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The mouths of the Nile Delta are sensitive coastal areas, their geomorphology primarily being mediated by rela-
tive sea-level rise and sediment supply. To further document the Holocene evolution of the Nile's Canopic mouth,
a core was taken from the southern shores of Abu Qir Bay, close to the ancient Canopic channel. Core bio-sedi-
mentology and chronostratigraphy highlight four stages of marine incursion which are juxtaposed upon the gen-
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eral progradation trend of the Nile coast in this area. Compiled age-depth points from sediment cores taken in
Abu Qir Bay underscore two phases of negative sediment budget at the Canopic mouth: (1) a first period, be-
tween 3.5 and 2 ka cal. yr BC, probably in relation to the well-documented mid-to-late Holocene decline in
Nile flow; and (2) a second phase, after 0.5 ka cal. AD, linked to a decline in Canopic sediment supply to the coast-
al area, and concomitant with the development of the Rashid branch. The erosion and reworking of material flat-
tened and lowered the promontory surface by up to 4 m. The submersion of the Canopic promontory was
completed by relative sea-level rise, primarily controlled by the compaction and liquefaction of unconsolidated
lagoonal muds. The lowering of the Canopic mouth led to the submersion of two ancient estuarine-harbor cities,
known as East-Canopus and Herakleion, whose remains lie 4-7 m below present mean sea level. It is argued that
the subsidence of the two cities cannot explain their abandonment during the late 7th-early 8th century AD, tak-
ing into account the regional occupation pattern during Antiquity. Rather, the longevity of the two cities, span-
ning more than 13 centuries, shows that adaptation to coastal risks including erosion, subsidence and high-
energy events like storms or tsunamis, was the rule.

Nile
Egypt

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Human populations living on deltaic coasts are increasingly vulner-
able to flooding, primarily mediated by a combination of rising relative
sea level and decreasing sediment supply to coastal depocenters
(Anthony, 2009; Anthony et al., 2014). The relative contribution of pres-
ent global sea-level rise (1.8 mm yr~'; Church et al., 2011) is now con-
sidered to be minor when compared to local subsidence processes and
reduced deltaic plain aggradation (Syvitski et al., 2009; Stewart and
Morhange, 2009). The Nile delta is a prime example of a coastline
prone to sinking and its vulnerability has been regularly underlined by
scholars (e.g. Stanley and Warne, 1993; Stanley et al., 2001; ].-D.
Stanley et al., 2004; Nicholls et al., 2007; Syvitski et al., 2009; Frihy et
al., 2010; Marriner et al., 2013). In particular, the Nile's promontories
appear to be very sensitive (Frihy and Lawrence, 2004). Modern subsi-
dence rates, estimated using radar interferometry data on the Damietta
promontory, are as high as 6-8 mm yr—!, while values of 0-5 mm yr !
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have been measured on the adjacent delta plain (Becker and Sultan,
2009). Between 1922 and 2000, the western Rashid promontory
retreated at a mean rate of 43 m yr~ ! (Frihy and Lawrence, 2004),
reaching a peak of 100 m yr~! between 1971 and 1990 (Frihy and
Komar, 1993). The transition from a state of accretion to erosion oc-
curred in the early 20th century, when sediment delivery to the
mouth declined sharply, due to the Nile's upriver dams (Frihy and
Lawrence, 2004) and the very dense canal and drainage network acting
as a huge sedimentary trap (Stanley, 1996).

Older deltaic promontories provide the opportunity to analyze the
sensitivity of these coastal features to long-term changes in Nile sedi-
ment supply. Among the seven mouths of the Nile reported in Antiquity
(Toussoun, 1922, 1926), only two are still active at present (Rashid and
Damietta). The others have been buried below lagoon muds (eastern
delta) or eroded and reworked along beach ridges (western and north-
ern delta) (Stanley and Warne, 1993). Nile promontories are thus short-
lived deltaic depocenters at the late-Holocene timescale. Because the
geomorphological response of the modern Rashid and Damietta mouths
to Nile hydro-sedimentary changes has been severe, it is hypothesized
that the reconstruction of past promontory evolution can help to
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document the history of Nile inputs to the coast during historical times
(e.g. in the Mississippi delta, see Coleman et al., 1998).

This paper details the example of the Canopic mouth, the down-
stream termination of the Nile delta's largest branch during Antiquity,
and a key freshwater resource and navigation channel for the whole re-
gion of ancient Alexandria. Geomorphological processes shaping the
evolution of the mouth are discussed in the light of detailed bio-sedi-
mentological data of core M57 taken at the inlet of the present Edku la-
goon, close to the former Canopic channel, and a review of geomorphic,
archeological and historical indicators for the bay's evolution, based on
previous studies. Finally, we consider the abandonment of the harbor
cities of Herakleion and East-Canopus, located at the Canopic mouth,
not only with regards to coastal hazards, but also in relation to the re-
gional-scale geography of human occupation during Antiquity. The orig-
inality of the Canopic promontory, occupied from the 7th century BC to
the 7th century AD, provides an excellent “cautionary tale” and relevant
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case-study example for the present-day evolution of urbanized deltaic
mouths (Stanley et al., 2004).

2. Geomorphological setting of Abu Qir Bay

Abu Qir Bay has a concave shoreline morphology, which extends
from a late Pleistocene carbonate ridge on its western side (Abu Qir
headland) to the clastic promontory of Rashid in the east (Fig. 1). The
bay formed during the last 1500 years, as a result of the lowering of
the paleo-Canopic promontory, down to 5-7 m below MSL, and the ac-
cretion of the Rashid mouth (Chen et al,, 1992; Stanley et al., 2004).

In the western part of Abu Qir Bay, underwater archeological explora-
tion has elucidated two ancient harbor cities, located in the estuary of the
Canopic branch, known as East Canopus and Herakleion in historical
sources (Toussoun, 1934; Goddio, 2007). These impressive archeological
remains broadly lie 4 to 7 m below present MSL and underscore the
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Fig. 1. Location map showing the main geomorphic features of Abu Qir Bay/Canopic coast on the western Nile delta. The bathymetry of the western bay and the positions of Herakleion and
East Canopus are adapted from Goddio (2007). The spatial pattern of coastal accretion and erosion is adapted from Frihy and Komar (1993). The location of previous cores has been
adapted from Stanley et al. (2007 for underwater cores; 1996). The wave rose is adapted from Frihy and Dewidar (2003).
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vulnerability of coastal settlements during historical times. A combina-
tion of factors have been proposed to explain the land lowering of the
Canopic coast, including tectonic re-adjustement of strata at depth, sedi-
ment compaction, growth faulting and soft sediment deformations under
large anthropogenic structures, possibly triggered by earthquakes, tsu-
namis, Nile floods and winter storm surges (Stanley et al., 2001, 2007;
J.-D. Stanley et al. 2004; Stanley, 2005a, 2005b; Stanley and Toscano,
2009). To date, however, the precise quantification of these possible forc-
ing factors has not been probed.

