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~ ~ y This study addresses the paleogeographic coastal evolution of the coastal plain in the environs of Iskele, Turkey. Eight
= — sediment cores were collected along a north—south and east-west transect and analyzed to determine whether the
S coastal environment had changed in the recent past. The results illustrate that the coastal environment consisted of
a transgressive systems tract, ending approximately 6000 BP and represented by marine transgression, flooding of
incised river channels, and marsh development, followed by a high stand systems tract. Five major environmental
facies were identified: terrestrial, wetland, lagoon, foreshore, and upper shoreface. The high stand systems tract was
characterized by the development of a beach-barrier consecutive series of longshore transport-derived sandbars. These
sandbars contributed to the creation and eventual isolation and terrestrial infilling of nearshore lagoons and wetlands.
Sea-level indicators indicate rapid sea-level rise reaching a peak approximately 6000 YBP, followed by deceleration
of sea-level rise and resulting shoreline progradation. The construction of a causeway connecting Karantina Island to
the mainland approximately 2400 years ago has accelerated the process of progradation east of the causeway by
decreasing the wave energy. Sediment that would have previously been transported further east is now deposited in
the zone immediately east of the causeway.

ADDITIONAL INDEX WORDS: Sea level, Bay of Izmir, prograding shoreline, foraminifera, facies models.

INTRODUCTION Extensive research has been done on Aegean and Mediter-
ranean sea-level change (e.g., EROL, 1981; FLEMMING, 1978;
on the western coast of Turkey has been primarily limited to FOUACHE, SIBELLA, and DALONGEVILLE, 1999; KRAFT and
regions located at the mouths of major rivers (e.g, Rapp, 1975; KRAFT, ASCHENBRENNER, and Rapp, 1977;
BRUCKNER, 2003; CROUCH et al., 2002; KRAFT et al, 2003), KRAFT, KaYAN, and EROL, 1980; LAMBECK, 1996; LAMBECK
and BARD, 2000; LAMBECK and PURCELL, 2005; LAMBECK et
al., 2004; PirazoLL1, 1994; SivaN, ELIYAHU, and RABAN,
2004; S1vAN et al., 2005; VELLA and PrRovAaNsaL, 2000).
When sea-level curves developed from sea-level markers at
specific locations in the Aegean are compared (Figure 2), it
becomes evident that there are considerable differences in
local relative sea level, a typical and expected result in tec-
tonically active areas. In this study, a few independent mark-
ers for local relative sea level were established and compared
to previous sea-level curves to determine whether it was pos-
sible to apply a known eustatic sea-level curve or whether
there were local discrepancies from previously observed

DOI: 10.2112/06-0811.1 received 2 December 2006; accepted in revi- norms, which would signify the presence of tectonic offsets.
sion 11 July 2007. The most recent seismic activity in the Urla region occurred

Paleogeographic reconstruction of the Holocene coastline

while less populated coastal zones away from primary rivers
have been largely overlooked. In the Bay of Izmir (Figure 1),
along the coastline stretching from the heavily populated city
of Izmir, construction is occurring at a rapid pace. While
there are smaller heavily channelized rivers, there are no ma-
jor point sources for sediment contribution, yet progradation
appears to have occurred. This study aims to understand and
explain the processes (e.g., sea level and tectonics) that have
created the current coastal configuration as a means to pre-
dict changes into the future and to compare to coastlines else-
where.
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Figure 1. Maps of study area. The topographic contours on the upper
map are based on a 1969 photogrammatric survey of the Urla region, and
the coastline was determined during this study with DGPS. The lower
map is adapted from Sayin, 2003.

October 17-20, 2005, and had maximum shock events equal-
ing moment magnitude (Mw) 5.8 (BENETATOS et al., 2006).
Earthquake catalogues of the Aegean region from 500 BC to
the present demonstrate regular earthquake activity, with
maximum values of approximately Mw 6.5 (ALTINOK et al.,
2005; AMBRASEYS and FINKEL, 1990, 1991, 1995; CROUCH et
al., 2002; NUR and CLINE, 2000; PAPAZACHOS et al., 2000).

Study Area

The study area is located within the microtidal (=15 c¢cm)
Bay of Izmir, between the modern city of Izmir and the Kar-
aburun Peninsula (Figure 1). The bay is within the higher
range of Mediterranean salinities, averaging 39.1 = 0.51
parts per thousand (Sayin, 2003).

