fourth ridges show' development of granular calcite cem- 

ent. 

The sediments of the old ridges (the third and the 

fourth) have suffered a depletion of aragonite and high-mag- 

nesium calcite together with an increase in low-magnesium cal- 

cite (see fig. V. D. The relatively high content of the un- 

stable high-magnesium calcite and aragonite in the sediments 

of the extreme western parts of the area. (R3 (ridge 3) profile 

G and R4 (ridge 4) profile G) appear to be due to the apparent 

inability of Nile derived water to reach such westerly areas. 

The depletion of aragonite has been accompanied by a depletion 

in Sr2+. In contrast Mg2+ and Fe2+ have increased. 

The fresh water which had been seeping westwards from 

the Nile delta, during a part of the Quarternary, when the 

I sea level stood higher than present, appears to have formed 

a lens of water over the denser saline water which has moved 

landwards from the Mediterranean Sea. This appears to have 

affected the diagenesis of the carbonate sediments of the 

ridges for as far as 65 km west of Alexandria. As a result 

the rate of the dissolution of aragonite from the sediments 

of the carbonate ridges has been found to increase towards 

the Nile delta, whereas to the west, away from the Nile delta, 

the aragonite survived intensive dissolution --T, even high- 

magnesium calcite has been found to have survived 
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recrystallization under subaerial conditions (see fig. V. 1). 

Such an effect has resulted in. a reduction of as much as 19.5% 

of aragonite from such sediments. - Such changes were accomp- 

anied by a loss of a Sr 2+ 
on approximate rate of 24 ppm per 

kilometre. Part, of such Sr2+ has been leached'out or pre- 

cipitated in the form of the mineral celeatite. It appears 

that this"diagenetic gradient away from the Nile delta has 

been preserved (of courses the process discussed may still be 

active (just above the present water table). 

The arid-semi arid conditions have aided the development 

of a caliche crust. The petrographic and SEM studies on the 

constituents of such crusts have revealed the gradual alter- 

ation of the carbonate grainstone (the parent rock) to carbon- 

ate mudstone (micrite) during calichification. In such an 

environment, siliciclastics. e. g. quartz and feldspars proved 

to be unstable and show evidence of corrosion and replacement 

by calcite. This has provided the interstitial solution with 

Siand A1, while the recrystallization of the high-mag- 4+ 3+ 

nesium calcite skeletal grains provided the system with Mgt+. 

Some of this Mgt+'probably caused dolomitization of few 

neighbouring carbonate grains. While the remainder reacted 

with Si4+ and A13+ bearing solutions to produce authigenic 

crystals of attapulgite in the"caliche zone. Examination of 

the micritic coatings of some pisolith-formed in the caliche 

crust has shown that they are not entirely composed of crypto- 

crystalline low-magnesium calcite but instead of calcite 

intermixed with a meshwork of attapulgite fibres. This mesh- 

work appears to have provided a suitable substrate onto which 

low-magnesium calcite was precipitated or mechanically entrapped. 
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This indicates pedogenic formation of attapulgite in a caliche 

environment. 

The sediment of the depression between the third and 

fourth ridges were deposited in a lagoonal-sabkha envrionment. 

These sediments (of the central part of the lagoon) show a 

succession which incldues two gypsum bands interbedded with 

fossiliferous marls. Such fossiliferous marls may be deposit- 

ed near an ancient inlet in the third ridge. To the west 

and east the marls decrease in thickness and become less 

fossiliferous in the west and contain in-both areas more 

lensoid gypsum crystals (ranging in length from 2=80 mm) which 

have grown displacively or poikilitically within the sediment. 

The recent, analogue of such gypsum crystals, particularly the 

lensoid type, is found developing to landwards of the coastal 

ridge where a coastal sabkha is still developing. The study 

of the marls of the ancient sabkha using SEM techniques shows 

a mesh works of attapulgite fibres enclosing calcite crystals 

and suggest an authigenic origin for such sediments. Atta1 

pulgite appears to have been deposited with authigenic gypsum 

and appears to have co-precipitated with calcite from highly 

-saline pore waters. In such an evaporative environment, the 

deposition of gypsum would enhance the Mg/Ca ratio which led 

to the development of attapulgite. 

The sediment of the carbonate ridges and the intervening 

sabkha-lagoonal sediments provided an example of pedogenic and 

evaporative in-situ''formation of attapulgite. 

U 
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APPENDIX"IV (1) PETROGRAPHIC STUDIES 

A. Procedure of Impregnation: 

The loose carbonate. and gypseous sediments were placed 

in suitable size containers inside a. dessicators" ÄYýpump was 

attached to the dessicator-, from one port and a tapped funnel 

was fitted to the other port. The dessicator was evacuated 

while the tap was closed. The funnel was then filled with 

cold araldite AY18 resin and allowed to flow over the sediment 

by carefully opening the tap. The vacuum inside the dessicator 

was adjusted to 500 mm of mercury. This adjustment was import- 

ant to avoid expected boiling of the resin when applying 

lower pressure. Under this vacuum control the resin grad- 

ually replaced the air which has originally been occupying the pore 

spaces between the grains. - The immersed samples were left under a 

vacuum for 30 minutes which was then released. -This 

allowed sufficient time for total replacement of all the air. 

The impregnated samples were restored to atmospheric pressure 

and then left to set for two days in an oven at 30°C for 

gypseous sediments and two hours at 80°C for carbonate sediments. 