According to Islamic tradition, the city of Rashid was founded in
870 AD and at this time lay at the river mouth (Wilson, 2012; Fig. 1).
Consistently, archeological surveys in the area have not revealed any
sites from Antiquity north of Rashid (Wilson, 2012). On Forlani's map
of 1566, Rashid still lay on the coast (Stanley et al. 2004, their Fig. 4b,
p. 925). It is suggested that the mouth prograded significantly into the
sea after this time. Sand flats and barchan dunes separate Abu Qir Bay
from Edku lagoon to the south and south-east, supplied both by inputs
from the mouth and eroded material from the western Abu Qir shores
(Fig. 1). Since the early 20th century, construction of seven dams
along the Nile (Frihy and Lawrence, 2004) and sediment entrapment
on the delta plain (Stanley, 1996) have virtually cut off sediment deliv-
ery to the Rashid mouth and induced a continuous retreat of the prom-
ontory, at a mean rate of 43 m yr~ ! between 1922 and 2000 (Frihy and
Lawrence, 2004). The rapid erosion of the Rashid promontory suggests
that the geomorphology of the bay is primarily controlled by sediment
flux and longdrift transport along the Abu Qir coast, while, by contrast,
submerged archeological indicators highlight subsidence processes.
Our goal is to further document the Holocene aggradation and degrada-
tion stages of the Canopic mouth.

3. Methods and data

Core M57 was drilled in 2009, on Idku lagoon's northern shores, at
the entrance of its modern marine inlet (Fig. 1). The core surface was
at the lagoon level and it is assumed that the core surface can be related
to mean sea level with an error of 4-0.5 m. Sedimentological descrip-
tions were undertaken during fieldwork. A series of 45 samples, 150
to 200 g in weight, were taken along the 10-m-long sediment sequence.
We performed standard bio-sedimentological analyses at the CEREGE
laboratory (France). The sediment aggregates were wet sieved through
meshes to separate out the gravels (>2 mm), coarse sands (0.5-2 mm),
medium sands (0.2-0.5 mm), fine sands (0.063-0.2 mm), and silts and
clays fractions. The resulting dry fractions were subsequently weighed
and data was plotted against stratigraphic logs in percentages. In
sand-rich facies, the sand fraction was subjected to mechanical sieving
using a column of sieves descending in size from 1.6 mm to
0.063 mm, to construct histograms and grain-size indices. Here, we
used the sorting index defined by Folk (1966). In sand-rich facies, the
mean grain size and sorting index of the sandy fraction were measured
and compared with modern analogues taken in Abu Qir Bay (El-Banna,

2008; Frihy et al., 1999, 2007). Identified mollusc and ostracod shells
were assigned to assemblages according to the Péres and Picard
(1964), Péres (1982), Poppe and Goto (1991, 1993), and Doneddu and
Trainito (2005) classification systems, as well as modern faunal groups
observed on the Nile coast (Bernasconi and Stanley, 1994). Loss on igni-
tion (LOI) was performed to estimate the organic and carbonate content
of sediments, based on Heiry et al. (2001). Bulk sediment samples were
heated to 550 °C to determine the relative organic matter content, and
to 950 °C to establish the relative carbonate content. Magnetic suscepti-
bility measurements were undertaken using a Bartington MS2 Magnetic
Susceptibility meter, to further characterize the lithostratigraphy and
sediment composition. Frihy et al. (2007) have previously shown that
the distribution of magnetic minerals mapped on the seabed of Abu
Qir Bay is primarily controlled by sediment transport patterns and
sorting processes. The sediment samples were placed in pre-weighed
10 ml plastic cubes and oven dried for 48 h. Magnetic susceptibility
(MS) was measured three times on each sample, both at low and high
frequency. Samples and cubes were reweighed and the mean MS
value was corrected to account for mass differences. Measurements
are reported as mass-specific magnetic susceptibility in SI units
(x1078 m®kg™"). Linear detrended cross-correlation analyses were
used to detect and quantify links and potential lags between the bio-
stratigraphic time-series.

A chronology for the sequence is provided by 11 radiocarbon dates,
calibrated using IntCal09 (Reimer et al., 2009; Table 1). A reservoir age
of 400 years was used for shell samples, based on the radiocarbon age
of a modern pre-bomb marine specimen collected live in Alexandria
(Goiran, 2001). The same procedure was used to calibrate the compiled
radiocarbon dataset displayed in Fig. 5. Additional age control was pro-
vided by comparison with previously published radiocarbon data and
environmental changes attested at the regional scale. Ages are displayed
in calibrated years BC/AD for further comparisons with the historical
and archeological chronology.

Core M57 was compared and contrasted with available bio-sedi-
mentary records in Abu Qir Bay (Stanley, 2007; Goddio, 2007). 58 ra-
diocarbon ages were used to calculate the probability density
function (PDF) of '#C dates (n = 58), to detect phases of apparent
sedimentary hiatus with known a depositional context. Cumulative
PDFs have been widely used to synthesize radiocarbon datasets in
fluvial geomorphology (e.g. for the Nile basin, Marriner et al.,
2012b; Macklin et al., 2015), where probability peaks are taken to
be representative of hydrogeomorphological changes.

4. Results: bio-sedimentology of core M57

The retrieved core M57 was 10 m long. Sand texture, loss on ignition,
magnetic susceptibility, faunal assemblages and radiocarbon analyses
have allowed nine different units to be elucidated, described below
from bottom to top.

Table 1

Core M57 radiocarbon dates and calibrations (Reimer et al., 2009). ‘Sac’ denotes Saclay (France) and ‘Beta’ denotes Beta-Analytic (USA).
Code Depth (m) Sample 613X Radiocarbon age Age cal. BC/AD
SacA 16152 0.7 Rich organic bulk —17.40 1630 £ 30 440 + 90
SacA 16153 1.1 Valves of Cerastoderma glaucum and Abra tenuis 1.10 3020 + 30 800 + 30
Beta - 406935 2.1 Seeds —11.7 1950 + 30 45 + 80
SacA 16154 22 Valves of Abra tenuis —1.80 2005 + 30 470 £ 70
SacA 16155 2.8 Peat sediment —21.80 4450 + 30 3130 + 190
SacA 16156 4 Valves of Cerastoderma glaucum —1.20 2570 + 30 —240 4+ 120
SacA 16157 5.1 Valves of Cerastoderma glaucum 0.90 3125 + 30 —870 + 60
SacA 16158 5.6 Peat sediment —22.70 4570 + 30 —3300 + 190
SacA 16159 6.5 Carbonized wood —29.40 7010 + 35 —5900 + 90
SacA 16161 6.6 Carbonized wood —28.60 15,240 + 70 —16,430 + 310
SacA 16162 7.8 Carbonized wood —19.00 6090 + 35 —5030 £ 180
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4.1. Unit 1

The first unit recorded developed between — 10 and — 7.8 m below
the surface. It comprises light gray sands, dominated by medium sands
from — 10 to — 8.5 m, and fine sands between —8.5 and — 7.8 m. The
sorting index varies from 0.8 to 0.5, indicating that the sands are mod-
erately to moderately well sorted. LOI at 550 °C and at 950 °C testify
to low organic matter and carbonate content, each <5% of the total sed-
iment aggregate. The same proxies measured in fine and medium sands
display similar results, except for one medium sands sample, in which
carbonate content was higher than 10%. Magnetic susceptibility values
in bulk and fine sands range between 15 and 95.10~8 m3/kg . The fau-
nal content is dominated by lagoonal macrofauna (95%), namely
Hydrobia sp., Cerastoderma glaucum and Abra tenuis, with consistently
high faunal densities of the euryhaline ostracod Cyprideis torosa (up to
600 individuals per gram of bulk sediment). The dominant lagoonal as-
semblage is accompanied by minor abundances of other nearshore spe-
cies, represented by Loripes lacteus, Rissoa spp., Bittium reticulatum,
Nassarius sp., Donax semistriatus, and Mytilaster minimus (Fig. 3).