The near-coastal terrestrial environment in the study area
is characterized by a gradual coastal plain that meets a low-
relief mountain range of volcanic origin (200 to 300 m ele-

Kraft etal. 1980

(1000 years BP)

Figure 2. Sea-level curves based on data points in the Aegean (Erol,
1981; Flemming, 1978; Kayan, 1988; Kraft, Kayan, and Erol, 1980). Eu-
static sea-level curves (Lambeck and Bard, 2000; Peltier, 1994).

vation) five kilometers from the coast (BRINKMANN, 1970;
Figure 2). The bedrock nearer the study location consists of
Neogene limestones and marls. Small, heavily channelized
rivers flow from the mountains to the sea, with greater out-
flow in the winter months than in the summer. Precipitation
ranges from 600 mm to 1300 mm, the majority of which falls
between September and May. The shoreline west of the
causeway to Karantina Island consists of rocky to coarse-peb-
ble beaches with concrete walkways and small artificial sea-
walls designed to minimize erosion from the microtidal sys-
tem and summer storms (~1.5 m maximum wave height).
East of the causeway, the coast is characterized by a series
of shallow, fine-grained lagoons (Figure 3). The bathymetry
from the shoreline is gradual, reaching an approximately 15-
m depth 500 m from the shore. The —40 m contour lies ap-
proximately 2 km north of the shoreline (AKsu, PIPER, and
KonNuk, 1987; Figure 1).

The predominant winds in the Bay of Izmir, referred to
locally as “meltem” or “imbat,” flow from northwest to south-
east but are predominantly from the north in the portion of
the bay surrounding the study area because of the irregular
distribution of landforms and sea encountered by winds ap-
proaching the area from the west (SAYIN, 2003). The result-
ing counterclockwise gyre produces easterly currents at the
study area itself (AKYARLI, ARisoy, and ER, 1988; SANER,
1994; Savin, 2003; Figure 1). This is especially apparent
when comparing the waters east and west of the causeway
that connects Karantina Island to the mainland. While the
water surface west of the bay is often choppy with whitecaps,
the eastern side is mostly calm due to the interruption of
wave energy by the causeway and some wind protection from
the island.

METHODS

Eight sediment cores were collected using an Eijelkamp
percussion corer. Coring locations were selected with the ob-
jective of producing generalized shore-perpendicular and
shore-parallel cross-sections (Figure 1).
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Figure 3. Photograph of the present-day prograding beach east of the causeway. For a color version of this figure, see page 1221.

Their positions and elevations were mapped using a hand-
held global positioning system (GPS), Trimble differential
global positioning system (DGPS), and a total station. The
contours of a 1:5000 photogrammatic map were digitized and
combined with coastline data points collected with the Trim-
ble DGPS and processed using Oasis software. The specific
positions of the cores were selected in the field by finding the
lowest elevations to maximize penetration depth. Because of
this, the core elevations and the generalized map contours do
not always agree, as the map does not entirely reflect the
topographic variations on the ground.

Within each core, samples were collected above and below
contacts and in approximately 5 cm intervals, with allow-
ances made for thinner horizons and extensive homogenous
horizons. Sedimentological (grain size), micropaleontological,
and geochemical analysis (3'%0 and 8'3C) were performed at
McMaster University using preparation and analysis meth-
ods given by REINHARDT, FITTON, and ScHWARCZ (2003).
The precision of analyses was *=0.2%o for both isotopes.

An aliquot of each sample was subsampled, processed with
hydrogen peroxide to remove organic material, and then an-
alyzed to determine fine-grain size using a Beckman LS Coul-
ter Counter.

For micropaleontological analysis, the 45- to 500-pm por-
tion of an aliquot of each sample was used for analysis. Sam-
ples with organic-walled or otherwise delicate individuals
were counted wet, and the remainder were dried and floted
(for methods, see FISHBEIN and PATTERSON, 1993; ScoTT
and MEDIOLI, 1986). Identifications and environmental con-
straints of particular foraminifera and assemblages were de-
termined based on major regional references (CIMMERMAN
and LANGER, 1991; HOTTINGER et al., 1993; MURRAY, 1991)
and site-specific references (e.g, AvsarR and ERrRcIN, 2001;
Hyams, ALMoOGI-LABIN, and BENJAMINI, 2002; NIXON,
2001). Species not recognized in those references were de-
scribed as species A, B, C, and so on. Particular dominant
taxa were photographed with a scanning electron microscope
at the Brockhouse Institute for Materials Research at Mec-
Master University to assist with identification and to deter-
mine the presence or absence of diagenesis.

Each aliquot was divided and counted until a minimum of
300 specimens were identified, whenever possible (following

FisHBEIN and PATTERSON, 1993). In certain cases, fewer
than 300 specimens were counted because abundance in the
total sample available was lower than 300. The data were
then normalized and estimated weighted maximum likeli-
hood (EWML) was used to determine nonstatistically signif-
icant taxa and to normalize the data (see F1ISHBEIN and PAT-
TERSON, 1993, for an explanation of the statistical method).
Only samples with greater than 50 specimens per cubic cen-
timeter (cc) were used to determine the foraminiferal bio-
clusters, as they are statistically more reliable. Specimens
with less than 1% abundance, accounting for standard error,
were removed from consideration when determining biofa-
cies. Error-adjusted data (normalized) for samples with abun-
dance greater than 50 per cc were then processed using the
statistical package PAST (HAMMER, HARPER, and RYAN,
2001) to produce Ward-method clusters of related assemblag-
es and samples. Samples with lower abundance (below 10 per
cc) were reviewed for resemblance to the established clusters
to assist with determining their facies designations.