This procedure prevents the deformation of carbonate grains 

and the dehydration of gypsous ' sediments whilst the resin 

hardened. The thin sections prepared from the hard rocks and 

the impregnated sediments were left uncovered for staining. 

B. " Staining techniques applied to the uncovered thin sections 

Only one half of most of the uncovered thin sections 
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were stained using Alizaine Red 
-S-solution. 

Feigl's solution 

however, was applied to a few thin sections to demonstrate 

the presence of aragonite. The reasons why Feigl's solution 

was not widely used are as follows: Firstly, the development 

of black clots of stain which obscure the details of the grain 

structure; secondly, recent ooids which are known to be entirely 

composed of aragonite, confirmed by X. R. D. analyses, were not 

uniformally stained. In other words some aragonitic parts with- 

in ooids were left unstained. Kendall and Skipwith (1969) stated 

that Feigl's test fails because of the presence of films of 

organic matter covering the crystals. This argues against the 

validity of - -. Feigl's test as an efficient microchemical 

staining technique to differentiate between aragonite and cal- 

cite crystals. In contrast, Alizarine Red S solution is found to 

be a helpful test to distinguish aragonite and calcite from 

dolomite. It provides a uniform mat of red stain on the car- 

bonate grains without obscuring their delicate internal struc- 

ture. The staining technique'which was used(in the- studied thin 

sections) was prepared by dissolving 0.4 grams of Alizarine red" 

crystals in 200 ml of 1.5% hydrochloric acid (vol. /vol. ). One 

half of the selected thin sections were immersed in the solution 

for 40-60 seconds which was sufficientýto develop a reasonable 

red mat of stain without obscuring the internal structures. 

Calcite and aragonite crystals were stained red while dolo- 

mite crystals -remained colourless. - 

-: xý, 



296 

Appendix IV. 2 Mineralogical and Geochemical Analysis 

A) Preparation of samples for X Ray diffraction (X. R. D. ) Analyses. 

The powdered samples were loaded into an Aluminium 

sample holders and were packed by gently pressing the powder 

with a glass slide. The samples were then analysed in a Philips 

Pw 1050 powder diffrectometer employing Fe filtered Co K 

radiation. The samples were scanned over the 20 range as to 

include the principal as well as the subsidary peaks of 

aragonite, high magnesium-calcite, low magnesium-calcite, 

dolomite, celestite, quartz, feldspar, gypsum and clays. The 

scanning speed used was one degree per minute with a chart 

speed of 60 cm per hour. Magnesium-calcite has been identified 

using the methods described. by Goldsmith and Graff (1958). 

B) Quantitative mineralogical analyses 

The weight percent of the carbonate minerals was calculated 

using the height of the main diffraction peaks for each mineral. 

A computer programme was used to carry out the calculations 

(Cuff 1972, Bush 1973). Lavish and Friedman (1973) recommended 

peak heights measurements for the quantititative analyses of 

calcite and Mg-calcite and stated that peak heights are less 

affected by analyitical procedures than are peak areas. Rilliman 

and Bornhold (1973). stated, the contrary view, that the peak 

areas analysis of X. R. D. is a more reliable and more accurate 

method of quantifying calcite and aragonite mineralogies 

than peak heights. The author believes that either technique 
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can be used-and can provide useful results providing that 

other influencing factots are, kept constant. (e. g. method and 

time of grinding of samples, using same apparatus under 

similar conditions, and applying-constant rate of scanning 

etc. ). The mineralogical data reported in this study were 

calculated twice! Firstly, considering the carbonate minerals 

only, and' then considering them as making up 1007.. The data 

obtained was used to evaluate quantitavely the effect of 

diagenetic process on the sediments of the ridges and, secondly, 

the mineralogical proportions considering the total 

mineralogical constituent of the sediments (i. e. the carbonate 

and non carbonate minerals e. g. quartz, feldspar, clay minerals, 

celestite, gypsum etc. ). Such data was used when discussing 

the mineralogical constituents of the sediments in a more 

general way. 

C) Other mineralogical analyses 

1) Insoluble residue-of carbonate sediments 

Selected samples were used. to investigate the acid insoluble 

contents. This was done by immersing the sample in 10% (vol. /vol. ) 

hydrochloric acid until the carbonate was totally eliminated. 

The insoluble residue was washed several times with distilled 

water, dried in an oven, ', then crushed, powdered and mounted in 

holder for X. R. D. This method was particularly useful in some 

cases where X. R. D. of the bulk sediments failed to detect minor 

non carbonate components e. g. celestite and ättapulgite. 

These minerals when occuring in minor amounts have very small 

peaks which are usually masked by thestlong peaks of carbonate 
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minerals. This technique demonstrates how chemical analysis 

can serve to predict the presence of minerals occuring in 

small amounts which are not detected from'the X. R. D. charts for 

the bulk sediments. For instance some carbonate dominated 

samples showing anomalously high strontium have later been 

found to contain small amounts of celestite (see A. 1V. 2. C). 

2. Clay minerals. 

The clay grade fractions of-some inter-ridge and loessic 

sediments were separated in order that their clay mineralogý: could be studied 

using the centrifuge method of Tanner and Jackson (1947). Oriented 

mounts of the clay fractions were then prepared for x-ray analysis 

using the method of Shaw (1972). 

D. Preparation of samples for geochemical analyses 

Two methods have been used to investigate some major 

and trace elements (Sr, Mg, Fe and Ca) mainly in the carbonate 

sediments of the ridges. 