4.2. Unit 2

The second unit comprises gray to yellow sands, deposited between
—7.8 mand — 7 m. The sands grain-size frequency plot displays a well-
defined mode around 200 um and the sorting index attest to well to very
well-sorted sediments. Observations under binocular microscope show
that the sands are mostly quartz, often with oxidized stains. Two
centimetric mud layers were found intercalated within the sandy facies
at — 7.8 and — 7.7 m. A carbonized wood fragment found within the
first mud layer was radiocarbon dated to 5030 4 180 cal. yr BC. Organic
and carbonate content remains low, each below 5% of the sediment ag-
gregate. Magnetic susceptibility values in bulk and fine sands range be-
tween 7 and 23.1078 m3/kg ™. Samples from this unit were nearly
devoid of fauna, with the exception of rare specimens of Hydrobia sp.
and a few tens of the ostracod species Cyprideis torosa.

4.3. Unit 3

The third unit is characterized by gray sandy muds, deposited be-
tween —7 and — 6.3 m. Organic and carbonate content remains below
5%. Magnetic susceptibility values increase in this unit, between 50 up
to 160.10~8 m3/kg ™. Faunal assemblages display similar trends to
unit 1, dominated by lagoonal species (>95%) with minor abundances
of coastal individuals (Fig. 3). Two carbonized wood fragments were
sampled at — 6.6 and — 6.5 m and respectively radiocarbon dated to
16,430 4 310 and 5900 =+ 90 cal. yr BC.

4.4. Unit 4

This facies comprises black peaty muds, deposited between 6.3 and
5.5 m, best characterized by a strong enrichment of organic content
from 15 to 50% of the bulk sediment. Similar values were measured in
the fine sand fraction. Carbonate content increases slightly up the unit,
from 2 to 7% of the sediment aggregate. The sediment texture is domi-
nated by fine-grained mud sediments, in addition to 10-25% of coarse
sand, mainly represented by organic fragments. Magnetic susceptibility
values are low, between 5 and 15.10~8 m3/kg ™. Peat sediment sam-
pled towards the top of the unit was radiocarbon dated to 3300 +
190 cal. yr BC.

4.5. Unit 5

Unit 5 comprises dark gray shelly muds, deposited between 5.5 and
—5 m. The bulk texture is dominated by muds (65-80%), followed by
sands (10-20%) and gravels (5-10%). The unit is characterized by a
marked increase in carbonate content, reaching 15% of the bulk

sediment. Indeed, the sands and gravels are rich in shells, as confirmed
by the carbonate content measured in the fine and medium sands, re-
spectively reaching 20 and >30%. Shell content is represented by well-
preserved individuals of Hydrobia sp. (>130 individuals per 10 g. of sed-
iment), Cerastoderma glaucum and Abra tenuis. In this facies, the abun-
dance of the ostracod Cyprideis torosa abundance reaches 3500
individuals per 1 g of sediment. The lagoonal assemblage (>98%) is
completed by minor abundances of coastal species (Fig. 3). Some spec-
imens of Cerastoderma glaucum, sampled at — 5.1 m were radiocarbon
dated to 870 + 60 cal. yr BC. Organic content comprises ca. 7% of the
bulk sediment and susceptibility values are low, between 15 and
30.10~ % m3/kg~ .

4.6. Unit 6

Unit 6 constitutes 2.5 m of homogeneous gray muds, with faintly vis-
ible laminations in some parts of the facies. Silt and clay comprise >95 to
80% of the bulk sediment from base to top unit. Organic and carbonate
content remains stable throughout the unit, respectively 5 and 2% of
the bulk sediment. Shell content is nearly nil, characterized by a few in-
dividuals of Hydrobia sp. and Cyprideis torosa. The magnetic susceptibil-
ity of aggregate sediment shows higher values measured in core M57,
between 200 and 430.10~8 m?/kg ™. This parameter also increases in
the sands fraction, reaching 100.10~8 m3/kg~!. Observation under a
binocular microscope shows that the sand fraction is dominated by
mica minerals. Cerastoderma glaucum shells were found at —4 m and
radiocarbon dated to 3130 + 190 cal. yr BC.

4.7. Unit 7

Unit 7 mainly comprises gray muds, although sand content in-
creases, as does the gravels fraction. The unit occurs between — 2.5
and —2 m. Organic content increased slightly, up to 10%. Carbonate
content also increases, reaching 10% in the sediment aggregate and
18%in fine sands. Carbonates are mainly biogenic in origin, represented
by the high density of Cyprideis torosa (up to 5000 individuals per 1 g of
sediment) and Hydrobia sp. (up to 500 individuals per 10 g of sedi-
ment). Macrofauna is dominated by lagoonal fauna (>90%), associated
with coastal species (Fig. 3). Magnetic susceptibility values decrease
down to 70.1078 m3/kg~"'. Some valves of Abra tenuis sampled at
—2.2 m provided a radiocarbon age of 470 + 70 cal. yr AD. Seeds sam-
pled at —2.1 m yielded an age of 45 + 80 cal. yr AD.

4.8. Unit 8

This unit shows the same features as Unit 6, both in term of its tex-
ture, organic and carbonate content, magnetic susceptibility and faunal
content. It appears that Units 6 and 8 were deposited under similar en-
vironmental conditions, interrupted by the deposition of Unit 7.

4.9. Unit 9

The last unit was recorded from — 1.5 to — 0.6 m and comprises fine
gray sands intercalated with two organic-rich centimetric layers at
—1.1 and —0.7 m. The texture is dominated by fine sand (>50%),
followed by silt and clay (25-30%) and coarse sand and gravel (6-
12%). The deposit is moderately well sorted according to the sand
sorting index (Fig. 2). Organic content is below 5%, except for the rich-
organic fine layers. Magnetic susceptibility oscillates between 20 and
150.10™8 m?/kg ™. Carbonate content in the sediment aggregate and
fine sand is below 5%, however it reaches 20% in medium sand, linked
to an increase in the biogenic component. The latter is once again
strongly dominated by the same lagoonal species (>93%), associated
with minor abundances of coastal species from various habitats
(Fig. 3). Abundances of Cyprideis torosa and Hydrobia sp. present high
values, respectively up to ca. 10,000 individuals per gram and 250
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Fig. 2. Sedimentology of core M57, including grain size, sorting index, loss on ignition (LOI) at 550 °C (organic matter) and 900 °C (carbonate content), and mass specific magnetic

susceptibility. Both uncalibrated and calibrated radiocarbon dates are denoted.

individuals per 10 g. Some Cerastoderma glaucum and Abra tenuis shells,
sampled at — 1.1 m, were radiocarbon dated to 800 =+ 30 cal. yr BC. Or-
ganic sediment sampled in the upper organic-rich layer was radiocar-
bon dated to 440 4= 90 cal. yr AD.