380 and 3'3C values (for preparation and analysis meth-
ods, see REINHARDT, FITTON, and SCHWARCZ, 2003) were de-
termined for select species chosen to represent a wide range
of environmental tolerances, such as Ammonia, in order to
track isotopic values through the entire extent of the core and
minimizing the influence of interspecies-specific vital effects.
When one species was not present throughout all horizons,
comparisons of all samples in each horizon analyzed could
then be compared to determine the presence of trends.

Underwater surface samples were collected to establish the
present 80 and 8'3C values for comparison. The freshwater
meteoric precipitation endmember 8'%0 value (approximately
—5.0%0) was determined with the use of Global Network of
Isotopes in Precipitation (GNIP) data from the International
Atomic Energy Agency (IAEA). With the use of the modern
marine and freshwater 8'®*0 endmembers, salinity categories
from freshwater to fully marine water were established. Gen-
erally, values equal to 1.5%0 = 1 were considered typical ma-
rine; figures greater than this value represent evaporative
brackish or marine, and lower values were anticipated in
brackish and freshwater environments.

Radiocarbon dating was used to provide chronological con-
straints on the facies transitions (Table 1). Organic material
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Table 1. Radiocarbon dates. All samples were processed using AMS method. The plant materials were indistinguishable from broken-down plant material.

Corrected 95.5% 95.5%
Depth C14 Date C14 Date Confidence C14 Date Confidence 313C/312C Laboratory
Core (msl) (YBP) (Terrestrial) Interval (Marine) Interval (%0) Dated Material Number
8 -1.9 2770 = 40 2800 * 40 2980-2790 N/A N/A —23.2 Peat Beta-194729
7 —3.26 4080 = 40 4260 = 40 4860-4820 and N/A N/A —14.3 Peat Beta-194730
4750-4720
7 —1.85 2700 = 40 2870 * 40 3090-2870 N/A N/A —14.3 Peat Beta-194731
8 —4.35 4370 = 40 5250-4960 4410 4550-4270 1.9 Marine shell Beta-194732
4 —0.59 4370 = 40 5240-4950 4400 4545-4255 1.1 Marine shell Beta-191877

msl = mean sea level.

within the cores (shell, plant matter) was separated for ra-
diocarbon analysis. The ages of five samples were processed
using approximate mode-superposition (AMS) technique at
the Beta-Analytic Laboratory.

Separate facies (biofacies, lithofacies, envirofacies) were de-
termined based on the micropaleontological, sedimentologi-
cal, geochemical, and chronological data (see the example
core in Figure 4). Correlation between horizons was deter-
mined by the similarity between these facies or succession of
facies. In certain cases multiple facies were continuous across
nearby cores, and in others disconformities were present.

Sediment cores were examined for dateable sea-level mark-
ers such as peat and foraminifera—thecamoebian transitions.
In particular, dateable horizons in which there was an indi-
cation of a transition from marine-derived sediments to fresh-

water or terrestrial sediments, based on the proxies, were
selected. Markers with a known relative position to sea level
were in turn plotted on a graph with supratidal, subtidal, and
intertidal designations and then compared to previously es-
tablished sea-level curves (Figure 5).

RESULTS
Facies

Five major environmental facies were determined based on
the results of the multiproxy analysis. They included terres-
trial, wetland, foreshore, lagoon, and upper shoreface (Tables
2 and 3, Figures 6 and 7).

CORE 4

Lithology Foraminifera
Abundance
(per/cc)

0 200 400 600 800 1000 O 200 400

Sediment

13 .
87C 1
Texture (um) permt

saejoIg

3'%0 per mil

saney

Depth MSL

il
N\

4545-4255 0.5
BP(C14)

-4 -35-3-25-2-15-1-050 051 152 253 -2-15-1-050 051 152 253 354 455

[BLSALIAL,
&
S
s

- Forams Absent
I:I Forams Sparse
T

pe o’

.| Agricultural/surface terrestrial

puepopm

Clay/v.fine silt (0-5micron)
ISilt (5-62)

| Sandy silt (62-125)

“| Fine Sand (125-250)

"~/ Medium Sand(250-500)

* {Coarse Sand (500+)

Shell fragments

| 210ysa10,] |

Gastropods

Forams
Carbon-14
Clasts >1 cm

e | G

()
S

uoo3er|

® 5

Charophyte

||2§J‘sau9_|_|

Figure 4. Sample of a detailed analyzed core used for correlating and determining facies.
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Figure 5. Radiocarbon-dated samples and relative sea-level positions
(refer to Table 2 for reference data).