1. The first method (leaching method) was intended'to-investigate the 

trace elements incorporated in carbonate mineral lattices. 

This was achieved by leaching the carbonate samples with dilute 

hydrochloric acid (1M) followed by analysis of solutions using 

atomic absorption techniques. '. The apparatus used 

was PYE - UNICAM SP 90 atomic absorption spectophotometric. 

2. The second method (fusion methody'was applied to investigate the 

trace elements in the total bulk sediments i. e. those incorp- 

orated in carbonate minerals and in the, residue. 

The data from the first method was used to, estimate 

quantitatively the diagenetic history of the carbonate rocks, 

while the data from the second method provided useful information 
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Fig. A. IV. 2. C X-ray diffractograms for carbonate sample 
59(1) and the acid insoluble residue for 
the same sample (2). Note the presence of 
all peaks of celestite (2) which are nearly 
absent in (1). 
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about the concentration'of some trace elements in the insoluble 

residue of carbonate samples. 

1. Leaching Method 

1. Weight accurately about 0.20 grams of powdered sample. 

Transfer the powder to a flask using deionised water. Make 

sure that all powder, is transfered to the flask. 

2. Add 10 ml of 1 MHC1 to the powder in the flask, stir 

it and leave over night. 

3. Transfer the solution to 50 ml measuring flask, wash 

the residue several times using deionized water to be sure 

that all the acid soluble material has been washed out. Make 

up to 50 ml and stopper the flask. ' 

4. Mix the solution thouroughly to get a homogeneous 

solutioLi by inversion of the flask about 12 times. 

5. Prepare a series of diluted solutions (x 10 and 

X 100) . 

6. The solutions are now ready for aspiration. 

2. Fusion Method: 

1. Weight accurately about 0.20 gram and transfer to 

clean platinum crucible, add 0.2 gram of Na2CO3. 

2. Place the crucible'on a mekker burner for 15 minutes, cool 

and then add 1 ml distilled water. Allow to stay overnight. 

3. Transfer the content of crucible to a 100 ml beaker 

and remove solid powder by 10 m 1M HC1 and wash with distilled 

water. 

4. Allow the solution in the beaker to evaporate on a hot 

plate (not to dryness) cool and transfer the content to a 50 ml 

measuring flask then complete by adding distilled water until 

the mark. 
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If silica gel is. precipitated, then filter after step (4) 

and collect the filtrate In-a measuring flask. 

5. Prepare a series of dilute solution (x 10 and x 100). 

The solutions produced are suitable for the determination of 

Mg, Sr and Fe in carbonate rock of higher carbonate contents. 

The apparatus was adjusted each time prior to 

running each set of samples. 

E. Calculation of concentration of Sr, Mg, Fe and Ca in ppm 

1. Run the series of "solutions of known concentration 

(calibration series) for each of the elements which it is required 

to determine and measure their optical density (O/D). Plot 

a graph of 0/D against the concentration. 

2. Run the solutions prepared from the samples using. suitable 

dilution, so that all the 'readings for Q/D are within: the calibration 

range. Tabulate the results in printed tables especially 

designed for this purpose. The concentration of each element 

can be determined by reference to the calibration curve. 

3. To calculate the concentration of each element in 

p. p. m. the following equation was used. 

conc. of an elements cxdx 50 
in p. p. m. w 

Where, c is the concentration in, - g/ml from graph. 

d is the dilution factor (1,10,100) 

w is weight of powdered sample in grams 

The multiplication*, by 50 in the above equation is because 50 ml 

containers were used in the analyses and that the concentration 

given in the graphs are only in g/ml. 
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F. Determination of Ca CO3 content 

Most of the samples were analysed for determination of 

their CaC03 contents. The apparatus used was a simple calci- 

meter (similar to that which has been-used by Hulsemann, 1966). 



Appendix IV. 3 

Mineralogical Analyses 

i 

kidge Sample Calcite Aragonite Mg, Calcite Dolomite Quat. Feld. Other No, No. 2 2 2 2 x 2 Minerals 

Profile T 
F ' " " 5.35 

. 80.45 9,94 3,1 0 1.17 0 
, R1 4 3 

' `5 42 . 81.41 10,1 3 1 0 . 0 0 
R2 \ 17.26 81.54 0 0.76 . 44 0 p 

57 " 

C 17.34 81.90 "0 0.77 0 0 .0 

Island 
In 21.48 53.29 22.81 1.13 1.29 0 0 
Lake 
Maryut 

21.76 
.. 

53.99 23.11 1.15 0, 0 O C 

R3 T 74.17 19.21 0 1.20 5.42 0 0 
Uvner 81 :ý 

78.42' 20.31 .0 1.26 0 0 0 C , 

Middle 

T 

82 
47.93 41.85 0 3.23 6.99 0 0 

zC 

51.53 
i 

45.00 0 3.47 0 0 0 

T 30.08 . 53.79 13.69 0 2.4 0 0 
Bottom 83 

XC 
30.84 55.14 14.03 0' 0 0 0 

Cut 40.81 19.84 32.51 0 3.38 0 0 
(cave) 86 

42.24- 20.54 33.65 0 0 0 0 

T 
80 1.60 0 0 14.4 4 0 

R4 87 

97.1 2.90 0 0 0 0 0 

Profile T 2.49 83.61 10.13 3.78 0 0 0 B 
R1 19 
loose 

2.49 83.61 10.13 3.78 0 0 0 

T 9.48 80.25 10.27 0 0 0 0 
18 

. 
cemented . 