5. Discussion
5.1. Holocene coastal changes recorded by core M57

5.1.1. Age model

Eleven radiocarbon-dated samples were taken from various depths,
and displayed a wide chronological range spanning from 16,500 cal. yr
BC to 500 cal. yr AD (Table 1). Three age-inversions were found at
—6.6 m, 2.9 m and 1.1 m depth, where ages appear older than lower
dated samples (Figs. 2 and 3). Carbonized wood samples taken at a sim-
ilar depth in Unit 3 were respectively dated to ca. 15,200 and 5900 un-
calibrated years BP (Table 1). This pre-Holocene sample is clearly
reworked because: (1) all coastal sequences in the Nile delta are youn-
ger than 8000 years BP (Stanley and Warne, 1994); and (2) the marine
lagoon identified in Unit 3 is inconsistent with a relative sea-level of
—120 m ca. 16,500 cal. yr BC (e.g. Vacchi et al., 2016). Thus, both
dates from Unit 3 were considered as reworked and removed from
the M57 age model. The shelly marine lagoon muds from Unit 5 provide
a chronological marker, because a similar biofacies was found in 20 sed-
iment cores from the Abu Qir and Maryut lagoons (Flaux et al., 2011).
This biofacies comprises mud deposits with 15-30% coarse biogenic
sands and gravels, with the dominance of Cyprideis torosa, Hydrobia

sp. and Cerastoderma glaucum. The unit was deposited between 3500
and 800 cal. yr BC, based on 10 radiocarbon-dated samples taken at
the upper and lower boundaries of the unit (Flaux et al., 2013). This
biofacies is very close to Unit 5 of core M57, the latter of which was
also dated between 3500 to and 800 cal. BC. The two inverted dates in
the upper sequence, with ages of 3130 4 190 (— 2.8 m, upper Unit 6)
and 800 =+ 30 (— 1.1 m, Unit 9) cal. yr BP, were thus considered to be
old reworked material. They were subsequently removed from the age
model of core M57 (Fig. 4). Mean sedimentation rates subsequently cal-
culated along core M57 were as follows: 1.3 mm.yr— ! between — 7.8
and —5.6 m, 0.2 mm.yr~ ' between — 5.6 and —5.1 m, 1.7 mm.yr~ ! be-
tween —5.1 and —4 m, 6.7 mm.yr~ ' between —4 and — 2.1 m and
3.5 mm.yr~ ! between —2.1 and —0.7 m.

5.1.2. Interpretation of the faunal assemblages

Faunal assemblages are mainly dominated (90-99%) by lagoonal
species, including the ostracod Cyprideis torosa, the gastropod Hydrobia
sp., and the molluscan bivalves Cerastoderma glaucum and Abra tenuis.
Other species (1-10%) derive from nearshore coastal areas (Fig. 2).
However, there are great disparities in the diversity and abundance of
species in the record. In Units 1, 3, 5, 7 and 9, high abundances of
Cyprideis torosa and Hydrobia sp. were found (thousands to hundreds
of individuals per 1-10 g of samples, respectively). Cerastoderma
glaucum and Abra tenuis were also present in significant numbers,
with minor percentages of various other coastal marine species. By con-
trast, intercalated Units 2, 4, 6 and 8 are characterized by the quasi-


AdG
Texte surligné 

AdG
Texte surligné 

AdG
Texte surligné 

AdG
Texte surligné 


C. Flaux et al. / Marine Geology 385 (2017) 56-67 61

Depth Log 14C LOI Faunal assemblage Unit
o
(m. msl) M57) dates 950°C Lo braickish
Calibrated (20) to freshwater Lagoon Coastal
0 — +AD /-BC
] i i 0 10 20 30% 5 5% 1 100 10000 5§ 15 5% 5 5 5 5 5 5 5 5 5 5%
+ F ——— . " i i . iy . " + + T + + + +
5 ] v [ - n ] ] ] i
1 q Gray [@-1630 £ 30 s v . Ih F [ ] ] . ] .
171 fine sands ®-3020 = 30 > - . ] ¥
] -800 + 30 3] Y 3 e . L i
i +45 £ 80 2
-2 - s 1950 + 30 L v ! !
] N 2005 £ 30 S - |. E ! ' | o 7
. +470£ 70 -
B @— 4450 + 30 ]
-3 ] Gray -3130 £ 190 l
o muds
1 andfaint 6
_4 ] taminations ._;gﬂ;a ’:%D ’.
] [ 4
B 870 + 60 5
-5 1 Dark gray j@— 31251 30 . v :m - | . ' . 5
4 shell d: ¢ v - n 1 | . .
] shelly muds ._4353;?130 Al ! =4
-3300 £ 190 . [—
6 - Black peaty 8 J' 4
T muds -5800 £ 90 g
] Graysandy- [ a— 7010 £ 35 ‘n v = | F (] | ! | [ ] (] 3
B muds T ~15240 £ 70 [ ) . - 1 | . . n 1
-7 - -16430 £ 310 \ | | |
B Gray to T
] yellow 2
1 -5030 + 180
g ] Sangs 6000+30 %
-8 - | | H
] Y k ‘I ] | . + ]
5 ] Light gray o v I [} - . ' | . | . (]
~ ] sands 1
] ow . | .
] \ | [ i \ ! !
-10 4 IS :
. A R A Al A A Al Al AN A A Al
®— Organic u &® & Nb.Cyprideis torosa & ‘\g\" & \bz" & & @8 & 6“? 'o\‘\'% R
®— Carbonate ¢ Fine sands v@ﬁb Q\@(‘O 11 g. sediment S § o
¥ Medium a"@ & —
sands 06@ Q\'b Nb.Hydrobia sp.
oF /10 g. sediment
vl g
fresh lagoonal muds Upper infralittoral Upper Hard
marsches muddy-sand in sands clean-sands substrate

shelted areas

Fig. 3. Bio-stratigraphy of core M57, including loss on ignition (LOI) at 950 °C (carbonate content) and faunal assemblages. Both uncalibrated and calibrated radiocarbon dates are denoted.

Age cal. BC/AD

-6000 -4000 -2000 0 2000
] - I
F 1
-2 A - r2 o
4 L D
=
4 r =
| 3
-4 - -4 o
] L @
Q
. é
6 - -6 =
8- i = -8
10 S — L)

0 2 4 6 8

sedimentation rate
(mm.yr")

Fig. 4. Age model and sedimentation rate for core M57.



62 C. Flaux et al. / Marine Geology 385 (2017) 56-67

absence of fauna, with the exception of some rare specimens of
Cyprideis torosa and Hydrobia sp. (Fig. 2).

Bernasconi and Stanley (1994) have defined three main molluscan
clusters based on 78 surface samples taken in Nile delta lagoons: (1) la-
goons with marine influence (>80% of marine species); (2) lagoonal
sensu stricto (>70% of lagoonal species, primarily dominated by
Hydrobia stagnorum, Cerastoderma glaucum and Abra ovata); and (3) la-
goons with freshwater influence (30-80% of freshwater species). Ac-
cording to modern analogues, the biofacies recorded in units 1, 3, 5, 7
and 9 can be associated with the lagoonal assemblage sensu stricto. In
core M57's fossil record, the relative abundance of lagoonal macro-
fauna was strongly correlated with the abundance of Cyprideis torosa
(Pyawe = 1.116e-89, Lagy = 1), which confirms the ecological affinities
of these species (Fig. 3). Minor but persistent abundances of coastal spe-
cies associated with the lagoonal assemblage emphasize marine-lagoon
conditions during the deposition of Units 1, 3, 5, 7 and 9. Cross-correla-
tion analysis also confirms the positive correlation between relative
abundances of marine species and the abundance of Cyprideis torosa
(Pyaiwe = 0.0001, Lagy = + 0.65). By comparison, strontium isotopes
measured on Cyprideis torosa shells taken from the Maryut's Holocene
sequence, a lagoon located south-west of Abu Kir bay, show that varia-
tions in the abundance of lagoonal species are positively correlated with
marine inputs into the lagoon's water budget (Flaux et al., 2013). The
original habitats of coastal species found in core M57 include sheltered
areas, infra-littoral sands, upper clean-sands and hard substrate (Fig. 3).
This group, with diverse origins, was thus reworked and re-deposited
within the lagoon basin. Such marine inputs could have been
transported into the lagoon during high-energy events. Another possi-
bility is that this biofacies translates proximity to a marine inlet.

