
Plate 1. Satellite mosaic of the River Nile delta in Egypt, compiled by Earth Satellite Corporation, using Landsat images from 1972 to 1990. The image

records Cairo at the delta apex, vegetation (red), urban expansion (yellow), development of large sand dunes (pink), coastal erosion (especially of the two

promontories), and formation of salt pans (white, far right). Reclamation projects are draining what is left of lagoons and marshes (green). The Sweet

Water Canal (red) extends from the eastern delta margin to the Suez Canal. Conversion of desert to agriculture along the delta margins is shown in

light blue. Further explanations are presented in the accompanying article. Photo provided by D.J. Stanley, Smithsonian Institution, Washington, D.C.
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All deltas undergo alternating construction to dest ruction phases due to fundamental changes in the relative influence
of sediment inpu t from rivers and redistribution by marine coastal processes. During the past 7000 years world deltas ,
including the Nile, have been in an overall construction phase. However , the Nile delta has converted to a destruction
phase during the past 150 year s, triggered by water regulation which has disrupted the balance among sediment
influx, erosive effects of coastal processes, and subside nce. This former depocenter has been alte red to the extent that
it is no longer a functioning delta but, rather, a subsiding and eroding coastal plain .

Symptoms of the destruct ion phase of the Nile delta include accelerated coasta l erosion and stra ightening of the
shoreline, reduction in wetland size, increase d lan dward incursion of saline groundwater, and buildup of salt and
pollutants to toxic levels in wetlands and delta plain. Without seasonal flushing by floods, the former delta plain
surface is now incapabl e of recycling and/or removing agricu ltural, municipa l and indu strial wastes generated by
Egypt's rapidly expanding population. Moreover, the remaining capacity of the system to regenerate itself will further
diminish as water is divert ed away from the delta for new irrigation and municipa l projects in the Egyptian desert ,
and wat er allocations to Egypt are decreased by upstream countri es.

Reestab lishing some level of natural hydrology is the only credible solution for at tain ing equilibrium among sedi
ment accretion on the delta plain to offset subsidence, progradation along the coast to offset erosion, and sufficient
water influx to flush and remove the high levels of salt and pollutants thro ughout the system. However, increased
Nile water and sediment discharge could begin to restore a functioning delta system only if there is a substantial
reduction in human impacts.

ADDITIONAL IND EX WORDS: Aswan dam s, barrages, canals, coastal erosion, delta constru ction, delta destruction,
diseases, dri ll cores, Egypt , indu strial waste, lagoons, Lak e Nasser, land conversion, Mediterranean Sea, Nil e Cone, Ni le
delta, pollution, population pressu re, River Ni le, salinization, waterways , wetlands.

"in the part called the Delta, it seems to me that if the

Nile no longer floods it, then . .. the Egyptians will suf

fer ."

Herodotus, The History

INTRODUCTION

Marine de ltas evolve from interaction of global-to-regional

sca le natura l processes, plus the additional influence of more

area-specific conditions (S HIRLEY, 1966; MORGAN, 1970;

BROUSSARD, 1975; COLEMAN, 1982; OTI and POSTMA, 1995;

MILLIMAN and HAQ, 1996). Delta progradation typically pre

vails during construction ph ases when fluvial processes dom

inate at the mouth of a river, wh ile dest ruct ion phases occur

when marine coastal processes dominate. La rgely from anal

ys is of drilling and seismic survey da ta , geologists ha ve in

terpreted the evolution of the Nile del ta a nd contiguous Ni le

Cone along the nor theastern African platform during the past

- 5 1/2 milli on years (F igu res 1 and 2). These studies (e.g.

SESTINI, 1989) indicate that interaction of natural factors

98141 received and accepted in revision 9 May 1998.

(tecton ic framework, climati c and sea-level flu ctuat ions , flu

vial and marine processes) produced a partially superposed

sequence of Neogene to Quaternary Ni le de ltas. Evo lution of

these stacked depocenters in volved a lternating construction

a nd dest ruct ion phases, typical of de ltas in general. Waxing

a nd wa ni ng of depocenters we re primarily a function of

changes in interaction between fluvial input and sea-level

change.

Most geologica l studies of the Nile have focused on the con

struction phase of the most recent (Holocene) depocenter

(SESTINI, 1989, 1992; SAID, 1993; STANLEY et al ., 1993; STAN

LEY and WARNE, 1993a; WARNE and STANLEY, 1995 ; EL

SAYED, 1996). When descr ibed by Herodotus almost 2450

years ago, the Ni le delta was active ly progr ading. However ,

human modification of the lower Ni le system dur in g the past

150 years has almost com pletely terminated Nile delta pro

gradation a nd aggradation. The Nile River 's classic fan

shaped depocenter a ppears to have been altered to a greater

degree by intensified anthropogenic activity than most of the

ot her populated worl d del ta s. These changes are pri marily a

function of rapid population increase dur ing the 20 th century

(J EFTIC et al., 1992), a nd have ser ious ramificatio ns for
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Figure 1. (A) Landsat mosaic (1972- 1990) of th e Nile river delta, bounded by desert, showing urban expans ion (yellow), developm ent oflarge sand dun es

(pink), coasta l erosion, and form ati on of sa lt pans (white, far right ), Reclam ation projects ar e redu cing th e rema ining lagoons and mar she s (gree n), and

new agri cultur e projects developing along th e delta mar gin s (blue), Th e sa te llite image was provided courtesy of Ea rth Satellite Corporation . (B) Main

topographic and geographic features of th e Nile delta (contours in m) and major cit ies (modified from Sestini, 1992).

Egypt. Not only is the Nile delta subject to intense human

pressures, it also rem ains vulnerable to natural factors such

as coastal erosion that continue unabated. Anthropogenic

pre ssures have degraded th e Nile delta to such an extent that

th e depocenter is no longer an actively functioning delta.

Principal consequences affect ing the human-induced delta

destruction phase include: incursion of th e sea and saline

ground water into low-lying northern sectors, coast al erosion,

and decreased capacity to regenerate its elf.

No other country is as dependent on a single fluvial system

J ournal of Coasta l Research, Vol. 14, No. 3, 1998
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Figure 2. Southeastern Mediterranean (contours in m) with shading showing Nile delta and it s subaqueous extensions, the Nile shelf and Nile Cone

(modified from Sestini, 1989).

as Egypt, which is situated in the eastern Sahara (Western

Desert, NW Sinai), one of the world's most extensive and se

vere deserts (BISWAS, 1992, 1993; SAID, 1993; Figure 1). The

population of Egypt has increased from 10 to nearly 65 mil

lion in the past 100 years, with a growth rate that approxi

mates 1 million per year (WORLD BANK, 1990). This results

in a per-capita arable land area of only 0.06 hectare, the low

est of any African country. More than 90% of the population

lives adjacent to and relies directly on the Nile and its delta,

terrains that constitute less than 5% of the country's total

area. About 40 million people (locally to > 1000 persons/km";

Figure 3) are now concentrated between the Nile delta apex

at Cairo and the delta coast, an area the size of Delaware,

one of the smallest states in the U.S. Recent hydrographic

studies show that 98% of the available freshwater in Egypt

is presently utilized (SAID, 1993), and water is the country's

major constraint for sustaining its growing population (U.S.

DEPARTMENT OF AGRICULTURE, 1976).

Herein, we focus on the modern Nile delta of Egypt (Figu re

1) to develop the postulate that intensified human pressure

can modify the evolution of some deltas to a greater extent

than natural factors, and induce the transition from construc

tion to destruction phase. The intent of the study is: (1) to

review the natural factors that led to the construction phase

of the Holocene delta; and (2) to evaluate the type and extent

of human alterations and their impact on the Nile delta. We

hope that this information will provide some practical insight

for future planning of this and other densely populated ma

rine deltas.

EARLY NILE DELTA EVOLUTION

A review of the long-term history of the Nile delta provides

a gauge to compare the earlier natural ecosystems with the

present relict delta that is undergoing a human-induced de

struction phase. During the Cenozoic , the northeast African

platform was not drained by a single master stream, as it is

today, but by a succession of at least three different major

systems that evolved and migrated through time in response

to large-scale lateral structural displacement, major uplift

(especially in the Red Sea-Eastern Desert-Sinai region) , and

sea-level changes. Recent investigation show s that, prior to

Miocene time, some important ancestral rivers actually

flowed from east to west, rather than from south to north

(ISSAWI and MCCAULEY, 1993). The north-flowing Nile sys

tem that extends across East Africa to the general area of the

modern Nile delta is a geologically recent phenomenon that

dates back to the late Miocene (SAID, 1981).

The marked drawdown of sea level at that time, primarily

caused by restriction of passages between the Atlantic and

Mediterranean and evaporation of sea, has long been a source

of geological interest. Regional studies identified a much-al

tered oceanic communication between the two water bodies

(through southern Spain and northern Morocco), and conse

quent major paleogeographic responses, especially in late

Miocene time (review in GIGNOUX:, 1955 , his Chapter 10).