9.48 80.25 10.27 0 0 0 0 

R2 1 45.21 52.82" 0 . 96 . 38 . 63 0 
Top 

30 

C 45.67 53.35 - . 97 

1 

0 0 

ý" 31 

43.39 54,44 . 81 . 72 4 
-o 

0 

C 43.66 54.79 
.. 81 . 72 0 0 0 

303 

T- Total  ineralo`ical components of the sediments 
C- Carbonate minerals considered to mate up b OZ 
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2 

Ridge . Sample Calcite Aragonite Mg. Calcite Dolomite Quat. Feld. Other 
No., No. 2 2 2 2 x 2 Minerale 

Profile T 69.92 25.11 0 . 71 4.25 0 0 
8 89 
Rl 
Top 

/( 
73 03 26 23 0 74 0 0 0 . . . 

69.81 26.13 0 1.10 2.96 0 0 

Bottom 88 

C 71.94 26.93 0 1.13 0 0 0 

36.08 40.04 17.43 1.17 1.57 0 Cypaum 
Cut 

90 
3.71 

cave 
38.10 42.27 18.40 1.24 0 0 0 

C 

rule 
C T 3.25 82.19 12.06 2.50 0 0 0 
loose 21 

3.25 82.19 12.06 2.50 0 0 0 
Al 

I\ 
8.47 86.23 4.19 1.11 0 0 0 

cemented 

VC 
8.47 86.23 4.19 1.11 0 0 0 

2 
45.96 52.15 0 1.58 . 31 0 0 

63 R2 
X 

46.10 52.31 0 1.59 0 0 0 
C 

23 T 
48 

67.28 29.13 0 1.19 2.40 0 0 

68.93 29.85 0 1.22 0 0 0 

Roman 46.10 28.79 20.38 2.86 , 1.88 0 0 

cave 99 

samples C 46.98 29.34 20.77 2.91 0 0 0 
fron 

top to T 43.11 32.36 19.16 3.01 2.36 0 0 
bottom 98 

_ý 
on the 44.15 33.14 19.63 3.08 0 0 0 
third 

- 
K 

.,, 
ridge 45. 14 27.23 22.53 2.69 2.41 0 0 

97 

C 46.25- 27.91 23.09 2.75 0 0 0 

= \ 
80.63 3.89 0 1.8 7.58 6.09 0 

A4 4 ' 

C 93.41 4.50 0 2.09 0 0 0 

T" Total mineralogical components of the sediment. 
C- Carbonate minerals considered to sake up 1001 
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Ridge Sample Calcite Aragonite Mg. Calcite Dolomite Quat. Feld. Other 
No. 
' 

No. x 2 2 2 2" 2 Minerale 

Profile ? T 4.29 79.60 12.81 3.30 0 0 0 

D 23 

loose C 4.29 79.60, 12.81 3.30 0 0 0 

R1 

cemented 
T 12.37 82.20 3.65 . 67 1.12 0 0 

22 

C 12.51 83.13 3.69 . 67 0 0 0 

R2 i 22.30-- 76.85 0 . 85 0. - 0 0 

32 

22.30 76.85 0 . 85 0 0 0 

Sidi T 41.26 57.43 0 . 83 . 48 0 0 
Kreer 33 
Quarry 

C 41.46 57.71 0 . 83 0 0 0 

34 
56.19 42.51 0 . 69 . 61 0 0 

ZC 

56.58 42.70 0 . 72 0 0 0 

R3 = 55.40 40.51 0 2.59 1.50 0 0 
4 

52.26 . 41.13 0 2.63 0 0 0 
C 

32.54 39.33 18.75 4.60 4.78 0 0 

34.18 41.30 19.69 3.83 0 0 0 

T 
39.63 39.33 23.15 1.79 4.21 0 0 

C 41.37 32.59 24.17 1.87 0 0 0 

T 77.46 12.80 0 3.05 5.50 1.19 Gypsum 
A4 42 

11 

C 83.01 13.71 0 3.27 0 0 0 

T 73.62" 12.03 0 1.48 8.18 4.70 0 
12 " 

84.48- 14.00 0 1.69 0 0 0 

15 85.05 9.30 0 0 0 5.64 0 

C 90.14 9.86 0 0 0 0 0 

" t \ 

45 

62.62 20.81 0 9.10 0 0 0 

C 67.68 22.49' 0 9.84 0 0 0 

T- Total mineralogical components of the sediments 
C- Carbonate minerals considered to sake up 1002 
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Ridge Sample Calcite Aragonite Ms. Calcite Dolomite Quat. ' Told. Other 
No. No. 2 2 2 2 2 2 Minerale 