By contrast, Units 4, 6 and 8 were almost entirely devoid of fauna,
with the exception of a few individuals of Cyprideis torosa and Hydrobia
sp. A similar biofacies was elucidated in the mid-Holocene sequence of
the Maryut and Abu Qir lagoons, located south-east of Abu Qir Bay
(Flaux et al., 2011). This biofacies was related to relative confined condi-
tions, with little renewal of the lagoon water by marine inputs, accord-
ing to modern Mediterranean marginal marine environments defined
by Guelorget and Perthuisot (1983). Strontium isotopes measured on
Cyprideis torosa shells taken from the Maryut's Holocene sequence con-
firmed that this biofacies corresponds to a lagoon depleted in seawater
(10-15%; Flaux et al., 2013). Mud-rich deposits in Units 6 and 8, typical
of pelagic conditions, confirm the closure of the lagoon from marine
processes during their deposition. In particular, partially preserved lam-
inated structures in Unit 6 indicate low-energy decantation processes
and the absence of biological and physical reworking.

Taken as a whole, based on the paleoecological data, the M57 se-
quence has recorded a marginal-marine coastal environment (i.e. estu-
ary to lagoon), characterized by alternating phases of lagoon connection
and isolation from the open sea, mirrored by the abundance of Cyprideis
torosa.

5.1.3. Paleo-coastal changes recorded in core M57

The bio-sedimentological dataset of core M57, together with six se-
lected radiocarbon dates, allow nine successive coastal environments to
be reconstructed, interpreted using modern sedimentological (EI-Banna,
2008, Frihy et al., 1999, 2007) and biological (Bernasconi and Stanley,
1994) analogues from the Nile coast. The sequence translates the signifi-
cant coastal changes that this area has undergone during the past ca.
7000 years.

5.1.3.1. Unit 1: estuarine sands. Unit 1 comprises lagoon fauna with minor
abundances of marine species deposited in poorly sorted fine to medi-
um sands that, according to modern analogues, are consistent with fluc-
tuating currents on the sedimentary bottom of Abu Qir Bay. This unit is
consistent with a euryhaline estuarine setting.

5.1.3.2. Unit 2: beach shoreline. Unit 2 displays well-sorted yellow sands,
especially towards the top of the unit, with similar grain-size indices to
modern beach sands in the study area (Fig. 2). Very low MS values
translate the sorting of quartz sands, whose diamagnetic properties pro-
duce weak or negative magnetic susceptibility values (Thompson and
Oldfield, 1986). Oxidized stains in the sedimentary unit confirm aerial
conditions during or after deposition. The scarcity of fossils in this
layer may be due to the dissolution of calcium carbonate because of sub-
aerial weathering and decalcification. Unit 2 has therefore recorded the
gradual emersion of the area, on the margin of the previous estuarine
setting. Two fine layers of organic muds intercalated within the unit
could be interpreted as coastal ponds punctually developed in small de-
pressions on sandy shores (Fig. 3). The base of the unit was dated to ca.
5000 yrs cal. yr BC, marking the end of the marine transgression and the
onset of deltaic accretion in this area, expressed by the progradation of
coastal barriers with large wetlands on the leeward side, already de-
scribed at the scale of the Nile delta coast (Stanley and Warne, 1993;
Stanley and Warne, 1994).

5.1.3.3. Unit 3: marine influence. The sandy Unit 2 was subsequently bur-
ied by 20 cm of fine gray sands with moderate sorting, followed by
40 cm of sandy muds. Sand mean grain size and the sorting index values
are similar to modern deposits in Abu Qir Bay, frequently reworked by
waves and currents (Fig. 2). However, Unit 3’s faunal content is charac-
terized by a dominant lagoonal assemblage with minor percentages of
coastal shells, reworked from various original habitats (Fig. 3) Two
inverted radiocarbon dates confirm reworking processes, notably the
presence of carbonized wood dated to 16.4 cal. yr BC. Such reworking,
and the submersion of Unit 2, may translate a high-energy event,
which would have occurred during the fifth millennium BC.

5.1.3.4. Unit 4: marsh. The black color, lumpy structures and relatively
high LOI percentages (10-45%) at 550 °C show that Unit 4 is dominated
by organic inputs, consistent with peat deposits in a supratidal context.
This explains the relative absence of molluscan fauna in this unit, com-
pared to lagoonal conditions. The unit displays low MS values because
organic matter has diamagnetic properties, which produce weak or neg-
ative magnetic susceptibility values (Thompson and Oldfield, 1986).
The top of the layer was dated to 3.3 4 0.2 ka cal. yr BC.

5.1.3.5. Unit 5: marine lagoon. The shelly muds of Unit 5 comprise a 0.5 m
thick sequence, deposited between 3.3 and 0.9 ka cal. yr BC, yielding a
mean sedimentation rate of ca. 0.2 mm yr~ . This value is much lower
than the mean accumulation rate of Units 2, 3 and 4 (ca. 1.3 mm yr™ !,
Fig.4). A decline in sediment inputs partially explains a relative increase
in the biogenic component, which is around four times greater than the
mean for the whole sequence. The faunal assemblage also indicates
higher seawater inputs at the core site showing that the marshy shores
elucidated in Unit 4 were submerged below lagoon waters. The submer-
sion that has been used can be used as a relative sea-level index point,
dated to ca. 3.3 ka cal. yr BC at 5.5 & 0.25 m below present MSL.

5.1.3.6. Units 6 and 8: a closed lagoon. Unit 6 is 2.5 m thick and comprises
dark muds, with partial conservation of laminations and is nearly de-
void of fauna. Homogeneous deposition of silty clays suggests decanta-
tion depositional processes. Both units record the highest MS values in
the core, ranging from 200 to 400 SI. Ghilardi and Boraik (2011) mea-
sured a similar range of MS values in late Holocene floodplain muds of
the Nile (100-470 SI). High MS values were also measured in the fine
sands fraction, consistent mica minerals, whose paramagnetic proper-
ties produce positive MS values. It is suggested that the mica was sorted
in this pelagic environment because of its flat structure giving the min-
eral greater buoyancy. Bouseily and Frihy (1984) have described biotite
enrichment in modern sediments deposited in the middle low-energy
part of Abu Qir Bay, compared to shoreline deposits.
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Furthermore, the relative absence of macro- and micro-fauna as-
semblages, with a very low species diversity, indicates confined condi-

tions, with little or no connection to the sea. Unit 6 was probably part
of Edku lagoon behind a sandy barrier (Chen et al., 1992). The unit

was deposited between ca. 0.8 ka cal. yr BC and 0 cal. yr AD, with an ap-
parent mean sedimentation rate of between 1.7 and 6.7 mm yr~!