More recently, some workers have generalized that the Med

iterranean during the Messinian was a dry desert formed in

a deep depression that locally exceeded 3000 m (Hs tr et al.,

J ournal of Coastal Research, Vol. 14, No. 3, 1998
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Figure 3. Population in th e central and northern Nile delta, highlighting increased density from 1971 to 1986 (after Sestini, 1992).

1973) . In fact, studies of the Miocene to Pleistocene stratig

raphy of eastern Mediterranean margins record a substan

tial, but less extreme, lowering of sea level to about 1500 m

(STANLEY, 1977) . This event induced incision of the Egyptian

margin by the ancestral Nile to form a deep valley (SAID,

1981).

The Nile delta began to develop in Messinian time, as the

Nile extended northward from the African lakes plateau, and

crossed the Sudd, Central Sudan, Ethiopian highlands, and

Cataracts region of Sudan to Upper and Lower Egypt (SES

TINI, 1989). During the Messinian lowering of sea level , the

Nile (Eonile, Table 1) discharged its load on a broad, sub

aerially-exposed continental margin (Figure 4A). The early

Pliocene marine transgression that followed, caused the sea

to invade and fill the incised and down-faulted valley of the

Nile to as far south as Middle Egypt (Figure 4B). Structural

displacements of eastern Egypt continued to affect the Nile

system during the Pliocene and Pleistocene (Figure 4C).

Ancestral Nile flow fluctuated markedly during its history

(BUTZER and HANSEN, 1968; WENDOR~' and SCHILD, 1978;

and SAID, 1981, 1993; Table 1). Field mapping, seismic sur

veys and drilling, primarily for hydrocarbon exploration, have

revealed a thick (to > 3000 m; Figures 4, 5) accumulation of

superposed and partially overlapping terrigenous depocen

ters in the vicinity and underlying the Holocene delta plain

(ZAGHLOULet al ., 1977, 1979a,b; RIZZINI et al ., 1978; SHAWKY

ABDINE, 1981; SCHLUMBERGER, 1984). Alternating construc

tion and destruction phases were a function of interaction

among sediment supply, tectonic displacement and major ris

es and fall of sea level that induced development of this

stacked delta sequence.

Surveys at sea indicate that early Pliocene to modern delta

facies underlying the subaerial Nile delta plain extend and

interfinger with widely dispersed submarine sections of com

parable age in the Nile Cone (Ross and UCHUPI, 1977; STAN

LEY, 1977). The Cone, comprising thick terrigenous units of

Nile derivation, forms the slope off Egypt (Figure 5), and is

many times larger than the subaerially exposed fan-shaped

Nile delta. The Cone is roughly 500 km wide and 800 km in

length (Figure 2), comprises largely silt with interfingering

sand strata, and locally exceeds 3000 m in thickness (Figure

5). This arcuate sediment prism extends from the North Af

rican coast northward to the Mediterranean Ridge (FINETTI,

1976), and from eastern Libya to the Israeli-Lebanese margin

(Ross and UCHUPI, 1977).

The Neogene to Pleistocene Nile Cone is derived from ter-

Journal of Coastal Research, Vol. 14, No. 3, 1998
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Table 1. Synthesis of major events that shaped the Nile River and delta since the late Miocene (modified from SAID, 1993).

799

Dates (in

thousand years) Nile Phase

6000-5400 Eonile

5400-3300 Gulf

3300-1800 Paleonile

1800-800 Desert

800-400 Prenile

400-present Neonile

Summary of Processes and Responses

Incision of Nile canyon in response to desiccation and lowered Medi

terranean (late Miocene, Messinian)

Rising waters of the regenerated Mediterranean fill the incised can

yon, converting it into a long N-S trending estuary (early Plio

cene)

Local river occupies the long estuary and fills the valley with sedi

ments (Pliocene)

Egypt converted into desert, and river stops flowing (early Pleisto

cene)

Egyptian river with an African connection fully established; the riv

er carries many more times the volume of sediment than historic

Nile (Pleistocene)

A generally less competent river with oscillations in flow volumes

between 100 and 300 ms/annum. The first Neonile phase inter

rupts a wet phase (400,000-200,000 years); this is followed by one

that is seasonally erratic (200,000-70,000 years), then by a sea

sonally flowing river (70,000-12,000 years), and finally by the

modern perennial Nile (12,000-present)

rigenous sediment carried by traction and downslope gravi

tative mechanisms from the coast to beyond the shelfbreak.

Sediment accumulation rates on the Cone increased substan

tially during late Miocene to late Quaternary sea-level low

stands, when the Nile discharged its load directly onto the

upper slope (BARTOLINI et al.,1975). This sea-level effect is

demonstrated by incision of the Alexandria canyon on the

outer shelf and by study of late Pleistocene Cone deposits

formed about 20,000 years ago, during the most recent low

ering of sea level. At that time, the proportion of sand mark

edly increased relative to silt and clay near the shelf break,

on the Cone surface and in basin plains at the base of the

Cone (MALDONADO and STANLEY, 1976, 1978; STANLEY and

MALDONADO, 1977).

Largely a depositional feature resulting from >5 million

years of Nile discharge, the Cone forms a highly irregular

topographic surface influenced by isostatic subsidence, faults

and underlying salt tectonics (Ross and UCHUPI, 1977; AL

MAGOR, 1979; GARFUNKEL, 1984; SCHLUMBERGER, 1984;

STANLEY, 1985; BELLAICHE and MART, 1995). Some tectonic

structures, especially large-scale faults that extend from the

Levant-North Sinai sector to the Nile delta region, are an

integral part of active Eastern Mediterranean formative pro

cesses (Figure 6). The NE-SW trending Pelusium shear sys

tem, Nile delta block faults, and offshore rotational and gra

ben fault systems are among the more important regional

structures that have affected the Egyptian shelf, coast and

slope topography and depositional patterns (NEEV, 1975;

NEEV et al.,1976, 1980; MART, 1984). Other structures are

produced by isostatic loading and gravitative phenomena,

and still others by compaction and underlying halokinesis.

HOLOCENE PALEOGEOGRAPHY AND DELTA

DEVELOPMENT

Stratigraphic analysis of late Pleistocene alluvial to Holo

cene deltaic deposits in drill cores (Figure 7A) serves to detail

the history of the modern Nile depocenter (FOURTEAU, 1915;

ATTIA, 1954; SNEH et al., 1986; SESTINI, 1989; STANLEY et

al., 1996). Core analysis provides a basis to determine long

term trends in delta evolution, record the relative influence

of natural factors in formation prior to human modification,

and to differentiate the effects of natural versus anthropo

genic processes in the modern Nile.

Data and interpretations, from the northern delta, are pre

sented in COUTELLIER and STANLEY (1987), STANLEY et al.

(1992b), ARBOUILLE and STANLEY (1991), CHEN et al. (1992),

WARNE and STANLEY (1993b), and STANLEY and HAMZA

(1992). The thickness of Holocene strata beneath the modern

delta plain ranges from 10 to 50 m, and tends to increase

northward toward the coast. Thickening is a direct function

of subsidence of the delta substrate north of a coast-parallel

hingeline (WARNE and STANLEY, 1993a; Figure 7B).

The following abbreviated summary of late Quaternary pa

leogeographic history is extracted, from STANLEY and

WARNE (1993a, p.631-632):

From -----35 to 18 ka, most of the region was an alluvial

plain across which seasonally active braided channels

flowed (Figure 8A). During sea-level lowstand, when the

coast migrated by as much as 50 km to the north, flood

plain mud accumulated in ephemeral, seasonally dry de

pressions. Carbonate-rich desert sand and sabkha mud

were deposited in the west, in a generally arid climate.

These desert deposits accumulated between and near

older, elevated carbonate ridges (BUTZER, 1960; STAN

LEY and HAMZA, 1992; HASSOUBA, 1995). Intermittent

marine incursions during this period are recorded by lo

calized, shelly shoreline sand (COUTELLIER and STAN

LEY, 1987).

As sea level rapidly rose ~ 15 to 8 ka, the high-energy

shoreline migrated landward (southward), and former al

luvial plain deposits were reworked. The landward limit

of the nearshore sand approximates the extent of the ma-

Journal of Coastal Research, Vol. 14, No.3, 1998
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high light the extensive accumulation of clas tic sediments, including

stacked delta seq uences since the Pliocene (modifi ed from Ses t ini, 1989) .

rine tra nsgression onto th e form er alluvial plain; abse nce

of this transgressive sa nd in the south and west (Figure

8B) indicates th at th e northern delta region was tilting

to th e northeast as early as the late Pleistocene. The po

sit ion of Nile cha nnels du ring this period is currently un

kn own.