Profile 76.07 19.61 O 1.77 2.56 0 0 
D 46 
R5 

C 78.06 20.12 0 1.81 0 0 0 

Profile 5.07 82.61 9.41 2.91 0 0 0 
E 35 Loose 

5.07 82.61 9.41 2.91 0 0 0 

R1 

T 9.04 86.35 4.17 0 0.44 0 0 

cemented 36 

9.08 86.73 4.19 0 0 0 0 
C 

wind T 4.83 83.42 8.97 2.78 0 0 0 blown to 
landward 37 

4.83 83.42 8.97 2.78 0 0 0 
C 

T 14.81 80.64 2.97 1.00 0.58 0 0 

R2 38 

14.90 81.10 2.99 1.01 0 0 0 

53.69 39.47 0 1.69 3.14 0 0 

R3 40 
X 

56.60 41.61 0 1.78 0 0 0 
C 

T 72.46 14.77 0 2.00 0.70 0 0 

41 
81.00 17.00 0 2.00 0 0 0 

T 65.58 18.97 0 10.90 4.55 0 0 
R4 42 

C 68.70 19.88 0 11.42 0 0" 0 

T 70.36 23.81 0 0 5.11 0.72 0 
102 

74.15 25.09 0 0 0 0.76 0 

Profile T 10.66 80.90 7.56 0 0.88 0 0 

R1 44 

10.75 81.62 7.63 0 0 0 0 

1 T 

29 

47.42 50.26 1.17 0.70 0 0.45 0 

C 47.63 50.49 1.18 0.70 0 0 0 

R3 \ 

28 
79.30 15.87 0 2.81 1.90 0 0 

C 81.00 16.00 0 3.00 0 0 O 1 

T- Total mineralogical components of the sediments 
C" Carbonate minerals considered to make up 1001 
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Ridge Sample Calcite 11 Aragonite Mg. Calcite Dolomite Quat. Feld. 
1' 

Other 
No. No. 2 2 2 i 2 2 Minerale 

Profile T 78.47 11.18 0 5.4 4.93 0 0 
F 24 

ZC 
82.53 11.76 0 5.71 0 0 0 

T 83.24 5.65 0 5.82 5.33 0 0 
R4 25 

C 87.80 6.20 0 6.00 0 0 0 

T 81.99 12.01 0 1.16 3.34 1.50 
55 

C 86.16 12.62 0 1.22 0 0 0 

T 72.32 5.64 0 13.41 6.42 2.2 0 
R5 26 1 

79.15 6.18 0 14.68 0 0 0 
C 

T 88.52 6.78 0 0 4.71 0 0 

26 27 

C 

z 
92.89 7.11 0 0 0 0 0 

ro ie 
G 2.60 90.59 6.81 0 0 0 0 
Loose 66 

2.60 90.59 6.81 0 . 0' 0 0 
Rl 

C i 

! 9.31 82.47 5.55 2.67 0 0 0 
Cemented 67 

9.31 82.47 3.55. 2.67 0 0 0 

R2 T 50.72 48.45 0 0.83 0 0 0 
69 

C 50.72 48.45 0 0.83 0 0 0 

T 41.44 39.02. 15.02 3.88 0.64 0 0 
70. u 

41.71 39.28 15.11 3.90 0 0 0 

T 35.39 36.04 24.11 3.23 1.24 0 0 
R3 70. 

35.83 36.49. 24.41 3.27 0 0 0 

T 
33.24, 25.15. 33.70 3.92 3.98 0 0 70. B 

C 34.62 26.20- 35.10 4.08 0 0 0 

} 

7 
79.92 10.38 6.89 0 2.51 0 0 

JCaliche 0. C 

82.23 10.68 7.09 0 0 0 0 1 

T7 Total  ineralo`ieal components of the sediments 
C- Carbonate minerals considered to auks up 1002 
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Ridge Sample Calcite Aragonite M8. Calcite Dolomite Quat. Feld. Other 
No. No. -2 x 2 2 2 2 Minerale 

Profile 54.11 31.15 0 5.15 3.91 5.69 0 
C 71 R4 

C 59.85 34.45 0 5.69 0 0 0 

RS 
72 

85.41 0 0 4.40 8.97 1.22 0 

C 95.10 0 0 4.90 0 0 0 

Depth 
in Limestone qu4rries' 
meters 

!1 Hammas quarry 63 km west of A14undri4 
C 

T 29.38 69.08 0 0.87 0.67 0 Minor 
00 1 93 C le t . 

69.55 0 0 0 0 : 
< 

::: 

"37.16 0 0 0 0 

00 3 . 
C '62.84 37.16 0 0 0 0 

T 44.38 53.38 0 0.50 1.74 0 

4 00 94 . Z 45.17 -54.32 0 0.51 0 0 
C 

T 52.98 "45.28 0 1.09 0.64 0 

00 5 39 . 
C 53.33 45.57. 0 1.10 0 0 

T 52.93 45.23 0 0.73 0.64 0.47 

6 00 53 . 
C 53.53 45.74 0 0.74 0.74 0 

46.06 51.64 0 0.74 0.74 0 

7 50 9S . 
C 47.14 52.86 0 0 0 0 

56.69 '42.11 0 0.76 0.49 0 

0o '9 S4 

I 

. 
CC 56.94 42.31 -0 0.76 0 0 " 

51.31 44.67 0 0.23 1.77 0 1.82 
12 00 96 

I 

. - 
53.43 46.33 0 0.24 0 0 0 

C 

Depth Sidi Kreet q arty, 
from 
top 

Z . 35 ka rest of Al xandria 

T- Total mineralogical components of the sediments 
C" Carbonate minerals considered to make up 1002 
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Ridge Sample Calcite Aragonite Mg. Calcite Dolomite Quat. Feld. Other 
No. No. 2 2 2 2 2 2 Minerals 