Terrestrial

The terrestrial facies was defined by an absence or low
abundance (an average of less than two specimens per cc) of
foraminifera, silt-range average grain size, and in most cases,
continuity with the modern surface (Tables 2 and 3). Abun-

dances were lower than the minimum necessary to be includ-
ed in the biofacies analysis, which is limited to samples with
more than 50 specimens per cc. When present, foraminifera
were heavily eroded or broken, an indication of transport or
dissolution. These foraminifera may have been deposited dur-
ing higher magnitude storm run up or as a result of heavy
winds. The color of the sediment ranged from yellow—brown
to within the gray spectrum. The characteristics of modern
surface terrestrial samples (based on the topmost, indisput-
ably terrestrial sediment layer of cores) were used as a ref-
erence for samples collected beneath the modern surface (Fig-
ures 6 and 7).

Wetland

The wetland facies is characterized by coarse silt—sized av-
erage grain-size values, biofacies clustering into the Centro-
pyxis/Difflugia and Trochammina biofacies groups, low to me-
dium diversity, isotope values depleted relative to modern
marine values, and light gray to yellow-brown sediments
(Tables 2 and 3). The wetland facies occurs in two types,
freshwater and brackish.

The freshwater wetland facies horizons are represented by

Table 2. Average abundances per cluster group. Data based on samples with greater than 50 specimens counted and species represented in abundances
greater than 1% in at least one sample (for methods, see Fishbein and Patterson, 1993). Clustering was completed with PAST micropaleontological statistical

package software (Hammer, Harper, and Ryan, 2001).

Biofacies Cluster Name: Centropyxis/ Ammonia Elphidium
Difflugia Trochammina Haynesina I 11 I II
Facies Interpretation: Wetland Lagoon Upper Shoreface/Foreshore
Salinity Interpretation: Freshwater Brackish Marine— Brackish- Brackish- Marine Marine
Hypersaline Marine Marine
No. samples included: 2 4 3 9 7 7 13
Avg. forams per cc: 293 *+ 40 221 = 139 670 = 435 458 = 135 86 + 14 194 = 77 324 + 178
Avg. taxa per sample: 74 31 7*x1 12 =3 23 + 15 43 = 10 41 = 15
Avg. Shannon diversity (H): 1.24 0.18 0.80 0.89 1.38 2.91 3.04
Ammonia inflatat — — — 0.2 *+0.1 24.9 = 28.0 2.7+ 28 1.3 42
A. mamilla — — — — 04 * 0.6 29 * 14 2.9 * 25
A. parkinsoniana 0.8 1.1 — 1.1 +0.8 3.7+171 — 7.3 £39 2.1=*26
A. tepida 1.1+15 0.1 +0.3 04 *04 75.6 = 9.7 0.5+ 0.9 0.1 =0.3 9.8 + 8.6
Ammonia sp. A — — — — 39.7 = 15.8 8.0 4.1 0.9 = 3.2
Centropyxis aculeata 427 = 114 — — — — — 0.2 = 0.7
C. constricta-silica 27.3 = 11.2 — — — — — —
Cibicides refulgens — — — — 0.2 = 0.6 3.5 *23 4.3 * 25
Difflugia oblonga 25.5 + 3.0 — — — — — —
Elphidium advenum 0.2 0.2 — — — 09 * 1.1 11.0 = 6.1 2.7+ 2.0
E. macellum 0.2 = 0.2 — — 0.0 0.1 1.3 +13 73 =21 6.9 = 4.8
Eponides sp. A — — — — 0.2 =04 3.7*39 45 * 26
Gyroidinoides sp. A — — — 3.8 22 3.1=*39 — 0.1*+04
Haynesina depressula — — 9.6 = 6.1 0.9 =26 — 0.8 = 2.1 3.5 *28
Haynesina sp. D — — 78.0 = 9.9 — — — —
Planorbulina
mediterranensis — — 0.1 £0.2 — — 24+ 28 14 =33
Peneroplis pertusus — — — — 2.5+ 28 —
Quinqueloculina sp. A — — — — — 2.2 = 3.2 0.1 0.3
Rosalina bradyi — 0.1 0.1 — — 0.7 = 1.2 3.8 25 6.8 = 6.0
Trochammina macracens — — — 1.6 = 3.7 — — 1.8 =42
Triloculina subgranosum — — — 8.0 =45 4.0 £ 5.0 0.3 = 0.8 —
Trochammina sp. A 0.8 1.1 944 + 8.1 — — — — 2.0 = 6.4
T inflata — 43+ 85 — 1.2 31 — — 2.8 59
Total % represented 98.4 98.9 89.2 94.9 75.8 58.5 53.8

+ Average abundances are given as percentages * 1 sigma (standard error).
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Table 3. General descriptions of facies characteristics. Grain size based on Udden-Wentworth grain-size classification scheme (Wentworth, 1922). Shannon

diversity index, low = 0-1.0, medium = 1.0-2.0, and high = 2.0-3.0.