By 7.5 ka, the modern Nile delta had begun to form .

Progradation of this delta occurred during deceleration

in th e rate of sea -level rise and rap id influx of sediment;

as a resu lt , rework ing of thes e deposits by waves an d

currents was limited . At - 6.5 ka (Figure 8C), sea level

was at 9 to 10 m below its present stand (PlRAZZOLl,

1991; TOSCANO and LUNDBERG, 1998), the river gradi

ent was steeper, and climate was somewhat more humid.

Both delta morphology and facies distribution were pri

marily controlled by th e Sebenniti c cha nnel, which tran s

port ed large volumes of medium to coarse sand to the

coast. This sa nd form ed an extens ive accreted beach

ridge system at th e headl and of a cuspate-shaped , rive r

dominated delta. Sand ridges developed a nearl y contin

uous barrier along sea ward margins of widespread la

goons and ma rs hes . Coalescing delta lobes developed sea

ward of major distributary mouths (such as th e Mende

sian and Pelu sian) in th e Manz ala lagoon region (Cou

TELLIER and STANLEY, 1987; PUGLIESE and STANLEY,

1991). This preservati on is in large part a resul t of the

northeast tectonic tilt of the delta and ra pid burial of

these deposits. Lobe deposits off dist ributaries to the

west (including Sebennitic and Canopic) have not been

recovere d.

By - 4 ka , sea level continued to rise, but more slowly,

and th e gradient of th e delta plain diminish ed. Clima te

had become arid, flood levels subs ided, and more distrib

utary cha nnels carried a less coarse bedload. Thi s period

records the trans ition from a river-dominated, cuspa te

delta to a wave-domina ted, arcua te delta (Figure 8D).

Th e northeastern sector continued to prograde, whereas

the north- central coast began to retrograde. The contin

uous belt of coastal sa nd along th e delta margin contin

ued to serve as a barrier for exte nsive lagoon-marsh en

vironments . Human s, who had settled in th e delta as

early as predynastic time [- 7 to 5 ka (SNEH and WElSS

BROD, 1973; HOFFMAN, 1979; HASSAN, 1984; WENKE,

1991)], established important population centers such as

Buto and Menshat Abu Omar (KROEPER and WlLDUNG,

1989; ANDRES and WUNDERLICH, 1991). Nonetheless,

wetlands remained the primary ecosyste m in the nor th

ern delta during ea rly to mid-Pharaonic time (BALL,

1942; BUTZER, 1976; STANLEY et aZ., 1992a).

By - 2 ka (Figure 8E), sea level had risen to about 2

m below the presen t level, an d ma rine waves and cur 

rents molded the coastli ne so tha t the delta margin con

figurati on began to resembl e the modern shoreline . By

this time, the delta had become more wave dominated

and had a gentle, arcua te form. However , th ere remained

at lea st five distributaries, most with sma ll promonto

ries, that continued to transport significant volumes of

sediment to th e coast du ring annual floods (TOUSSOUN,

1922; EL BUSElLI and FRlHY, 1984). Extensive coasta l

dune fields developed in th e north-central delt a from

eroded Sebe nnitic promont ory sediments. By th is peri od,

human s were significantly influencing delta evolut ion:

population increased in the delta du ring Hellenis t ic time,

particularly in th e Alexandria- Na ukratis sector (DE COS

SON, 1935); the Dam ietta (Bucolic) and Rosetta (Bolbiti

ne) channels were maintain ed by artificial excavation

(SAID, 1981); and inte nsifie d irrigation and wetl and

dr ain age projects were substantially modifying the delt a

surface (BUTZER, 1976).
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formations shown. The Miocene to Holocene Nile river phase terminology is after Said (1981), and further explained in Table 1.

During the first millennium A.D., major Nile distrib

utary channels were reduced to two, the artificially

maintained Damietta and Rosetta branches. Distinct

promontories accreted at their mouths because they were

the only two channels transporting sediments to the

coast (Figure 2). As other distributary channels were con

verted into canals and drains that no longer extended to

the coast, their waters were diverted for irrigation, and

flow was reduced. Wetlands of the middle and southern

delta were extensively drained and cultivated (HOFF

MAN, 1979; WENKE, 1991). Coastal dune fields continued

to expand, particularly in the vicinity of Baltim and west

of the Rosetta promontory.

The Nile delta began its most recent construction phase

during the period of worldwide deceleration in rise of Holo

cene sea level, from about 8000 to 6500 years BP. This was

the time when most of the world's marine deltas evolved, as

the rates of fluvial input at river mouths became greater than

rates of sea-level rise and marine incursion (STANLEY and

WARNE, 1994).

NATURAL NILE DELTA PROCESSES

The modern Nile delta has formed at the mouth of one of

the world's longest (6690 km) rivers, which drains a basin

area of ----2,880,000 km 2 (Figure 9). Annual average discharge

Journal of Coastal Research, Vol. 14, No.3, 1998
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exceeded 100 billion m" in th e 19t h Century, and has averaged

84 billion m" during th e 20 t h Century (SESTINI, 1992 ; SAID,

1993 ). Th e Nile during th e Holocene is characterized by a

generally low discharge rate when compa red to many shorte r

rivers with smalle r drainage basins (COLEMAN, 1982). More

than 80% of th e Nile river 's total discharge occurs from Au

gust to October, whil e - 20% (- 15 billion m") is distributed

during the remaining 9 months (Figu re 10).

The delta is sited in a hyperarid region , with temperatures

ranging to over 30° C in July, and mean annual pr ecipitation

ranging from - 200 mm at the coast to < 100 mm on the delta .

Mean potential evap otranspiration rates range from - 600 to

1100 mm/y ear (BEAUMONT et al., 1976 ); potential evapotran s

piration is the maximum amount of evaporation and tran

spiration that would occur from a vegetated surface if an

abundant and cont inuous supply of moisture is available in

th e upper soil layers.

The delt a plain encompasses - 22,000 km 2 and is delineat

ed to th e north by a wave-cut arcuate coast that is - 225 km

long. The delta radius, from its ap ex at Cairo to the coast, is

160 km , and elevation decreases from 18 m at Cairo to 1 m

or less along muc h of the coast <Figure 1B). The plain is con

straine d along its NW margin (Figure 8G) by Pliocene delta

and Pleistocene coastal carbonate terrains (SAID, 1981; HAS

SOUBA, 1995 ), and to the northeast by a major NE-SW trend 

ing fault system (NEEV et al. , 1976; Figure 6).

Delt a development is largely a ba lance between rates of

fluvial sediment input and accumulat ion at and near a river

mouth and adjacent shelf, versus rate of sediment removal

by coastal processes at these sites (Figu re 10). Since th e late

Pleisto cene, most Nile River sediment carried to Egypt has

been transported by the Blue Nile and Atbara river which

drain the Ethiopian Plateau and whose flow is induced pri

marily by summer monsoon rains in this region (HURST,

1931-1966; BUTZER and HANSEN, 1968). In marked contrast,

a large portion of sediment car ried by the longer and more

continuously flowing White Nile , draining th e larger Centra l

African (Kenyan) Plateau , is deposited in th e Sudd swamps

of southern Sudan well to th e south of Egyp t (Figu re 9). Re

cent core analysis has identified th e presence of some thin

Jo urn al of Coasta l Research, Vol. 14, No. 3, 1998
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Holocene-age strata sections derived from episodic, yet pow

erful, White Nile floods (F OUCAULT and STANLEY, 1989;

HAMROUSH and STANLEY, 1990 ).

Late Plei stocene deposits along the Nile vall ey record sig 

nificant discharge fluctuations , such as the remarkably low

flow from ~ 19,000 to 13,000 years BP during an arid peri od,

and major White Nile floods from ~ 12,000 to 10,800 years

BP (ADAMSON et al., 1980 ); this latter ph ase records a wet

period with high discharge and large volumes of coarser bed

load (SAID, 1981). Analyses of Holocene records (POPPER,

1951; BELL, 1975 ; QUELENNEC and Knuc, 1976; HASSAN,

1981), including riv er terrace formation , Nilometer and other

historic documentation, serve to estimate annual flow vol-

urnes (SAID, 1993 ; Figure 11) and suspended load variability

over the past 10,000 year s. Analyses indicate that flows dur

ing the early Holocen e were as muc h as 3 times historic an

nual flow volumes. Short-term flood peak cycles (8- 12, 18-20

and 60-90 years) which prevailed during the past two mil

lennia have also been identified (HURST, 1931-1966; HAMID,

1984 ; SESTINI, 1989 ).

Prior to emplacement of barrages on the Nile and in the

delta during the last century, the average annual sediment

load , primarily silt carried in sus pens ion, ranged from 50 to

300 X 106 tons (QUELENNEC and KRu c, 1976 ). During peak

flood months of August and September (Figu re 10), much of

this load was transported to and beyond the delta coast.