= 41.89 56.03 0 0.50 1.59 0 Minor 

3.00 106 celestite 

C 42.56 56.93 0 0.51 0 0 

T 
47.01 50.92 0 0.53 1.54 0 

5.00 107 

47.74 51.72 0 0.54 0 0 to C 

43.49 54.46 0 0.62 1.43 0 It 

7.00 108 

44.12 55.25 0 0.63 0 0 " 
C 

Depth El Agami Qu4rry 
in 
meters 

2Q lms vest of /jlexandria 
t 

= 35.76 61.95 0 0 1.35 0.94 0 
1.00 75 

C 36.60- 63.40 0 0 0 0 0 

T 53.16 45.43 0 0 1.42 0 0 

3.00 76 

53.92 46.08 0 0 0 0 0 

T 42.22 55.45 0 0.70 1.63 0 Minor 
4.50 58 celestits 

C 42.92 56.37 0 0.72 0 0 

43.17 55.21 0 1.02 0.60 0 
00 6 

N 
ý 

. 
; 

c 43.43 55.54 0 1.03 0 0 

7.50 . 45.24 
- 

52.60 0 0.69 1.46 0 " 
k 

45.92 53.38 0 0.70 0 0 

39.78 57.89 0 1.35 0.98 0 to 

00 9 6O . 
C 40.1 7 58.46 0 1.36 0 0 It 

T 37.58 57.14 
.0 0.64 1.47 0 cslestit 

10.00 78 3.17 

C 39.41 59.92 0 0.67 0 0 minor 
celestite 

= 48.32 50.37 0 0,94 0.37 0 

. 
11.00 59 

C ' 48.50 50.56 0 0.94 0 0 

Ta Total  ineralo$ieal components of the sediments 
C" Carbonate minerals considered to oaks up 1001 
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Ridge Sample Calcite Aragonite M8. Calcite Dolomite Quat. Ie1d. Other 
No, No. 2 2 2 2 2 2 Minerale 

T 48.92 48.52 0 0.77 1.78 0 celeetit 

12.00 79 

C 49.81 49.40 0 0.78 0 0 

E1- T 
Charbamiat 90.01 0 0 0 1.84 2: 35 Gypsum 

manly 8 5.80 
limestone 

C 92.18 0 0 1.88 0 0 0 

T 77.63 2.75 0 0 7.87 2.21 celestite 
9.54 

9 "_T 

86.33 3.03 0 0 0 0 10.61 

T 21.22 0 0 0 2.51 0.18 Cypsum 
El-Hammas Hm-D 

76.10 

Marl. 22.00 0 0 0 0 0 78.00 
C 

T 92.76 0 0 0 3.81 0 Geleit to 
3.42 

Has, r 

C 100 0 0 0 0 0 0 

T Mourn el arab cut 
34.20 42.11 18.31 2.37 3.02 0 0 

Upper 100-A 

35.27 43.42" 18.88 2.44 0 0 0 

27.10 37.08 26.58 0 8.83 0 0 
Middle 100-0 

28.18 38.55 27.64 0 5.63 0 0 

T 52.35 29.88 13.13 1.86 2.77 0 0 

Lover 100-j 
unite" 33.84 30.73 13.50 1.92 0 0 0 

Boulders 35.74 22.88 34.74 2.98 0.98 0 0 

37.10 23.75 36.06 3.09 0 0 0 

T 

C 

T 

T" Total mineralogical components of the sediments 
C- Carbonate . inerala considered to make up 1002 
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Ridge Sample Calcite Aragonite Mg. Calcite Dolomite Quat. Told. Other 
No. No. 2 2 2 2 2 2 Minerals 

e 

BH1 . 
T 2.48 0 0 0.91 0.7 0 94.33 I. U 

20 km 
west of 

Ma 

Alex. C 73.16 0 0 26.84 0 0 Gypsum 
R1-RI 

T 3.99 4.49 0 2.18 0.79 0 88.58 

ILb 

C 37.41 42.12 0 20.47 0 0 Cypsum Col. 

X= 
1.98 0 0 0.61 0.14 0 95.98 1.3 

d 

C 

Z 
76.81 0 0 23.19 0 0 0 

BH2 T la, miner. i 
20 ks 18.71 0 0 14.95 61.69 4.63 ave been 
vest of b =luded 
Alex. 
R2-R3 C 55.59 0 0 44.41 0 0 0 

d 

Detritals   inly quartz, f eldspars, lays 

C e. g. kaolin tee flöte " smectite 

BH 3 
= 15.77 0 0 19.39 57.26 7.58 0 

R1-R2 b 
65 km W. 44.86 0 0 55.14 0 0 0 Alex. 

BH4 T 65.20 0 0 6.72 0 5.83 22.25 
R2-K3 b 
65 ks W. 
Alex. C 90,65 0 0 9.35 0 0 0 

50.00 0 0 6.84 38.60 4.55 0 
C 

C 88.00 0 0 12.00 0 0 Cypsus 

R1-R2 r 4.90 0 0 1.58 2.00 4.00 91.12 
km 80 
west Aldx 
surface C 72.17 0- 0 27.83 0 0 0 

Loose T 13.18 53.83 22.44 1.37 7.25 0 1.93 
sediment 64 

C 14.21 58.04 24.19 1.48 0 0 2.08 

T 34.75 33.10 12.97 17.90 Detr' als b e% @ 
63 exel ad 

very 
C 0.20 0 0 0 spar and cla ys e. g. 

ksol' its pi its 

T 39.86 32.20 0 9.07 18.87 0 0 
62 ' 

49.13 39.69 0 11.18 0 0 0 

T" Total "Lneralolical cospooenta of the "ediaent" 
C- Carbonate "inerala considered to take up 1002 



312 

to 

Ridge Sample Calcite Aragonite Mg. Calcite Dolomite Quat. Feld. Other 
No. No. 2 2 2 2 2 2 Minerals 

Loess T 64.56 7.41 0 15.28 12.75. 0 0 
Sediment 100- 11 

> 

C 74.00 
. 