Modal Grain 313C 31850
Facies Size Sediment Color Biofacies Clusters Biodiversity (%VPDB) (%VPDB)
Terrestrial Silt Various Absent or very low abundance N/A N/A —5.07
Wetland Coarse silt Light gray to Absent or low abundance, Centropyxis/Difflugia, =~ Low-medium -03*12 -04=*=1.0
yellow-brown and Trochammina

Foreshore Coarse sand Various Low abundance, Elphidium 1 and II Medium-high 0.5+ 1.3 0.3 = 0.6
Lagoon Fine sand Very dark gray Ammonia 1 and II, Haynesina Low-medium -09 £ 2.2 0.6 = 1.1
Upper shoreface ~ Medium sand  Gray to very Elphidium I and II High 0.5 *+29 0.6 = 1.7

dark gray

VPDB = Vienna Peedee belemnite.
*Value based on GNI.

biofacies Centropyxis/Difflugia; samples dominated by Centro-
pyxis aculeata (42.7% * 11.4), C. constricta-silica (27.3% =+
11.2), and Difflugia oblonga (25.5% = 3.0). C. constricta-silica
and Difflugia are common, slightly brackish to freshwater
species (Figures 6 and 7). They represent the presence of
freshwater contribution from precipitation, groundwater,
and/or alluvial input. Average grain-size values (microme-
ters) are mean 25 * 12, median 6 = 0, mode 6 *= 1, and
standard deviation 41 = 25. These silt-size values are con-
sistent with a low-energy environment, such as that of a wet-
land marsh. In some cases, megaspores and charophytes are
present within the wetland freshwater facies horizons and at
the contact between the wetland brackish and the wetland
freshwater facies. Charophytes are a proxy for freshwater to
slightly brackish still water, and megaspores are a proxy for
the presence of tall grasses and rushes common on the bor-
ders of freshwater and brackish wetlands (BRASIER, 1980;
CURREY, 1966; F1EsST-CASTEL, 1977; SOULIE-MARSCHE,
1991; ZaToN, PiECHOTA, and SIENKIEWICZ, 2005). The av-
erage isotopic values of the freshwater wetland facies (see
core 4, Figure 4, for individual species values) are %0 =
—0.1%0 and average 33C = —0.9%c. The values are slightly
depleted relative to full marine values. These values indicate
either that the thecamoebians have been transported from a
freshwater system or that the foraminifera analyzed were
transported. Alternatively, this could reflect seasonal chang-
es and fluctuations that produce blooms of different taxa at
different times of the year. During the driest portion of the
year, evaporation results in higher salinities that are hospi-
table to marine taxa, while the wetter winter months result
in lower salinities preferred by thecamoebian taxa.

The brackish wetland environment is represented by the
Trochammina biofacies. Trochammina sp. A is present at val-
ues greater than 90% and is copresent with 7. inflata (Table
2). While some species of Trochammina are fully marine and
occur in deep water, the Trochammina sp. present here pre-
fer silty, organic-rich environments; tolerate a variety of sa-
linity regimes; and are particularly capable of handling fluc-
tuating salinities often found in marine marshes. Grain-size
values are represented by a large range from silty to sandy,
with the sandy proportions situated at the onset and closing
of the horizons. The values are mean 262 + 388, median 243
+ 434, mode 399 = 562, and standard deviation 196 * 228.
The low sorting values are characteristic of environments

with multiple transport processes, of the sort expected for
brackish wetlands (Figures 6 and 7).

The average isotopic values of the wetland brackish facies
are 80 = 0.3%0 and 8'*C = 0.5%0. The 80 values are slight-
ly depleted relative to marine water, indicating freshwater
mixing, and the 8*C value is close to marine values. This
suggests that freshwater was being deposited from runoff
and/or precipitation and that evaporation led to increased, or
more near-marine water relative to full freshwater, 380 val-
ues.

Lagoon

The lagoon facies is characterized by the biofacies Hayne-
sina and Ammonia I and II; average mode grain-size values
in the very fine sand range; very dark gray sediments; oxygen
isotope values near marine values (8'¥0 = 0.6 = 1.1%o); car-
bon isotope values depleted with respect to marine values
(313C = —0.9 + 2.2); and low biodiversity (Tables 2 and 3).

Ammonia 1 is distinguished by the heavy dominance of A.
tepida (75%) and the presence of Trochammina spp. The co-
presence of these taxa is common in nearshore brackish en-
vironments (AMOROSI et al, 1999; Fiorini, 2004; ScoTT,
SCHAFER, and MEDIOLI, 2001). The Ammonia II biofacies is
distinguished by 39% A. parkinsoniana sp. A, 24% A. inflata,
and near-equal abundances (~3%) of Triloculina subgranos-
um, Gyroidinoids sp. A, and A. parkinsoniana. Unlike Am-
monia I, Ammonia II is more characteristic of normal marine
conditions, with greater diversity, but it lacks abundances
typical of normal marine. Overall, the biofacies of Ammonia
I and Ammonia II typical of brackish-marine lagoons contain
euryhaline living brackish and hypersaline species (Figures
6 and 7).