Jo urnal of Coasta l Research, Vol. 14, No. 3, 1998
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- 1800 A.D.

• Elevated carbonate coastal ridges

D Alluvial plain

Transitional delta to desert

• Flood plain and playa

Late Pleistocene to Early Holocene

Nearshore and beach (transgressive) sand

Holocene to Recent

• Urbanized and industrialized

• Recently reclaimed desert and coastal dune

• Irrigated farmland; former flood plain and wetlands

Flood plain and levee with limited use as pasture and farmland

• Sabkha and hypersaline lagoon

• Desert

• Beach and coastal dune

~ Shoreface, beach and beach ridge

• Brackish water lagoon

• Wetland: marsh, floating thickets and (recently) aquacultural ponds

Figure 8. Time-sli ce paleogeographic maps depicting the evolution of th e northern Nile delta from - 30,000 year s BP to present (modi fied from Stanley

and Warne, 1993a).

Nearly a third of the sediment load bypassing Aswan accu

mulated in the Nile valley and on the delta plain, accounting

for as much as 5 to 10 X 106 tons of deposits per year in the

delta proper. By the beginning of this century, however, up

to 60% of water discharge was already lost in Egypt through

seepage and evaporation associated with irrigation practices

between Aswan and the Mediterranean coast (SHARAF EL

DIN,1977).

Nile sediment reaching the coast in summer and early fall

was reworked by marine processing in a general eastward

direction along the coast and on the shelf, especially in winter

and spring (Figure 10). Patterns of fluvial sediment distri

bution that bypassed the coast and accumulated on the con

tinental shelf off the Nile and southeastern Mediterranean

margin have been reviewed in UNDPIUNESCO (1976, 1977,

1978) and SUMMERHAYES et al. (1978 ). A model, known as

Journal of Coastal Research, Vol. 14, No.3, 1998
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Mediterranean Sea

Figure 9. Map of east-central and NE Africa showing Nile River drain

age basin and 1912-1982 average discharge in billion cubic meters (in

brackets) of river water. Mean annual flow to Egypt during the 20 t h Cen

tury is 84 million m" (after Said, 1993).

the Nile Cell (INMAN and JENKINS, 1984), depicts the cyclic

pattern of sediment discharge, transport by strong coastal

shelf currents and deposition in the southeast Mediterranean

(Figure 10). Archaeological evidence from the coast indicates

that this regime has been in effect since the past 7000 years

(STANLEY and GALILI, 1996). The southeastern Mediterra

nean, including the Nile delta margin, is characterized by a

very low tidal range (spring tides average 30-40 em), N-NW

offshore winds that are active during most of the year, and

the large-scale counter-clockwise circulation pattern that

drives water masses eastward (Figure 10). Offshore surface

geostrophic eddy velocities range to >0.25 ern/sec (SHARAF

EL DIN, 1973; POEM GROUP, 1992).

As a response to an oblique wave approach, active long

shore currents are generated with velocities measuring from

20 to 50 em/sec, and occasionally to > 100 em/sec (UNDP/

UNESCO, 1977). Storm waves with heights of 1.5 to 3 m

approach the coast from the northern quandrant (commonly

from the northwest), actively eroding and displacing sedi

ment as coarse as sand eastward from the Nile delta coast to

northern Israel (PaR and BEN TUVIA, 1981; INMAN and JEN

KINS, 1984; FANOS, 1986: STANLEY, 1989; STANLEY et al.,

1998). Seasonal variability of wave approach produces con

verging and diverging current patterns along the coast, and

since the late Holocene-there has been a 2.5 to 7 km-wide

zone of active sediment transport along the coast from the

Nile delta to the Levant. Sand and coarse silt in this near

shore zone are eroded, stirred and displaced primarily toward

the northeast and east (MANOHAR, 1976, 1981), some to

depths of from 25 m to as much as 60 m (COLEMAN et al.,

1980; MURRAY et .a; 1981).

During much of Holocene time, the above active coastal

processes, interacting with Nile sediment discharged at the

coast, produced the arcuate-shape coastline and formation of

coastal barriers and dune fields along much of the delta coast

(STANLEY et al., 1992b). These littoral processes also formed

distinct, offshore coast-parallel sediment (SUMMERHAYES et

al., 1978) and faunal (BERNASCONI and STANLEY, 1997;

STANLEY and BERNASCONI, 1998) patterns (Figure 12). Ex

tensive wetlands, comprising marsh and shallow lagoons (JA

COTIN, 1826; HALIM and GERGES, 1981; KERAMBRUN, 1986),

formed landward of these sand barriers and dune fields (Fig

ure 8). As demonstrated by coring in the northern delta, these

wetland deposits constitute the most widespread and thickest

Holocene lithofacies (STANLEY and WARNE, 1993a; STANLEY

et al., 1996), and their positions have continuously shifted

through the Holocene construction phase of the delta.

From ----7500 years BP to the latter part of the last century,

the coastline shifted as a function of the relative rate of sed

iment input and coastal erosion, and the form and elevation

of the delta plain was a balance between sea level and sedi

ment accretion (WARNE and STANLEY, 1995). Initiation of the

delta followed a deceleration in rate of sea-level rise (Figures

7A, 13) from approximately 1 em to 1 mm per year (STANLEY

and GOODFRIEND, 1997). Tide gauges and other evidence in

dicate that world sea level is continuing to rise at or slightly

more than 1 mm per year (MILLIMAN et al., 1989; DELFT

HYDRAULICS, 1991; MILLIMAN and HAQ, 1996; ZERBINI et al.,

1996; TOSCANO and LUNDBERG, 1998). Land subsidence in

the northern delta continues at a rate between 1 mm (ZAGH

LOUL et al., 1990) and 5 mm (EMERY et al., 1988; STANLEY,

1988b, 1990; STANLEY and GOODFRIEND, 1997) per year,

with highest rates measured in the Port Said area (Figures

7B, 13). The rise of sea level, coupled with lowering of land,

has resulted in an asymmetric rise of relative sea level across

the low-lying northern margin of the delta. During the con

struction phase, however, sediment accumulation associated

with annual flooding offset the effects of relative sea-level

rise in the northern delta producing a mosaic resource-rich

ecosystem.
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Discharge vs Wave Power
For Pre-Aswan River System
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Figure 10. (A) Nile Littoral Cell , showing sediment discharge from th e Nile delt a before closure of th e Aswan High Dam (pre- 1964), and ea stward

disper sal of this mat er ial by wind, wave, longsh ore curre nts a nd offshore counter clockwise eddy. Also shown is a graph summarizing th e relative influence

of wave power and sediment discharge, on a monthly basis (after Sestini, 1989 ). (B) Coas ta l erosion at mouth of th e Dam ietta br an ch, Ras El-Bar (view

ta ke n toward east); (C) extens ive pr otection measures ea st of Ras EI-Bar (view toward sout hwest ). Ph otogr aph s B and C were tak en in November 1997.

J ourn al of Coastal Research, Vol. 14, No. 3, 1998



Nile Delta in its Destruction Phase 807

Arab
1000 Occupation

~ >
(

2000 Roman
Occupation

Late

I~rPeriod

3000
New Kingdom

<
2nd Int. ~

4000- Middle Kingdom

1st Int. ~
Old Kingdom

( ~
5000 Early Dynastic

K

6000
V~

Predynastic

7000-
( ~

8000- Neolithic
/

---- (
9000 /)

Late
<.........r-.

10,000
Paleolithic

V-

I
I

Figure 11. Nile River fluctuations, showing large-scale waxing and wan

ing of flow during the Holocene (modified from data in Said, 1993).

HUMAN INFLUENCES IJNTIL THE MID-1800's

Hunting-gathering cultures evolved to early agriculture

and domestication in southern Egypt (WENDORF and

SCHILD, 1978) and, subsequently, in the lower Nile and delta

region (STANLEY and WARNE, 1993b). Humans began to set

tle the Holocene Nile delta plain shortly after its formation,

between 8000 and 7000 years ago (HOFFMAN, 1979; HASSAN,

1984; WENKE, 1991; WARNE and STANLEY, 1993a; STANLEY

and WARNE, 1997). The oldest known Neolithic site (-------7000

years BP) north of Cairo is Merimda, positioned on the south

west margin of the delta (Figure 14). To date, however, there

is only limited evidence of early settlement patterns and hab

itat substrates in the delta proper because subsidence and

sedimentation accretion have buried sites with thick sequenc

es of Nile silt (STANLEY et al., 1992a). From about -------7500

years BP to the present, the delta plain accreted silt ranging

from 10 to 50 m in thickness (Figure 7A) at rates of roughly

1 to 7 mm per year.