8.50 0 17.51 0 0 0 

T 
11.93 26.10 3.21 5.48 51.15 2.13 0' 

68 

C 25.54 55.86 " 6.88 11.73 0 0 0 

Harbour T 18.41 40.98 38.62 0 1.88 0 0 

Islands 50 ' 
20 km vest 

top 

of Alex- C 18.77 41.77 39.46 0 0 0 0 
andria 

T 21.45 38.04 39.44 1.08 Q 0 0 
51 
bot 

C 21.45 38.04 39.44 1.08 0 0 0 
Montaza 
beach T 34.20 40.01 0 0 8.07 7.73 0 
R2 14 Alex- 
andria C 46.08 53.92 0 0 0 0 0 

T 51: 51 40.33 1.32 0.78 6.06 0 0 
56 

54.83 42.93 1.40 0.83 0 0 0 
C 

Abu Qir 42.62 36.05 0 0.67 8.08 2 57 0 East of . 
Alex- 15 

-andria 
C 53.72 45.44 0 0.83 0 0 0 

C 

T 

C 

T 

C 

T- Total mineralogical components of the sediment, 
C- Carbonate minerals considered to auks up 1002 
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Appendix IV. 4 

Geochenuical Analyses 

Ridge Sample Ca. Sr. Mg. Fe. CaCO3% 
No. No. in ppm in ppm in ppm in ppm 

Profile 
L 

355178 -9505 2001 139 96 

No. G 66 

L 350000 9250 2100-. 80 95 

R1 67 

'XF 
L 358387 5724 3484 107 97 

R2 69 

402500 6000 3250 440 

L 
338176 1879 17034 408 97 

R3 70 

377219 1849 20710 954 

L 310061 2369 14015 - 369 89 
R4 71 

p 375000 2050 16250 738 

L 301945, 793 13306 477 89 
R5 72'ý', 

342466 723 16235 2296 

Profile L 335168 8754 2401 96 96 
No. P \ 

R1 4 

R2 

L 

29 

373808 6523 3111 145 98 

405405 7862 3342 725 

L 346485 -1619 11330 283 94 
R3 28 

373434 1592 12882 1073 

L 285033 728 9643 324 83 

R4 24 

297710 636 13995 2756 

L 313735 1359 13142 503 89 
25 

! 339883 1274 13993 1550 

L 
338531 1308 8853 467 95 

55 

7 381438 1288 10083 1086 

L- Leaching method 

7" Fusion method 
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Ridge Sample Ca. Sr. Mg. - Fe. CaC0 ; 
No. No. in ppm in ppm in ppm in ppm, 

3 

L 
299251 1097 " 24938 351 90 

R5 26 

301145 1195 28372 2643 
F 

L 354108 815 5855 298 96 

R6 27 

Profile LL 368237 9519 3407 87 96 
No. E 35 
Loo. e 

RI 
L 353690 8906 3053 142 97 

cemented 36 

F 

wind 
L 368606 9027 3360 217 94 

blown 37 
sand to 
landward 

L 344311 8233 3443 519 96 

R2 38 

395990 9524 3809 1361 

L 319465 2811 12680 474 93 
R3 4p 

367467 2695 14062 951 

`L 309227 1471 10973 524 86 

R4 41 

325547 1267 12457 

ý" L 

42 

304391 1335 21457 601 90 

350746 1269 23383 

L 390000 1475 7000 313 
102 

. T 
Profile 
No. D L' 342602 9434 3476 132 96 

L 23 oose 

R l 

L 363591 9529 3711 130 96 
cemented 22 

LI Leaching aethod 

!- Fusion method 
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Ridge Sample Ca. Sr. Mg. Fe. CaCO3x 
No. No. in ppm in ppm in ppm in ppm 

356436 9538 2359 410 96 

R2 32. 

405539 10633 2943 903 

L 

R3 4 

383858 2510 6152 1476 

R4 

L 

1\ 

F 322809 1084 15316 3676 

L 337233 871 6197 
. 
486 94 

R5 7 

F 373506 697 7122 1188 

\ 

45 

317341 500 12790 412 90 

351505 419 14307 812 

L 336345 1506 5874 570 95 

46 
358576 1843 16048 1424 

F 

Profile L 358209 9453 3781 130 96 
No. C 

\ 

2 . 