(Fig. 5). It is the highest sedimentation rate of the sequence, translating
a period of high sediment supply by the Canopic branch and subsequent
progradation coast. Around Edku lagoon, archeological surveys suggest

a lagoon level of 1 m above current MSL during Antiquity, which fits
tightly with the geography of the ancient sites, whose settlements
have functioned as part of a water-management system (Wilson,

2012). This lagoon level, above present MSL, strongly suggests that
Edku lagoon was disconnected from the sea during Antiquity, consistent

with the bio-sedimentological data of Unit 6.

5.1.3.7. Units 7 and 9: marine inputs into a closed lagoon. While Unit 8 is
identical to Unit 6, the intercalated Unit 7 is slightly enriched in sands
and is clearly differentiated by higher LOI at 950 °C and lower MS values
(Fig. 3), both translating higher carbonate content because carbonates
have diamagnetic properties, which produce weak or negative magnetic
susceptibility values (Thompson and Oldfield, 1986). A rich lagoonal
fauna characterizes the carbonate component, with the accessory pres-
ence of coastal species. The confined environment defined in units 6 and
8 was therefore temporarily interrupted by seawater inputs. The poorly
sorted sand fraction of Unit 7, and the presence of coastal shells original-
ly found in a plethora of coastal habitats, indicate periodic injections of
bay sediments into the lagoon muds. The facies could thus translate the
proximity of a marine inlet, or be the result of a high-energy event (a
storm or a tsunami). Radiocarbon-dated seeds taken from the upper
part of Unit 7 indicate that it was deposited at ca. 45 4 80 yr. cal. AD.
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In a similar vein, the depositional environment attested by Unit 9 in-
terrupts the closed lagoon identified in unit 8. The faunal assemblage of
Unit 9 translates lagoonal conditions with marine inputs. The mean
grain sizes and sorting indices are consistent with present infratidal en-
vironments in Abu Qir Bay (0-4 m depth; Fig. 3). An inverted date, con-
sistent with reworking processes, was also recorded in this unit (Table
1). Once again, these marine sands, deposited above confined lagoon
muds, could have recorded another high-energy event at the Canopic
coast, such as storm surges, or the proximity of a marine inlet.

6. Comparison with regional data
6.1. Subsidence processes at the Canopic mouth

It was recently suggested that compaction processes have been key
drivers of coastal subsidence on the Nile Delta (Becker and Sultan,
2009; Marriner et al., 2012a; Woppelmann et al,, 2013). Mean Holocene
relative sea-level rise rates at and south of the Abu Qir coast were esti-
mated to be between 1 and 2.4 mm yr— ! (Marriner et al., 2012a), taking
into account the modeled Holocene sea-level curve for the nearby Med-
iterranean coast of Israel (Sivan et al., 2004). In core M57, the upper tidal
peat deposit (Unit 4) indicates 3-5 m of subsidence since 3300 +
190 years (1-1.6 mmyr~ ). In Abu Qir Bay, lagoon and marshy environ-
ments deposited around mean sea level between 1500 and O cal. yr BC
were found at depths of 3 to 4.5 m below MSL (Stanley, 2007). These
age-depth points yield a subsidence range of 0.8-2.3 mm yr~ . Thus,
core sediments from Abu Qir Bay do not show a significant vertical
gap in comparison to adjacent, presently emerged, areas.

Underwater archeological excavations in Abu Qir Bay have revealed
numerous undisturbed foundation structures consistent with ancient
buildings (Goddio, 2007). These remains usually lie upon a hard clay
layer. In the latter, the abundance of Cyperaceae botanic remains, brack-
ish fauna, organic-rich deposits and cloven-hoof bovid tracks all attest
to a deltaic wetland environment, deposited close to mean sea level. Ac-
cording to the available elevation data (Goddio, 2007), these sea-level
indicators describe a relative sea-level rise of 4 to 6.5 m at East-Canopus
and 5.5 to 6 m at Herakleion. Taking into account the youngest
archeological artefacts and structures found at both sites, and dated
from the late 7th to early 8th centuries AD, the drowned cities have
been affected by an apparent relative sea-level rise ranging between 3
and 4.5 mm yr~ ! during the last 13 centuries. Geological investigations
of the underlying sediments have elucidated disturbed strata, sediment
fractures and flame structures in soft sediment (Stanley et al., 2007). In
Abu Qir Bay, because mean subsidence rates calculated from
archeological data appear to be much greater (3-4.5 mm yr™—') than re-
gional data from sedimentary cores (1-2.5 mm yr~!), we insist upon
the role of heavy urban buildings upon poorly consolidated organic
muds, as a main cause for the observed disparities in subsidence rates.
Other such examples are known from Alexandria's ancient harbors
(Goddio, 1998; Bernand and Goddio, 2002; Stanley and Toscano, 2009).

6.2. Erosion processes at the Canopic mouth

Fig. 5 depicts 23 age-depth points, compiled from 17 short cores
(1.5-5.5 m thick) taken from the bottom of Abu Qir Bay (Stanley,
2007). The simplified stratigraphy of the 17 cores is characterized by a
marine-sand layer, usually <1 m thick, which covers most of the pres-
ent-day bottom of Abu Qir Bay. This unit lies above deltaic wetland fa-
cies including brackish peats, marshes and lagoon deposits (Stanley et
al., 2007; Bernasconi et al., 2007; Fig. 5). Nine age-depth points were
sampled from the base of the marine-sand layer, 14 from the top of
the wetland facies.

The cumulative probability density function calculated using a
dataset of 58 1“C samples taken from Abu Qir's Holocene sequences
(Stanley, 2007; Goddio, 2007; this study) constrains two periods with
very few radiocarbon dates at 3.5-2 ka cal. yr BC and 0-2 ka cal. yr AD

(Fig. 5). The apparent absence of material from these periods indicates
that either: (1) no/few sediments were deposited at these times; and/
or (2) these sediment tracts have been eroded since deposition. Both
processes result in a very low sedimentation rate, which was also
attested in the M57 record (Figs. 4 and 5).

6.2.1. Erosion between 3.5 and 2 ka cal. yr BC?

In core M57, the interface between Units 4 and 5, at ca. 3.3 ka cal. yr
BC (Figs. 2 and 3), describes a marine lagoon transgression on a
supratidal peat. East of the Rashid branch, at the edge of Burullus lagoon,
a peat layer is capped by mollusc-rich deposits with a lagoonal ecology
(Wunderlich and Andres, 1992). Chen et al. (1992) have also identified
the transition from a marsh to a marine lagoon environment in the Edku
region, west of the Rashid branch, during the same time period. West-
ward, marine inputs increased and became progressively prevalent in
the Maryut lagoon after 3.5 cal. yr BC, according to a fossil and strontium
isotope record (Flaux et al., 2013). These independent studies all point
to higher marine influence on the northwestern Nile delta, beginning
around 3.5 ka cal. yr BC. From this time up to ca. 2 ka cal. yr BC, there
is a hiatus in the Abu Qir radiocarbon dataset (Fig. 5). Consistently,
Unit 5 in core M57 is characterized by a very low sedimentation rate
of 0.2 mm.yr~ ! and a relatively high abundance of shell valves and de-
bris (15-20% of the bulk sediment in comparison to a mean value of 3-
4% for the whole core M57), which implies low clastic inputs. A lower-
ing of Nile flow during this period has been widely documented, using
a variety of proxies from the Nile valley, spanning source-to-sink
areas, primarily mediated by a weakening of the Ethiopian Monsoon, in-
duced by a southern shift in the mean summer position of the ITCZ (e.g.
Marriner et al., 2012b and references therein). On the Abu Qir/Canopic
coast, this low-Nile-flow stage is expressed by much lower sediment
delivery to the coast and a probable negative sedimentary budget lead-
ing to a marine intrusion into the Canopic promontory between 3.5 and
2 ka cal. yr BC.