The delta is positioned in a highly arid region that was

subject to unpredictable annual fluctuations in Nile flow and,

therefore a principal challenge for even earliest settlers was

water management to avert famine. A thorough review of the

role of water in the early history of the Nile valley and delta

is provided by BUTZER (1976) who refers to early human-land

relationships as a floodplain civilization.

Large portions of the delta plain were inundated and un

inhabitable for several months of the year. During early cul

tural phases, humans utilized natural flood basins on the del

ta plain to entrap flood waters and nutrient-rich soils during

Nile flood stages in late summer and early fall. By November,

however, most of these basins had drained as water level low

ered as a response to evaporation, soil infiltration and drop

ping groundwater level. The Dynastic period, starting at

-------5050 years B.P., began at a time when the climate in Egypt

had become hyperarid and stream discharge significantly re

duced (Figure 11).

At about this time, natural basin irrigation was being mod

ified by artificially raising levees around depressions to help

to retain water to grow crops during winter to summer when

Nile flow was low (Figure 10). This activity served to increase

areas that could be cultivated and equalize year-to-year pro

ductivity of naturally irrigated floodplains (BUTZER, 1976).

One of the first firm evidences of canal construction and ar

tificially regulated irrigation is a depiction on the mace-head

of the Scorpion King near the end of the Predynastic era

(-------5100 years BP). During the First Dynasty (from ~4900

years BP), methodologies involving deliberate flooding and

draining by sluice gates had evolved. By Old Kingdom time

(from -------4575 years BP), only the northernmost third of the

delta, with its extensive marshes and wetlands (Figure 8),

remained relatively unaffected by irrigation works. Aridifi

cation increased to its present level by about 4500 years BP,

and records reveal that Dynastic irrigation technology pro

gressively advanced. This led to increased Nile water regu

lation, with building of artificial levees and enlarging and

dredging of natural overflow channels (BUTZER, 1976). Me

chanical lift irrigation, made possible by the introduction of

features such as the shaduf during the 18 t h Dynasty (from

-------3550 years BP), allowed planting of several crops a year,

even during the dry summer season. Increasing irrigation

and navigational activity along delta distributaries modified

their meandering and avulsion patterns.

During early irrigation phases, when a conscious effort was

made to collect fertile silt and nutrients, farmers had to face

problems of increased salt concentrated by evaporation and

transpiration from slow moving and standing water. As delta

settlement proceeded from south to north and along the delta

margins, salinization became acute especially during periods

of decreased Nile discharge. At such times, clays accumulated

with increased concentrations of sodium-rich solubles, and

agricultural productivity decreased. This phenomenon be

came progressively more acute as agriculture intensified, and

especially during the Ptolemaic period ( ~ 2 3 0 0 - 2 0 3 0 years

BP) when demographics and political centers shifted to Low

er Egypt and the delta. Balancing the need of Nile water for
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bottom currents (after Bernasconi and St anley, 1997 ). (B) Molluscan distributions are related to Late Plei stocene-Holocene lower sea level stands that

accou nt for relict biofacies, and strong bottom currents th at flow primarily parallel to contours and the coast and distribute modern biofacies la terally

(Sta nley and Bernasconi, 1998).

irrigation and navigation, the major distributaries in the del

ta were artificially reduced to two nearly 1000 years ago, the

Damietta flowing to the NE, and the Rosetta to the NW

(Toussourc, 1922) .

Salinization over broad areas became a more serious prob

lem in the delta afte r introduction of perennial irrigation as 

sociated with development of successful high water head ca

nal systems that became widespread after 1800 AD. Conse 

quently, water tables remained high for extended periods

which promoted sa lt to build up in the root zone. By the mid-

19th Century, a dense irrigation waterway system was in

place throughout much of the delta (SESTINI, 1989). The an

nual flood cycle, however , continued to inundate the delta ,

deposit a thin blanket of silt, flush out sa lts, and transport

water an d sedime nt across the delta to the sea .

INCREASING HUMAN CONTROL OF NILE FLOW

Mid-19th Through 20 th Century

Ann ual variability of Nile flow, res ulti ng in too much or too

lit tle water required for cultivation and othe r human activi -
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UPSTREAM

DOWNSTREAM

(1903 ), Esna (1909 ), Nag Ha mmad i (1930 ), and the north ern

delta cana ls (a fter World Wa r III at Edfina an d Faraskour

Sudd (Figure 16A, D).

Rete ntion of sufficient Nile waters wit hin Egypt to allow

perennia l irrigation in th e delta was made possib le by con

struction of the first (Low) da m at Aswan in 1902, which was

subsequently heigh tened in 1912 and 1933. The Low Dam

entrapped the receding phases of t he annual flood, but al

lowed th e bu lk of flood discha rge to pass th rough dam sluice

ga tes and flow north ward to th e Mediter ra nean. Thu s, the

Nile barrages and Low Dam provided partial flood control

an d a much improved wate r supply during th e dry season by

the turn of the 20t h Century . Negative aspects of t hese water

cont rol struct ures included overwatering of some secto rs and

inad equate drainage of the delta plain which, in turn, ele

vated sa linity in soils.

Egypt's continuously growi ng popul ation and consequent

increased municipal , ag ricult ura l an d industrial needs for

water in the first hal f of th e 20 t h Century heightened the

necessity for mult i-year wa ter storage capabi lity . Exist ing

structures could retain less than 20% of the annua l Nile dis

charge , and so were only part ially effective in minimizing

hardships following yea rs oflow floods. Th ese condit ions , cou

pled wit h advances in civil engineering technology, led to con

st ruction of the High Dam at Aswan after World War 11.This

structure, enclose d in 1964 (Fig ure 17), increased Egypt's cul

tivated area for per ennial ir rigation, eliminated da ngers of

high floods, lowered the river level to improve dra inage, and

generated hydroe lectric power needed for increased industri

alization (WATERBURY, 1979; SAID, 1993). The Egyptian gov

ern ment pri or to and during construction weighed these ad 

vantages against such prob lems as possible reservoir-induced

seismic activity in the vicinity of the dam and Lak e Nas ser

reservoi r (KiJ KO et al., 1985; KEBEASY et al., 1987), water loss

by eva poration (est imated at - 14 bill ion mvyear; PEARCE,

1994) and seepage in the reservoir , si lt and nu trien t dep ri

vation for the lower Nile valley an d delta, an d accelerated

coastal erosio n (KASSAS, 1972).

Since cons tructio n of the High Dam , less than 2% of sedi

ment bypasses th e High Dam tur bines and most of th e - 100

to 110 mill ion tons of sa nd, silt a nd clay per year, accumula te

along a 220 km stretch in the southern part of Lake Nasser

reservoir near the Egypt-Sudan border. The New Nile delta

form ing in this sector (Figu re 18) is now locally > 40 m thick

(MANCY and HAFEZ, 1983). Th e toe of this new delta is mi

grat ing northeastward and is now about 280 km southwest

of t he High Dam. Th e life of the reservoir , however , is ex

pected to be - 500 years (ELDARDIR, 1994).

A new source of sediment for the delta is provided by water

flow released below th e dam that scours the former Nile

channel and ba nks along the valley. Down cutting is limi ted

by sediment armoring asso ciate d with underl ying Pleistocene

gr avels (SCHUMM and GALAY, 1994). Reworked sediment,

with an altered mineralogical composition, is now transpo rt

ed to and north of Cairo (STANLEY and WINGERATH, 1996).

Th e lower Nile carries a signi ficantly reduced sediment load

than before the High Dam , but its silt concentrations are as

mu ch as 890 g/m" in th e Cairo area (WATERBURY, 1979).

Historically 80% of the annua l silt load was flushed out to
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Aswan High
Dam (1964)
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Figur e 15. Structures emplaced on the Nile River and in the delta after

the mid-19th Century that regu late flow and have funda mentally alte red

the depositional regime of the delta (modified from Wat erb ur y, 1979).

Esna Barrage

ties, was the most crit ical probl em affecting popul ations in

the lower Nile vall ey and delt a during the man y mill ennia of

agriculturally-based society . To avoid famine, annual river

flood stage had to exceed the channel bank level; however ,

river stages gre ater than 1.5 m above bank level cause d wide

spread damage to irrigatio n structures and habitats.

Human needs had become such th at, by th e 19t h Century,

large-scale mea sures were impleme nted to control river flow

and establish a means of wate r reten tion. As a first major

step, the Mohammed Ali Delta barrages were cons tructe d be

tween 1843 and 1861 north of Cai ro, a t the poin t where the

Nile divides into the Dami et ta and Rosetta branches (Figu re

15). To divert incre ments of flood waters for use in their vi

cinities additiona l barrages were constructe d during the lat

te r part of the 19t h century (WATERBURY, 1979), a nd were

su bseque ntly modified and improve d at Assyu t (1902), Zifta

Jo urnal of Coasta l Research, Vol. 14, No.3, 1998
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Figure 16. Photographs, taken in November 1997 , showing human modification of the Rosetta and Dami etta distributaries of th e Nile in northern delta .