P _ . 
R1 

L 356247 9533 2810 114 95 

20 

IL2 

L 

655 
363227 6012 3607 198 97 

391912 7235 4194 716 

L 339599 2306 9724 462 97 
R3 48 

370651 2320 10287 764 

270406 675 9264 908 81 
R4 49 

7 318250 597 11338 3247 

L- Leaching . ethod 

T" fusion method 
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Ridge Sample Ca. Sr. Mg, Fe. CaCO3x 
No. No. in ppm in ppm in ppm in ppm 

Profile 
L 355533 9890 3265 119 95 

No. B 19 

RI i 

347870 9677 3626 116 96 
18 

\ 

30 
346212 8655 2308 80 96 

425039 9918 2576 559 

R2 
L 

31 
351815 8579 2188 78 95 

397500 9375 2450 578 

L 396250 1750 7750 450 92 

Top 89 

R3 

L 386669 1490 9931 693 

Bottom 88 

r ' 

cut 
335Q02 3720 1406 608 

curve 90 

F ' 

Profile \ No. A 
"N 

345173 "9255 3702 140 95 
RI 43 

R2 

L 362903 8317 2016 203 95 

Island 
is 

L 366562 3219 12293 928 93 

Mar ut Bo y 

L 389772 1614 8813 546 94 
81 

365127 2732 12419 745 
R3 82 

L- Leaching method 

i- Fusion as hod 
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Ridge Sample Ca. Sr. Mg. Fe. CaCO I 
No. No. in ppm in ppa in ppa in ppa 

3 

R3 L 340476 2262 8452 1357 0 

83 

F 

L 350123 1474 19656 1265 
Cut 86 

L \ 291891 464 7328 2137 73 - 

R4 87 

E1 Hammas 
Limestone L 344311 8233 3443 519 96 
Quarry 38 
Depth in 
meters 395990 9524 3809 1361 
Top 

NýL 399254 7463 3731 323 96 

1 93 

! 413182 7662 3689 1008 
. 

L 343797 6727 3164 304 97 

3 52- 

406948 7940 3424 658 

L 388999 7433 3717 310 94 
4 94 

426376 7437 3718 1091 

L 354645 17982 2697 131 94 
5 39\ 

396586 35141 2861 843 

L 
350432 5587 35014 396 97 

6 53 
113949 5770 4064 966 

390936 7470 3113 311 96 
7.3 93 Z 

404154 7758 3253 851 
Y 

L 348953 6107 4038 478 98 
9.00 14 

e 

l, 406360 

- -- --- 

7446 4442 1189 

L 
378313 12048 2651 301 97 

12 2 

L" Leaching method 

7- fusion method 
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Ridge Sample Ca. Sr. Mg. Fe. 
_ 

CaCO3% 
No. No. in ppm in ppm in ppm in ppm 

Siar L 363227 6012 3607 198 97 
Kreer 65 Top , 391912 7239 4194 716 

L 400499 6737 3743 312 99 

3.00 106 

427042 7470 3386 984 

5.00 

'L 

10\ 

395459 7735 3119 250 98 

434568 9136 2963 778 
F 

L 433579 9456 2883 115 96 

7.00 108 

428674 9126 2882 841 

El Agami 362903 8317 2016 203 95 
Limestone 
quarry 57 
Top 

F 402098 9241 2198 440 

L 420127 6351 2699 391 98 

1.00 75 ýý 

F 427735 7541 2763 980 

L 
398728 4892 3302 208 96 

3.00 76 
XF 

426165 5699 3345 867 

L 366036 6972 3138 201 97 

4.50 58 

391326 8724 3589 566 

L 360000 7250 2500 193 97 

6 00 61 . 
387192 8128 3103 855 

L 378600 9434 2979 348 96 
7.50 77 

422431 4941 2841 692 

L 359469 9005. 2505 454 94 
9.00 

F 396866 11375 3185 1825 

L 380489 11228 3019 412 96 

10.00 78 

F 440594 10396 2723 755 

L- Leaching method 

i- Fusion method 
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7 

Ridge 
No. 

Sample 
No. 

Ca. 
In ppm 

Sr. 
in ppm 

Mg. 
in pps 

Te. . in ppm 
CaCO32 

361826 7564 2471 22S 97 

11.00 59 

410993 8573 2900 1276 0 
T 

L 387289 5462 2731 422 98 
12.00 79 

/ 
437469 5685 2669 1038 

Crpaoa Quarries 

E1 Gharba" L 
niat marls 
& lime- 8 
stone 

377767 481 4812 1684 F 
\ 

93 
9 

295369 18431 5671 4253 

so 
H D m 

274832 687 7232 8317 
T 

L 364139 5525 3365 90 

R an 
381188 5074 4579 

ý" L Roman C vecut in the hire 
de 

Sour` 
E1-Arab 

L 
00 

\ 399600 3047 14985 400 

pper 

L 377241 2913 21165 672 
Middle 100-0 

} 

L 37969 2807 8772 326 

bottom 106a 
aeolia- 
nites r 

L" Leaching method 

F" Fusion method 
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8 

Ridge Sample Ca. Sr. Mg. Fe. CsCO 2 
No. No. inppm in ppm in ppm in pps 

ý 

Profile 388139 2483 15670 603 
C 

9,9 

373281 2480 14735 860 

L 357311 7547 15566 613 

98 

371359 8009 13350 1019 

\ 

97 

347772 2673 16089 656 93 

356789 2428 16105 1065 

Profile 
L 348432 1643 13439 304 97 

G 7U 
Ei 389056 1581 14307 733 

L 
70-x 

337192 1686 1454 368 97 

371839 1661 16113 773 

L 338176 1879 17034 408 97 
70-b 

371219 1849 20710 954 

ºe& ina 
Profile \ 

347257 7046 4932 101 92 
D 33 Sidi 
Kreer 

F . 390977 8020 5389 494 Quarry 

" ýL 
354104 7257 3403 114 95 

Bottom 34 

T 381620 7269 3738 787 

T 

VIP 
" 

L" Leaching method 

i" Tusion method 