The Haynesina biofacies, characterized by low diversity
and the dominant presence of H. depressula and Haynesina
sp. D, is more typical of a hypersaline lagoon complex (Amo-
ROSI et al., 1999; HAYWARD et al., 2004; VANICEK et al., 2000).
The proportional abundance in the biofacies is 78% Hayne-
sina spp. and 9.6% H. depressula. Diversity is typically low
in these samples, and abundance is lower than in a normal
marine biofacies, both typical characteristics of hypersaline
assemblage zones (SCOTT and MEDIOLI, 1986). Haynesina is
also found in marine environments and can be an efficient
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colonizer of lagoonal environments in the littoral zone (ScoTT
and MEDIOLI, 1986).

Upper Shoreface

The upper shoreface facies is characterized by samples that
clustered into biofacies Elphidium I and II, gray to dark gray
sediment with modal grain-size values averaging in the me-
dium sand range, and high biodiversity (Tables 2 and 3).

Elphidium 1 and II consist of high-diversity samples con-
taining shoreface-preferring taxa. The Elphidium 1 and II
biofacies have a greater than 10% presence of Elphidium (E.
advenum, E. jenseni, E. macellum, E. translucens), along with

the presence of A. parkinsoniana. E. advenum and E. macel-
lum were the most abundant of the Elphidium sp. present;
however, there were up to 18 different Elphidium sp. in an
individual sample, in some cases greater than 50% Elphi-
dium abundance in a single sample. In general, Elphidium
has been used as an indicator of marine conditions (salinity,
turbidity, substrate). Elphidium is present in sample loca-
tions nearest to the mouths of estuaries in water closest to
marine values (E. crispum, E. williamsoni; Ruiz et al., 2005).
CANN et al’s (2002) Port Pirie, Australia, study identified
Elphidium in the subtidal and intertidal horizons (E. cris-
pum, E. advenum). In the Aegean, Avsar and ErRGIN (2001)
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Figure 7. Facies relationships: (a) average isotope values, (b) grain-size values, (¢) Ward’s method clusters based on foraminifera (see Table 2 for details).
Upper two samples represent unusual outliers. They are present in two very different environments, which seem to represent a brief event that relates
to an intrusion of freshwater that then is evaporated or mixed with marine water. In the case of the sample core 8/—5.06, the event occurs just at the
beginning of the marine incursion, indicating the possible meeting of the shoreline to a small river outlet (marked estuary on the top plan reconstruction),
and in the case of core 5/+0.57, it is likely the result of a temporary freshwater pool that during its evaporative phase was saline enough to support a

bloom of foraminifera.

established that Elphidium was present in the nearshore
shallow facies (E. advenum, E. crispum, E. macellum). E. cris-
pum and E. advenum were also common species in the near-
shore environments of the coast of Egypt (SAMIR et al., 2003).

All upper shoreface facies sample grain-size averages range
from fine to coarse sands with large standard deviations in-
dicating poor sorting. At Iskele, this variation may be the
result of the combined influences of wave energy, sea grasses
(sediment trapping), and anthropogenic factors (Gacra and
DUARTE, 2001).

No Elphidium 1 samples were analyzed for isotopic values.
Elphidium II biofacies had isotopic averages of 30 = 0.6
and 33C = 0.6%0 (Figure 7).

Foreshore

The foreshore facies is distinguished by a low abundance
(absent or fewer than 25 per cc) of microfossils, average mod-
al grain-size values in the coarse-sand range, varied sediment
coloring, and isotope values 30 = 0.3%0 * 0.6 and 8*C =
0.5%0 *= 1.3 (Tables 2 and 3, Figures 6 and 7). These values
are slightly depleted but within the range of marine values.
Grain size of the foreshore facies is the most indicative char-
acteristic.

Brackish—Evaporative Outlier Samples

Two samples (core 8/—5.06 msl, core 5/+0.57 msl) clustered
in tandem within the lagoonal facies biocluster, but the re-
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maining characteristics of the samples do not coincide with
that interpretation. With exception to their micropaleontolog-
ical character, the two samples are entirely different from the
remaining lagoonal samples but similar to each other because
they include high proportions of A. tepida copresent with
smaller proportions of H. depressula.

DISCUSSION

The results obtained from analysis of the Iskele cores il-
lustrate a coastal environment beach-barrier sequence that
begins with marine transgression and evolves into the pre-
sent coastline. The earliest sequence visible in transect A,
which runs shore perpendicular and consists of upper shore-
face horizons copresent with a lagoon (Figure 6). The sea
transgression reached at least 700 m inland relative to the
modern coastline by 4545-4255 (10) based on the sample dat-
ed from the foreshore—lagoon contact (core 4/—0.57 msl). A
bounding disconformity with a ravinement surface is visible
at the base of core 4 (particle size and more than 1 cm gravel)
at the terrestrial and lagoon contact. The transition from
shoreface to lagoon to foreshore, visible in cores 1, 2, and 3,
paired with the wetland horizon in core 4, represents the fa-
cies changes resulting from shoreline progradation as the
sediment budget exceeded the accommodation space and
caused seaward coastline development. The isolated brack-
ish—evaporative sample in core 5 is most likely the result of
an ephemeral evaporative pool that was present long enough
to support a bloom of foraminifera. Colonization of inland
pools by foraminifera is made possible by the movement of
birds from the sea or marshes to inland water bodies (ScoTT
and MEDIOLI, 1978). The general trend of facies is indicative
of a regressive systems tract (NIcHOLS, 1999).