(A) Edfin a barrage, view towards NE (F igu re 15); (B) vege ta ted islands forming in th e Nile cha nnel below Edfin a, view towards ENE; (C) sea water

ente ring th e mouth of th e Rosetta branch as shown by landward-driven waves , view towards NE ; (D) Farask ur Sudd barra ge, view towa rds NW; (E )

vegeta ted islands and fishing huts in river channel ju st below Faraskur Sudd barrage, view toward s W; and (F) ar t ificial st ructures emplace d to protect

ra pidly eroding coas t a t the Damietta pr omontory, east of Ras El-Bar (in distan ce), view towards W.
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Figure 17. Sch ematic of th e Low (1902 ) and High (1964) dams a t Aswan depicrting water head s and reservoirs for wat er retention, hydroel ect ric power

generation, and downstream flow regulation (afte r Waterbury, 1979 ).

sea, but now what little reworked sediment transported to

the Nile delta north of Cairo is distributed into more than

10,000 km of waterways that form a dense network across

the depocenter (S TANLEY, 1996; Figure 19). Less than 10%

of the former Nile riv er sediment load is now delivered to the

Mediterranean coast. Most of the sediment reaching the coast

is transported by pumping from Maryut lake in the Alexan

dria area, and via Idku, Burullus and Manzala outlets (Fig

ure 19). With the two large barrages in place near the mouths

of the Nile's Rosetta and Damietta distributaries (Figure 16),

little water and sediment are discharged across the prom

ontories to the sea.

Channelization and absence of overbank flooding associ

ated with the complex network of canals within the relict

delta plain dist r ibute negligible quantities of sediment to

farm fields . Th is irrigation system (Figu re 19) traps sediment

in a sieve-like fashion to such a degree that it has altered

sed iment accumulation rates within the delta mor e directly

and significantly than the Aswan dams and Nile barrages.

Moreover, this high-density waterway network, coupled with

inad equate drainage has exacerbated water logging and sa 

lin ity in the low-lying delta plain. Reduction in total amount

of silt distributed on the delta plain surface proper and gov

ernment restrictions on the exploitation of Nile sediment

have seriously impacted the brick industry which, until a

quarter of a century ago, was a major delta activity.

Routing of nearly all surface water north of Cairo, via delta

canals and drains to the marshes and lagoons, has substan

ti all y increased sedimentat ion rates in northern wetlands

(STANLEY, 1996 ). Delt a lagoons now act as sumps that trap

considerable volumes of sediment and numerous by-products.

This is recorded by increased accumulation rates in southern

portions of lagoons, such as in central Manzala lagoon where

rates have nearly doubled (from 0.7 to 1.2 em per year) sinc e

1964 (BE NNINGER et al., 1998 ).

Current and Future Measures

With redistribution of existi ng water resources, it is hop ed

that future populations can occupy 25% of their country's
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Figure 19. Map depicting Nile delta waterways network; only the large and intermediate size channels are shown. Relatively minor amounts of sediment

bypa ss th e coast at 10 localities (after Stanley, 1996) .

area, rather than the 5% surface as at present (ANoNYMous,

1997; GREENBERG, 1997). Several large-scale activities re

cently initiated for irrigation and water distribution in the

desert, however, will substantially decrease the amount of

water available to the Nile delta. One such project, now well

under construction, will enhance agricultural development of

the desert and expand areas such as EI-Arish on the NE Sinai

coast. Two billion m" of Nile water, plus an additional 2 bil

lion m" of reused drainage and other wastewater, will be dis

tributed annually from the northeast delta across the north

ern Sinai via the AI-Salam Canal (Figure 20), Currently, this

large open waterway extends under and east of the Suez Ca

nal.

An even larger-scale project, in active planning and initial

construction stage, is referred to as the New Delta Canal pro

ject (Figure 20). Its aim is to convert large areas of Western

Desert into farmland to attract large proportions of future

Egyptian populations. The New Delta Canal project will carry

5 billion m" of Nile water annually from the southern part of

Lake Nasser, for a distance of 500 km, to a series of desert

oases in Egypt's western desert along a path subparallel to

the Nile valley ,

Arguments favoring implementation of these two major di

versions of Nile water include estimates that an equivalent

volume of water (9 billion m3 annually) can be saved by im

proving present primitive irrigation methods, reusing more

agricultural drain water, and reducing more water-depen

dent crops such as rice and sugar cane . In addition to these

large undertakings, there are other water control projects un-

derway and planned that will redistribute large volumes of

Nile water toward regions that are undergoing increased de

velopment, such as the northwestern Egyptian coast that ex

tends from west of Alexandria toward the Libyan border, In

spite of some opposition, pressure to embrace these water

distribution projects is based on Egypt's need to produce suf

ficient food to feed its population, and "greening" of the desert

is viewed as essential. Thus, the Nile delta will receive less

water in the new century than at present, as more than 98%

of Nile water in Egypt is already in use in this desert region

and population continues to expand. A greater potential

threat to the welfare of the delta than the above water di

vers ion projects are hydro- and geopolitical considerations

pertaining to the reduced amount of Nile water that will be

allocated to Egypt, Increased proportions to countries up

stream from Egypt are now proposed (cf WATERBURY, 1979;

POSTEL, 1992; SAID, 1993). Egypt lies at the end of the Nile

River 'pipeline' (Figure 9) with nine other developing coun

tries positioned along the river above it : Sudan, Central Af

rican Republic, Zaire, Uganda, Rwanda, Burundi, Tanzania,

Kenya, and Ethiopia. Hence, Egypt is increasingly vulnerable

to the amount of water it receives. The Sudan and Ethiopia,

in particular, with rapidly growing populations and conse

quent increased water needs, are seriously vying for larger

proportions of Nile water (PEARCE, 1994; MARcus, 1997), Al

though presently hampered by internal conflicts, these and

other countries are pursuing international hydro political dis

cussions and taking steps to obtain considerably larger allo

cations.
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Figure 20. (A) AI-Salam Canal and New Delta Canal projects that will divert Nile water away from the lower Nile vall ey and Nile delta (afte r Anonymous,

The Economist, 1997 ). (B) View toward east in the NW Sin ai (near Pe lusium) showing construction of Al-Salarn Can al east of the Suez Cana l (photogra ph

taken in Novemb er 1997).
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If (or more likely, when) larger proportions of Nile water

are utilized by upstream countries, the Nile delta destruction

phase will accelerate as less water and sediment are dis

charged northward to the Mediterranean.

ATTRIBUTES OF THE DEGRADING NILE DELTA

Drilling through Neogene, Pliocene and Pleistocene series

near the mouth of the Nile has shown a sequence of partially

superposed deltas that waxed and waned during the past 5

Ih million years. These alternating phases of delta build-up

and cut-back are the result of an interplay of two sets of com

peting processes. In the case of the Nile delta which is located

in a desert environment, factors conducive to delta construc

tion phase are perennial flow of water and sediment punc

tuated by annual floods, sediment accumulation across the

delta and along the coast, small tides, gentle rise in sea level,

and minor offset of strata by faults in a region of relatively

infrequent high-intensity earthquake activity (STANLEY,

1997), Factors promoting delta destruction phase are strong

wave-driven coastal currents and subsidence.

During the past 7500 years, the Nile and other major world

delta systems have experienced an overall constructive phase

(STANLEY and WARNE, 1994). Within this overall construc

tion phase, a series of lesser and more localized construction

and destruction cycles have characterized delta systems (Co

LEMAN and WRIGHT, 1975; COLEMAN, 1988; PENLAND et al.,

1988), including the Nile (Figures 8, 11). During the past two

centuries, water control measures have seriously curtailed (a)

Nile flow below Aswan and in the delta, (b) flushing of the

delta plain during annual floods, (c) influx and deposition of

sediment across the delta plain, and (d) bypassing of sedi

ment to and beyond the coast. At the same time, natural del

ta destruction processes, particularly coastal currents and

subsidence, continue unabated. As a consequence, the natu

ral Holocene delta construction phase has been terminated,

and the Nile's depocenter has entered an artificial destruc

tion phase. The fluvial-deltaic prism at the Nile mouth is now

a relict delta or, in other words, an eroding coastal plain.

Attributions of the human-induced destruction phase Nile

delta are described below.

Accelerated Coastal Erosion

During most of its 7500 year history, the delta coast has

been prograding, with some areas such as the northeast delta

building out at an average rate to 10 m per year. Like all

deltas, progradation was uneven along the coast, in response

to changing location of mouths of distributary channels and

altered discharge volume from the Nile through time (Figure

8). By the end of the last century, the strong marine current

and wave regime along the shoreline and on the shelf had

produced a gently arcuate coastline with only a few protu

berances, including the Damietta and Rosetta promontories

(Figure 1).