6.2.2. Erosion during the last 1500 years

Toussoun (1922, 1926) has reviewed documents by Greek, Roman
and Arab scholars, to determine that the Canopic channel was no longer
active after the 4th and before the 6th century AD. Therefore, by the 5th
century AD, almost no sediments were delivered to the Canopic mouth,
in line with findings from core M57, where sedimentation stops at this
time. It is likely that this period has recorded the transition from accre-
tion to shoreline retreat at the Canopic mouth, similar to the present Ra-
shid mouth.

The Abu Qir age-depth dataset only provides two dates younger
than O cal. yr AD (Fig. 4). As previously noted, a marine sand layer char-
acterizes the upper stratigraphy of the bay, deposited above deltaic wet-
land facies. Most of the in situ archeological material was described at
the interface between the upper marine sands and lower lagoon muds
(Goddio, 2007). The undulating interface was found in cores between
3.2 and 7.4 m below MSL, with a deepening trend towards the east.
Ages of the upper, thin, marine sands layer, display a range from ca.
6 ka cal. yr BC up to present (n = 9). This surficial layer thus incorpo-
rates old reworked material that was initially deposited much earlier.
Consistently, dates from the upper lagoon muds display a range be-
tween 5.5 and 0 ka cal. yr BC (Fig. 5). Other deposits sampled immedi-
ately beneath the archeological remains were radiocarbon dated
between 0.7 ka cal. yr BC and 0.1 ka cal. yr AD (n = 9), although three
samples were much older, dated between 4.3 and 5.7 ka cal. BC
(Goddio, 2007). These observations clearly depict an undulating surface,
up to 4 min amplitude, resulting from the erosion of various thicknesses
of the lagoon muds. Sand fractions of some of these eroded lagoonal
sediments may have fed the present upper sand layers and would ex-
plain its wide age range.

Archeological investigations also attest to strong marine erosion on
the Abu Qir bottom. For example, the configuration of East-Canopus' re-
mains is markedly contrasted. The western side comprises a plateau
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around 3.5-4 m below MSL, while the eastern side lies on a slope
going down to 6 m below MSL further east (Goddio, 2007, their Fig.
2.2). The archeological structures on the western side are clearly
best preserved. The foundation courses, with some elevation courses
still preserved, clearly delineate in situ buildings, buried beneath 1 to
2 m of marine sands. Conversely, on the eastern side, scattered
archeological material was found, intermingled with fragments of
Pharaonic, Ptolemaic and Roman statuary (Goddio, 2007, p. 35).
This taphonomy probably resulted from the dismantling of the strat-
ified deposits through erosion and removal of fine sediments at the
eastern edge of East-Canopus.

The protection and stabilization of the southwestern Abu Qir shores
have a long history. A relict dike was described on the western coastline
of Abu Qir Bay by early 19th century AD engineers from the French Ex-
pedition in Egypt (Jacotin, 1818). Seawards, submerged (older?) stone
dikes were also observed by Toussoun (1934) and Goddio (2007,
p.23). A 10-km-long quarry-stone barrier was built in 1830 and rein-
forced in 1980 on the southern shoreline of Abu Qir Bay (Frihy et al.,
2010). Frihy and Komar (1993) and Frihy et al. (2007) conducted mea-
surements of beach profiles and described the retreat of the bay's west-
ern flank at a rate of 0-2 m yr~ !, from 1971 to 1990. Within the bay
itself, bottom currents displace surface sediments laterally (Frihy et al.,
1994) and have smoothed the submerged Canopic promontory, 80% of
whose surface ranges between 5.5 and 6.5 m below MSL (Stanley et
al., 2004). The study by Bouseily and Frihy (1984) summarizes
1500 years of coastal erosion at the Canopic mouth. Their analysis
shows that modern beach sediments on the western side of Abu Qir
Bay are coarser, more poorly sorted, more negatively skewed and
more enriched in heavy minerals than in other parts of the coastal
bay. These sedimentological characteristics have been attributed to
reworking of the relict bottom sediments of the Nile's paleo-Canopic
mouth. A similar pattern has been described for the ancient Sebennitic
mouth on the central delta coast (Frihy and Komar, 1993; Frihy et al.,
1994; Frihy and Lotfy, 1994).

This series of arguments demonstrates that erosion has been an im-
portant process in shaping Abu Qir Bay. The Canopic mouth mainly
evolves like the modern Rashid promontory, when the mouth ceased
to be a depositional center and became a source of sediments that
were redistributed by coastal currents. Erosion of the marshy lagoonal
sequence deposited in the context of the Canopic estuary, in some
places up to 4 m thick, was also responsible for the lowering of the
promontory and archeological remains. By comparison, the outer har-
bor of Roman Arles, a former estuarine lagoon located behind an under-
water bank at the mouth of the Saint Ferréol branch on the Rhone delta
(France), was found 8-9 m below MSL, in the form of aligned limestone
blocks related to possible harbor buildings, anchors and waste disposal
(Long and Duperron, 2011). Interestingly, the stratigraphy of the site is
very similar to the one described in Abu Qir Bay: the remains lie upon
stiff lagoon muds, buried below a thin surface layer of shelly sands.
The mouth bar was reconstructed following the discovery of 14 wrecks,
distributed in a clear arc form. The wrecks currently lie 12 to 14 m below
MSL, and between 1 and 3 km seaward of the present shoreline (Long
and Duperron, 2011). Here, the evolution of the mouth bar was related
to erosion processes after the progressive infilling of the corresponding
channel between the 2nd and 6th centuries AD (Provansal et al., 2003;
Vella et al., 2005). We stress that calculations of total subsidence in
Abu Qir Bay cannot be solely related to sediment failures (Stanley et
al., 2004; Stanley et al., 2004) and must include sediment removal by
erosion.

6.3. The role of high-energy events

Historian Ammianus Marcellinus documented the devastating effects
of a tsunami hitting Alexandria (Guidoboni et al., 1994, p. 267-268) and
the Nile delta in 365 CE (Shaw et al., 2008, Stiros, 2010). Investigating the
paleo-coast of Alexandria, however, Goiran et al. (2005) found a

homogeneous sequence of harbor muds deposited throughout the
Roman period, without any sedimentological impact of the destructive
wave. Nevertheless, Goiran et al. (2005) and Goiran (2012) documented
a deposit of coarse and reworked material, including allochtonous mac-
rofauna, attributed to another tsunami known to have affected Alexan-
dria in 881 cal. yr AD. Stanley and Warne (1993) reconstructed the late
Quaternary history of the Nile coast through the detailed study of 86
core sections. Surprisingly, no tsunami deposits or related impacts
were found. Tracking the wave impact, Stanley and Jorstad (2005)
have, however, described a major sedimentary hiatus in the upper part
of Alexandria's harbor stratigraphy. They ascribe this hiatus to important
erosion of the harbor floor by high-energy wave surges. In Abu Qir Bay,
Stanley et al. (2007) suggest that a tsunami wave could have triggered
mud liquefaction and strata failure, but no tsunamites were identified
in cores taken from the bay.