Cores 6, 7, and 8 lie on a generalized transect (transect B)
nearly shore parallel east of transect A. There, the lower
bounding disconformity is demarcated by the presence of a
ravinement surface and an increase in grain size at the ter-
restrial-upper shoreface contact. The overall sequence tran-
sitions from shoreface to foreshore to wetland deposits. Core
8’s lowest horizon includes a sample from the brackish—evap-
orative outliers, indicating some short-lived event that intro-
duced greater amounts of freshwater into the system. This
may be an indication of minor river input at that portion of
the basin. The shoreface facies is present from prior to ap-
proximately 4800 YBP (see dates on Figure 6); then transi-
tions to foreshore facies, which convert entirely to wetland
approximately 2900 YBP; and ultimately become terrestrial.
The system most closely resembles a transgressive systems
tract followed by a high stand systems tract in which the
coastal progradation is primarily the result of longshore
transport. The cores represent a coastal sequence, which in-
cludes minor alluvial influence (no major sediment point
source), and a sequence of brackish to marine phases, which
document the replacement of sea-level transgression by
shoreline progradation following the deceleration of sea-level
rise (Figure 8). It resembles the model put forth by HARRIS
et al., 2002 (based on DALRYMPLE, ZAITLIN, and BoyD, 1992)
to illustrate the transition from transgressive to prograding
coastline on a mostly linear coastline with greater relative

strength in wave energy than in tidal energy. The few dated
markers, when compared to the sea-level curves, are mostly
in agreement with LAMBECK (1996) and LAMBECK and
BArD’s (2000) sea-level curves, suggesting that tectonic ac-
tivity in the area has not caused any major coastal offsets.
However, given the low resolution of the data vis-a-vis chro-
nology and sea-level indicators, additional research will be
necessary to negate the possibility of tectonic influence on the
coastal geomorphology of the region.

In summary, on this coastline, a transgressive systems
tract ended approximately 6000 BP and was followed by a
progradational high stand systems tract. The high stand el-
evation is marked by the maximum incursion of seawater
inland prior to the onset of coastal progradation. Sea level
rose relatively rapidly following the Last Glacial Maximum,
nearly reaching modern sea level around 6000 BP, and then
gradually rose until it reached today’s sea level. Initially, the
rise in sea level created a ravinement or lag surface, which
is identifiable by a spike in grain-size values in the initial
marine flooding phase (visible in the deepest cores). The ini-
tial rapid sea-level rise also caused erosion at the newly es-
tablished shoreline, as well as in its path, as it overtook the
landmass and infilled shallow river valleys. Sea-level rise
slowed, and the high stand systems tract began. At Iskele,
the transition to the high stand systems tract, resulting from
the slowing of sea-level rise, is represented by a regressional
depositional environment, or prograding beach. This is visible
in a vertical section by the presence of beach deposits (fore-
shore) above upper shoreface deposits as the sequence of fa-
cies migrated seaward with the buildup of shoreface. The
source material for this was likely carried along the domi-
nating westerly currents, which resulted in shore-parallel
sandbars that contributed to the shallowing regressive se-
quence, quickening the isolation of portions of the tract and
producing shallow lagoons prior to the full transition to a
supratidal and finally terrestrial environment.

Similar shoreface systems have been studied worldwide,
although primarily from regions outside of the Mediterra-
nean. Deceleration of sea-level rise approximately 6000 BP is
identified in many sites, where it led to transgressive shore-
lines, some of which are also beach-ridge systems resembling
the system present in the study area. Within the Mediter-
ranean, prograding shorelines during the recent Holocene are
common, although the majority of studies have focused on
areas with considerable alluvial input point sources and
therefore progradation rates as high as 1 km per 1000 years
(1 m/y; BRUCKNER, 2003; KRAFT et al, 2003; VOTT et al.,
2006). On the coast of Nayarit, Mexico, Holocene lagoon and
marsh phases were replaced by transgressive littoral sand in
a regressional sequence that built the coast seaward at a rate
of about 3 m/y (CuRrRAY, EMMEL, and CRAMPTON, 1969;
WALKER and PLINT, 1992). This seaward progress of the
coast in this study area was considerably slower, totaling ap-
proximately 1 km of shoreline progradation over 4000—6000
years, or an average between approximately 25 cm/y and 16
cm/y.