An obvious consequence of naturally reduced Nile flow and

sediment discharge in the 20 t h Century and closure of the

Low Dam in 1902 has been accelerated erosion of the prom

ontories at the two Nile mouths (Figure 21, EL-AsKARY and

FRIHY, 1986; SESTINI, 1992). Since 1964, coastal erosion has

cut back the north-central delta stretch near the town of Bal

tim. Coastal areas east of eroded sectors have experienced

sand accretion (FRIHYet al.,1988; SMITHand ABDEL-KADER,

1988), which has resulted in an overall straightening of the

shoreline (MANOHAR, 1981; FRIHY, 1988; SMITHand ABDEL

KAnER, 1988). Moreover, southeastward-directed winds have

expanded coastal dunes with some large dune fields (Figure

1) migrating onto wetlands and over the cultivated delta

plain (STANLEY et al., 1992b).

Among the regional consequences of coastal erosion are ac

celerated sand accumulation along the groin constructed at

the mouth of the Suez Canal at Port Said, and coastal accre

tion along the Gulf of Tineh east of the Canal. Farther to the

east, depletion of Nile-derived sand has been identified on

sectors of the Sinai, Gaza and Israeli margins (NIR, 1982).

Evidence includes exposure of submerged archaeological sites

that had been buried by Nile sand (GALILI et al., 1993), ac

celerated erosion of coastline stretches, and changes in pet

rological composition of coastal margin deposits (POMERANC

BLUM, 1966; STANLEY, 1989; STANLEY et al., 1998).

The Egyptian shelf and Nile Cone, integral parts of the

Nile Cell (INMAN and JENKINS, 1984; Figure 10), are also

experiencing the destruction phase of the delta. Accumula

tion rates in these offshore sectors have been low following

the rise of sea level during the past 18,000 years, because

most sediment discharged at the delta coast to the sea was

diverted to the E and NE by strong bottom currents. More

over, the supply of sediment derived from west of the Alex

andria region has been relatively minor.

Without replenishment of sediment by annual Nile floods,

overall erosion of the shelf is accelerating (STANLEY, 1988a).

Carbonate sediment from the Alexandria margin to the west

is insufficient to replace the former Nile sediment flood onto

the shelf. Currently, these bottom shelf currents are trans

porting relict sediments eastward (Figures 10, 12), and con

tinuing to smooth existing bathymetric irregularities such as

relict terraces and strandlines (SUMMERHAYES et al., 1978).

Some near shelfedge deposits are transported onto the upper

Nile Cone surface by traction and gravitative processes, but

this slope continues to be characterized by low sediment ac

cumulation rates (MALDONADO and STANLEY, 1976, 1978).

Increased Effects of Salt

Salt buildup was long associated with natural delta plain

evolution in a hyperarid climate, but accumulation of salt in

creased markedly after 1800, following implementation of ir

rigation systems that fostered perennial agriculture but re

duced the influence of annual flushing by floods. As a result

of subsidence, the surface area with elevation of less than 1

m accounts for roughly 15% of the delta area (Figure 22), and

the area with an elevation that is presently below sea level

accounts for 4% of the delta. Prior to emplacement of the

Aswan dams and other water control structures, sediment

accretion on the delta plain offset the effects of relative sea

level rise. Since the mid-1800's, there has been a considerable

change in low-lying areas that have a natural hydraulic con

nection with the sea. Although land subsidence and concur

rent rise of sea level have continued during the destruction
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Figure 21. Maps showing coastal changes at the Rosetta and Damietta promontories during the 19t h and 20 t h Centuries. Note transition from progra

dation to cut-back shortly after the turn of the century, particularly rapid erosion (to >50 m1year) at Rosetta, and eastward deflection of sand and

formation of spits at Damietta (after Sestini, 1992).

phase, there has not been an increase in brackish-water wet

land areas because of artificial conversion of wetlands to ag

riculture. In this century, changes in fauna and flora indicate

that salinities in the northern portions of lagoons adjacent to

the coast have increased, a probable response to relative rise

in sea level (RANDAZZO et al., 1998). In contrast, southern

landward sectors of some lagoons have become less saline due

to increased amounts of canal and drain waters diverted into

these wetlands (REINHARDT et al., in press).

Less obvious than changes on the delta plain surface, but

significantly more important, are changes of salinities in del

ta groundwater. Hydrogeologic studies have recorded distinct

distributions of fresh, brackish and saline waters that under

lie the delta plain (Figure 22). While these distributions gen

erally parallel the coastline (SHATA and EL FAYOUMI, 1970;

KASEF, 1983), saline groundwater area is larger in the north

east delta. Land subsidence rates are highest in this sector

(Figures 7B, 13), providing evidence that marine water intru

sion toward the Sand SW is a function of subsidence. Mon

itoring of groundwater chemistry shows that saline distri-

butions continue to increase, implying that marine intrusion

of groundwater has accelerated during the recent destruction

phase. Salinization of the soil profile has increased as a result

of lack of annual inundation and flushing of the delta plain

by Nile floods. Salt is concentrated in surface waters by evap

oration as they pass slowly through the extensive network of

irrigation canals within the delta (Figure 19). Recent restric

tions limiting the quantity of irrigation water applied to ag

ricultural areas further increase the amount of salt left in the

soil.

Wetland Loss and Ramifications

Wetlands, among the world's most diverse terrestrial eco

systems, are an integral part of natural delta systems. Sub

surface studies have shown that they were widespread in the

northern part of the Nile delta since the early Holocene

(STANLEY and WARNE, 1993a). Marsh and lagoon ar:eas mi

grated laterally during Nile delta construction (Figures 8),

and these subsurface facies locally account for as much as
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Figure 22. Groundwater sa linity dist ribution in th e Nile delt a , showing incursion of sa line gro undwate r into th e northern delt a , and asymmetric

distribution of brackish and sa lt wat er (modified from Kash ef, 1983 and Sestini, 1992).

half of recover ed core sections in th e northern part of the

depocenter (STANLEY et al., 1996). Availability of renewable

resources in th ese ecosystems in an otherwise arid environ

ment was a primary factor in attracting humans to the Nile

delta shortly after its formation (WARNE and STANLEY,

1993a; STANLEY and WARNE, 1993b, 1997 ). As the construc

tion phase of th e depocenter evolved , the delta surface be

came progressively more popul ated and irrigation practices

of levee and drain construction diminished and fragmented

natural wetl and areas. Mapping in the early 19t h Century

(J ACOTIN, 1826), however, shows th at wetlands remained

widespread in the northern delta (Figures 8F ).

Large-scale anthropogenic alterations of wetlands began

during th e early 19t h Century Napoleonic-British campaigns

in Egypt. Modifications included successive flooding and

draining of Lake Maryut near Alexandria (JACOTIN, 1826; DE

COSSON, 1935), subsequent reduction of this water body by

pumping, and drainage and eventual disappearanc e of Abu

Qir lagoon by the end of the 1800's (CHENet al., 1992). Since

that time, remaining lagoons hav e been arti ficially frag

mented and reduced in size (Figure 8G; SHAHEEN and Yos

EF, 1978; LOIZEAU and STANLEY, 1993, 1994).

Isolation of the eas tern quarter of Manzala lagoon by con

stru ction of the Suez Canal in 1869 is a striking example of

artificial loss. Situated in a hyperarid climate, most of the

once freshwater marsh and brackish lagoon system in this

eastern portion has degraded to lifeless salt pans (Figures 1,

8G). As a result of increas ing human pressures, including ad

vanc es in ditching and pumping technologies, ever-increasing

areas of all wetl ands are being converted for agricultural and

aquacultural use (Figure 23). Present open-water environ

ments account for less than 30% of wetland areas mapped

200 years ago (Figu re 8F, G), and water control structures

have essentially eliminated inundation of flood waters from

th e Nile to the delta. Nevertheless, coastal lagoons currently

receive more surface drainage water by increased diversion

of waste water via canals and drains.

Reduction and fragmentation of wetland areas (Figu re

24A) have converted these diverse ecosystems to degraded,

largely monospecific floral (such as phragmites) and faunal

marsh and lagoon syste ms. Human modifications have pre

cipitated destruction of valuable wildlife habitats, including

migratory bird flyways and nesting areas, and habitats for

much-needed fish and shellfish. Reduction in fish catches in

delta lagoons is particularly serious for Egypt, because much

of its fish industry off the mouth of the Nile was lost after

closure of the High Dam (HALIMet al.,1967 ; HALIM and GER

GES, 1981 ; WAHBY and BrsHARA, 1981; DOWIDAR, 1988).
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Figure 23. Reclamat ion projects in th e Nile delta from pre-1960 to 1985 an d other rece nt anthro pogen ic modifications (modified from Ses t ini, 1992).