In core M57, Unit 3 indicates the deposition of sandy muds above
beach sands. Presence of coastal fauna at least partially translates the
marine origin of the material. Furthermore, two inverted dates and a
carbonized wood fragment dating to the last glacial maximum attest
to important reworking processes. In the upper sequence of core M57,
Units 7 and 9 recorded the intrusion of coastal sands within a closed la-
goon and Unit 9 also comprises old reworked material. These observa-
tions show changes in the depositional environment and reworking
processes that may be attributed to high-energy coastal events such as
storm surges or tsunamis. Using ancient textual sources, Goiran
(2012) reported eight high-energy waves (tsunamis or strong storms)
that have affected the coast of Alexandria during the last 2000 years.
The oldest event was reported at 23 4 3 cal. yr. AD and the second
was attributed to the notorious 365 CE tsunami. According to the M57
age model, Units 7 and 9 were respectively deposited during the 1st
century AD and during the 3rd-5th centuries AD. They could have
thus partially recorded the sedimentary imprint of two high-energy
events on the Canopic coast. However, these units could also correspond
to a marine inlet environment. The identification of clear geomorpho-
logical impacts resulting from high-energy events on the Nile coast re-
mains a challenge for future geoarcheological on the Nile delta (e.g.
Morhange et al., 2013).

6.4. Was Herakleion deserted because of coastal subsidence and erosion?

Extensive archeological surveys conducted on the northwestern Nile
delta have highlighted how the region's fluvial and lagoonal geography
clearly dictated the network of settlements during Antiquity (de Cosson,
1935; Empereur and Picon, 1998; Empereur, 1998; Rodziewicz, 1998,
2002; Wilson and Grigoropoulos, 2009; Wilson, 2010; Khalil, 2010;
Blue and Khalil, 2010; Blue et al., 2011; Boussac and El-Amouri, 2010;
Pichot, 2010; Wilson, 2012; Flaux, 2012; Thomas, 2014). As a whole,
waterflow and groundwater resources were dependent upon the
Canopic branch. By the 7th century AD, however, occupation of the
northwestern delta declined sharply (Thomas, 2014). From the very be-
ginning of the Islamic period, Alexandria lost its standing as the first
town of Egypt as well as the country's main maritime and lake harbors
(Rodziewicz, 2002). When commercial roads towards Constantinople
and the Eastern Roman Empire sharply ceased, industrial farms based
on this economy were rapidly abandoned (Décobert, 2002). Cooper
(2009) demonstrated that the grain tribute was redirected from the
Eastern Mediterranean to the Rashidun Caliphate in Egypt, and to
Mecca and Medina. Because its activities were closely linked to the ex-
port of Egyptian grain towards the Mediterranean, Naukratis, which
had been established on the flank of the Canopic branch in the late
7th century BC as a base for Greek and Eastern Mediterranean traders,
also declined by the 7th century AD (Thomas, 2014). In this context, it
is not surprising that Herakleion and East-Canopus, as East-Mediterra-
nean trade harbors at the mouth of the Canopic, were apparently also
deserted by the 7th century AD.
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7. Conclusion

The Nile's promontories constitute sensitive coastal areas that re-
spond rapidly to changes in relative sea level and sediment supply.
Bio-sedimentological data from core M57, drilled at the edge of the for-
mer Canopic promontory, have recorded four stages of marine incursion
at ca. 4.4 ka cal. yr BC, 3.3 ka cal. yr BC, ca. 0.1 ka cal. AD and 0.3-
0.4 ka cal. yr AD, which interrupt the general progradation trend of
the Nile coast in this area. The marine influence recorded at 3.3 ka cal.
yr BC was stable until 0.8 ka cal. yr BC and is reflected by an apparent
sedimentary hiatus attested in sub-surface sediments from Abu Qir be-
tween 3.5 and 2 ka cal. yr BC. The hiatus indicates a negative sedimen-
tary budget at the Canopic mouth and may translate the coastal
response to climatic aridification of the Nile catchment during this peri-
od. Sediment supply was once again high between 2 cal. yr BC and
0.5 ka cal. yr AD, which led to the accretion and subsequent occupation
of the Canopic lobe. After 0.5 ka cal. yr BC, a second stage is recorded
where erosion and reworking processes dominated at the Canopic
mouth, which led, in conjunction with long-term compaction and the
failure of unconsolidated organic-rich sediments, to the lowering of
the Canopic's promontory, whose relic surface now lies 6.5-5.5 m
below MSL, and the persistent retreat of Abu Qir's southwestern coast
up to present day. This second stage of negative sedimentary budget
at the Canopic mouth fits tightly with the absence of historical refer-
ences to the Canopic mouth from the 5th century AD onwards. Like
the present Rashid promontory, the accretion and degradation status
of the Canopic mouth was primarily controlled by sediment supply.

Because relative sea-level indicators, from core sediments in Abu Qir
Bay and in adjacent areas presently still emerged, do not show a signif-
icant vertical gap, there is no evidence for failure of the Canopic prom-
ontory as a whole. However, as mean subsidence rates calculated from
archeological data appear much greater than regional stratigraphic
data, the role of compaction processes by heavy urban structures built
upon poorly consolidated organic muds would have been significant.

There is no clear evidence that the submersion of Herakleion and
East-Canopus was sudden and “catastrophically” forced the population
to leave. Despite the 365 CE tsunami, possibly recorded in core M57
by an intrusion of marine sediments within lagoonal muds (Unit 9),
and although the Canopic flow reaching the mouth was already low
by the 5th century AD, inducing silting-up of the channel, coastal ero-
sion and the possible mobility of submarine mouth bars by comparison
with the modern Rashid promontory (Frihy and Lawrence, 2004), ar-
cheology from the late Roman period, i.e. from the 5th to the 7th century
AD, is very well represented in Abu Qir Bay (Goddio, 2007). The mari-
time cities, open to the Eastern Mediterranean's economy, declined in
tandem with the northwestern delta occupation, during the 7th century
AD, in response to wider political and economic changes in the context
of the Arabic conquest. This is not to say that the coastal cities were not
affected by high-energy events, such as rapid land failure, tremors or
tsunamis. However, it remains a challenge for coastal geoarcheology
to examine both geomorphological and societal response to catastroph-
ic events, in part because of the daily to weekly resolution required.
Ambraseys (2005) claimed that “Perhaps it is one of the most interest-
ing findings that the lasting effects of major earthquakes over the last
25 centuries in the eastern Mediterranean region would not seem to
have been significant [for coastal societies]. Soon after a damaging or
destructive earthquake, vested interests invariably led people to act
once again with disregard for the prospect of further such calamities,
and they still do”. This conclusion may also explain the longevity of
both Herakleion and East-Canopus, founded in the 6-7th centuries BC
at the Canopic mouth.
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