On the southern Australian coast (SHORT, 1988), a small
proportion of sites studied (~4%) consisted of beach-ridge
plain systems. There, they are present along gulfs and more

Journal of Coastal Research, Vol. 24, No. 5, 2008



1278

Goodman et al.

a) ~6000 to 4800 b) ~4500 yBP

yBP 3 Shoreline b

Marine 4 progradation

Transgression continues as former

followed by lagoons transition

;‘ransgressive 2 Bay oflzmir to wetlands (BM) /
ystems Tract. Dgy and new lagoons

Rivermouths are K ” form in the wake of

constricted due to \90006’,0 continued sandbar

sandbar

development. High
Stand System Tract {
begins.

development.

Long Shore Transport
Sand bar forming

New Shore parallel
Sand bar forming

Lagoon/runnel
development

¢) ~3500 yBP 0 Figure 8
Shoreline

progradation

process fully Wetland

isolates previous
coastal marshes
and lagoons. Next
phase of marsh
development and
shore progradation | .
continues seaward |\
of earlier
sequence.

Brackish Marsh/Estuary

|:| Lagoon/Runnel
Sand bars/barriers
Neogene Bedrock:Clastic

Previous sandbar
now foreshore

R "
uaternary Alluvium
Wetland gy |:| Quatsenary Alluyi
infilling! Channelized River
,;. 2 —~~< s~ Meandering River
7

—~— Coastline

d) ~3000 yBP
Sandbar
development
causes restriction
of eastern lagoon
and ultimately

€) ~2700 to 2350
yBP (334-338 BCE)
Quay and causeway
are constructed.

The process of

a T shoreline

isolates it from progrdation due to
marine influence. Shoreline sandbar
Continued Progradation development is
shoreline

exacerbated east of

progradation. the causeway.

Chann i
Shallow bars Rapid @
: ’ Shoreline
Progradation

) ~2000yBP to
Modern
Landscape

@ Channelized, heavily
modified river courses

Figure 8. Paleogeographic reconstruction.

protected sections of open coast similar to the area of this
study. The estimate for sea-level still stand in Australia is
approximately 6500 BP. The beach-ridge plain sites of Spen-
cer Gulf have prograded on average 700 m since the sea-level
still stand and have long intertidal flats (1700 m). A macro-
tidal barrier system in northwestern Australia (LEssA and
MASSELINK, 2006) was similarly recognized to cause shore-
line progradation following sea-level rise deceleration.

Another recent study in the Gulf of Lion (TESSON, LABAU-
NE, and GENsoUS, 2005) documents a similar area of coastal
progradation without significant local alluvial contribution,
where a majority of the sediment is provided by longshore
transport. The Gulf of Lion study area was characterized by
a beach-barrier depositional system in which the coastline
prograded 1 km over the past 4000-6000 years, a rate similar
to that recognized in this study.

The process of coastal sedimentation and progradation in
the Iskele study area is especially interesting given the lack
of a distinct sediment point source, as is present in compar-
ative sites in the eastern Mediterranean (BRUCKNER, 2003;
KRAFT et al., 2003; VOTT et al, 2006). While progradation at
Iskele is comparatively slower (1 km per 5000 years vs. 1 km
per 1000 years), it still occurs. Human occupation sites have
been present along this coastline from as early as the Late
Chalcolithic, approximately 5500 YBP (ERKANAL, 1995), and

have continuously occupied the area until the present. Sedi-
ment runoff as a result of agriculture, deforestation, and con-
struction may have provided some of the sediment that con-
tributed to the process of progradation. The process of pro-
gradation also appears to have been accelerated by the pres-
ence of the causeway connecting the island to the mainland,
whose construction has commonly been traditionally attri-
buted to Alexander the Great’s conquest of the region in 338—
334 BC (HEISSERER, 1980). Prior to the causeway, the pro-
cess of longshore transport and beach-barrier development
built the coastline seaward. The construction of the causeway
further promoted the process of siltation and constriction by
interrupting wave energy from the east, thus slowing the
movement of sediment by way of longshore transport. The
accelerated progradation rate caused by the causeway ac-
counts for the divergence between the coastlines on both sides
of it. The sediment budget (erosion vs. deposition) west of the
causeway is more balanced, while the sediment budget east
of the causeway is positive, resulting in the formation of
sandbars and lagoons and thus ultimately in increased shore-
line progradation.

CONCLUSION

This study demonstrates that the character of the coastline
in the environs of Iskele has changed significantly during the
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Holocene. Following the high sea-level stand approximately
6500 YBP, there were extensive lagoons and wetlands that
over time became infilled and ultimately terrestrial. Al-
though tectonic activity is present, this study has not indi-
cated any substantial offsets or impacts from these episodes.
Seismic activity may be expressed primarily in subsidence or
possibly in localized offsets not recognized in the resolution
of this study. The overall process of shoreline progradation in
the past continues in the modern setting and is anticipated
to continue as long as present conditions remain constant.
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