Consequ ently, there has been incre asing depend ence on

catches in delta lagoons during th e last three decad es

(GEORGE, 1972). Of the four remaining water bodies, Man

zala lagoon has been th e principal source of fish (Figure 24B,

C) but, in recent years , catches have declined as a function

of reduction of it s sur face are a (R ANDAZ ZO et al., 1998; Figure

24A), and concomitant influx of polluted agricultural, munic

ipal and industrial wastewater (WAHBY and BISHARA, 1977).

Other Human Impacts on the Delta Plain

During most of it s construction history , natural environ

ments of the Nile delta were cap abl e of sus taining human

needs, with minimal imp acts to th e ecosyste m. By the end of

th e la st century populations increased and technology ad

vanced to such levels that natural limits wer e exceeded and

Nile delta ecosystems no longer fun ctioned as sus taina ble re

sources. Located in a hyperarid env ironm ent and surrounded

by lifeless des ert, expanding popul ations in the delta have

had no via ble alternative but to continue to exploit the de

clining ecosyste m, entraining further environmental decline.

In addition to entrapment of sediment behind the dams at

Aswan , accelera ted coastal erosion, and increased salinity

and wetl and loss (part icularly in the northern delta), othe r

factors need to be considered. Incre ased regul ation of wat er

flow, for example , has induced a series of environmenta l im

pacts across the entire delta pla in , such as increased pollu

tion and infectious diseases.

Wastewater and sediment discharged along th e margins of

delta wetlands ha ve increased concentrations of heavy metal,

nutrient and other chemical concentrations. These pollutants

have been introduced by expa nded use of chemical fert ilizers

needed to replace nutrients th at were supplied by flood-borne

silts that annua lly blanket ed th e delta plain surface prior to

closu re of th e Aswan dams. Th ese chemical fertilizers and

pesticides enter the delt a's irrigation drainage sys tems th at

eventua lly discharge into wetlands. To this polluted drainage

sys te m are add ed untreated wastes from industries that have

increased since the 1950's. Untreated domestic wastes from

essentially all villa ges and cities across the delt a are also

rel eased into discharge drains. This highly concentrated

wastewater slowly flows through open dr ains northward and

debou ches into marshl ands and lagoons whe re solids and pol

lutants are releas ed and accumulate. Increasing concentra-
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Figure 24. (A) Man zala lagoon in northeast Nile delt a showing human-induced cha nges and possible redu ction oflagoon area by mid-21st Century (after

Rand azzo et al.,1998 ). (B, C) Photographs (ta ken in November 1997) showing fishi ng acti vity in th e eastern lagoon, near El-Mataria (in B, view towards
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tions of human, agricultural and industrial wastes are accu

mulating in wetlands that are decreasing in area, amplifying

toxic effects of pollutants (Figure 25).

Deposition of untreated wastes have entrained eutrophi

cation and toxin levels in wetlands to the point of inducing

widespread health hazards (EL-DIK et al., 1990; InRIs and

NOUR, 1990; ELSOKKARY, 1992; SIEGEL et al., 1994). There

is valid concern, for example, about heavy metal loading and

the problem of bioaccumulation in the population sector that

consumes fish and shellfish during a long period of time (8IE

GEL, 1995). Because of continued degradation of water qual

ity on the delta plain, high proportions (locally >50%) of the

inhabitants have contracted schistosomiasis, a blood fluke

that lives a portion of its life cycle in snails that act as inter

mediate host. These snails proliferate on Nile hyacinth iEi

chhornia crassipes) that choke slow moving and stagnant wa

ter of the extensive delta irrigation canal system, marshes

and shallow lagoon sectors (Figure 24C). Humans contract

the parasite by contact with larvae-infested waters. Untreat

ed human wastes released into almost all water bodies across

the delta exacerbate this chronic problem.

Other diseases, such as lymphatic filariasis (elephantiasis

of the limbs and genitals), are reappearing due to environ

mental degradation of the delta surface. A major cause of this

resurgence is the pervasive shallow ponds of untreated hu-

man waste located near the closely-spaced villages across the

southern and central delta (HARB et al., 1993).

It is clear that regulated flow of Nile waters and absence

of annual flooding have eliminated the positive aspects of del

ta surface flushing that once removed salts as well as some

of these toxic and infectious wastes. Further reduction in Nile

flow to the delta, and intra- and international water reallo

cation measures will exacerbate these problems.

REliCT NILE DELTA: WHAT LIES AHEAD ....

The Nile delta has been transformed within the past 150

years from a constructive wave-dominated delta that took

more than 7000 years to develop, to an eroding coastal plain

that is now well into its destruction phase. All deltas go

through transitions from construction to destruction phases,

triggered by fundamental changes in interactions among nat

ural factors, such as rapid rise or lowering of sea level. How

ever, no active system among the world's populated deltas

has been so inextricably converted to a human-induced de

struction phase as the Nile delta. Symptoms of the dysfunc

tional Nile delta include absence of sediment influx that does

not offset the erosive effects of coastal processes and subsi

dence. Moreover, without seasonal flushing by floods, the for

mer delta plain surface is now incapable of recycling and/or
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Figure 26. Scheme showing th e Nile delta in its destruction phase, as a dysfunctional depocenter on th e Egyptian coast . Alter ed balance among factors

such as depleti on of fluvial wat er and sediment , accre tion of pollutants, coasta l processes, and subsidence are depicted (modified from Stanley and Warne,

1993a ).

removing agricultural, municipal and industrial wastes gen

erated by Egypt's rapidly expanding population.

Popul ations in this region are expected to increase to 85

million by the year 2010, with consequent accelerated deg

radation of th e relict delta. What remains of the capacity of

the system to regenerate itself will be even further dimin

ished by anticipated diversions of water (probably in excess

of 10 billion m") away from the delta by new desert recla

mation projects within Egypt, and anticipated decreased total

water allocations to Egypt from upstream countries.

Being conservative and assuming that the human pres

sures continue at their pre sent level into the next century,

we infer that conditions within the delta have become unsus

tainable, it is not likely that some human-induced changes

can be reversed, and the delta plain will undergo marked

environmental decline. Among the most significant changes

are (Figure 26): continued erosion and straightening of th e

coast eas t of Alexandria; further reduction in total wetland

size, with consequent reduced fish yield s; accelerated land

ward incursion of salt in groundwater; and continued buildup

of salt and pollutants to toxic levels in both the wetlands and

delta plain. In essence, the capacity of th e now-relict Nile

delta to provide sufficient food and potable water will mark

edly decline, even if popul ations were to remain at th eir pres

entlevel.

For this coastal depocenter to become a functioning delta

once again, it would be necessary to reestablish the influx of

water and sediment at magnitudes and frequencies that char

acterized th is system prior to construction of major water

control and irrigation stru ctures. Measures such as waste

water treatment and construction of coastal protection struc

tures (S ESTIN 1, 1992 ) are insufficient to offset the impacts of

municipal, agricultural and industrial by-products incurred

by current population levels. Reestablishment of some level

of natural hydrology would be th e only possible way for the

delta system to ree stablish equilibrium between sediment ac

cretion on the delta plain to mitigate subsidence, prograda

tion along the coast to offset erosion, and sufficient water

influx to flush and remove the high levels of salt and pollut

ants throughout th e syste m. Major flushing of the delta by

opening the gates at th e Aswan High Dam is not likely to be

instigated because of human and property safety considera

tions below Aswan, and loss of vital fresh water to the Med

iterranean. Increased Nile water and sediment discharge

could begin to ree stablish some equilibrium between natural

and anthropogenic processes only if there is a substantial re

duction in anthropogenic impacts in th e delta.

Although the problems associated with the demise of the

relict Nile delta are now particularly acute, the fund amental

probl ems underlying this dysfunctional system are not

unique. Many deltas in world regions face the need to share

water with upstream partners through international agree

ments, regulation of water and sediment upstream that al

ters natural deltaic functions, and increased populations that

impact delta plains. It is apparent that increasing water

needs for populations and consequent upstream regulation of

water and sediment flow are triggering fundamental changes
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from long-term Holocene construct ion of deltas to their de

struction phase .

In the case of th e Nile River , mea sures implemented during

th e past 150 years ha ve satisfied sh ort-term needs of the rap

idly expanding population at th e expense of viability of a nat

ural functioning delta . As world populations expand and wa

ter needs increa se, it is inevitable th at more river and delta

syst ems elsewhere - even th ose positioned in more temperate

set t ings-are being subject to conditions simil ar to tho se of

Egypt. The anthropogenically-induced consequences recorded

in th e Nile system can at lea st serve as a type-example for

coastal zone manager s and those members of the scienti fic

community tha t advi se govern ments on watersh ed manage

ment issues for popu lated world deltas. Rational decisions in

each river sys te m should balan ce increasing population needs

with continued influx of water and sediment required to

maintain equilibr ium for th e natural fun ctionin g of delt as .
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