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ABSTRACT

PAVLOPOULOS, K.; KARKANAS, P.; TRIANTAPHYLLOU, M.; KARYMBALIS, E.; TSOUROU, T., and PALYVOS,
N., 2004. Paleoenvironmental Evolution of the Coastal Plain of Marathon, Greece, during the Late Holocene: Depo-
sition Environment, Climate, and Sea Level Changes. Journal of Coastal Research, 21(0), 000–000. West Palm Beach
(Florida), ISSN 0749-0208.

The Middle-Late Holocene infill of the coastal plain of Marathon, Greece, consists of lagoonal deposits related to the
decrease of the sea level rise rate. Between a little earlier than 5800 and 3500 Cal BP, mesohaline-oligohaline lagoonal
carbonate muds were uninterruptedly accumulating in the central and more seaward areas of the embayment. At the
same time in the nearshore environment, oligohaline pelloidal charophytic muds were deposited during periods of a
relatively increased rate of sea level rise, whereas during periods with lower rates of sea level rise, extensive marshes
were forming in supratidal settings. The formation of framboidal pyrite and evaporitic minerals point to a periodic
anoxic, sulfidic, and schizohaline environment. In addition, a warm, strongly seasonal climate under the influence of
resurgent continental groundwater is suggested. After 3500 Cal BP, the lagoon witnessed a relatively abrupt change
to palustrine mud deposition. The embayment was frequently exposed, and communication with the sea was not
perennial. This period, terminated at about 2400 Cal BP, is most likely associated with a wetter and probably more
temperate climate. The uppermost depositional unit is dominated mostly by fluvial sediments deposited in a wetland
with no recorded communication with the sea. The sea level rise, indicated by several peat formations, is estimated
to be lower than that predicted by the glacio-hydroisostatic model and the data from other Greek areas that are
considered relatively stable. Hence, a tectonic uplift of the area is suggested at a rate of about 0.4–0.5 mm/y, which
almost counterbalances the predicted rate of relative sea level rise of about 0.6–0.7 mm/y for the last 2,000 years.
This is a plausible explanation for the relative geomorphological stability, since at least Classical times, suggested by
the historical documents.

ADDITIONAL INDEX WORDS: Lagoonal sedimentation, paleoecology, paleoclimate, sea level changes.

INTRODUCTION

Holocene sea level and climate changes and anthropogenic
effects are recorded in the sediments of coastal marshes and
wetlands (CLAVÉ et al., 2001; COLE and LIU, 1994; VELLA

and PROVENSAL, 2000). In particular, coastal marshes are
sensitive to local paleoenvironmental changes and can pro-
vide a powerful tool for studying coastal changes over the last
thousands of years.

The Marathon coastal plain, located in NE Attika, Greece,
has been inhabited since the Neolithic, demonstrating great
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historical and archaeological significance. The area is famous
for the ancient battle of 490 BC, fought between the Athen-
ians and the Persians. After Athens won the competition for
the 2004 Olympic Games, the Marathon area was proclaimed
as a national park by the Greek government, and a rowing
center was constructed. Given the great environmental and
archaeological importance of the area, its paleoenvironmental
condition in antiquity gave rise to much controversy. Accord-
ing to archaeologists, its geomorphic features have remained
relatively stable since at least the Classical times. If the
above statement is true, the mere fact of its stability makes
it a valuable study area (KRAFT, 1972).

BAETEMAN (1985) presented a detailed study of several
sediment cores drilled in the area, giving information on the
stratigraphic sequence of the plain, lacking, however, a com-
plete description of sediment facies and microfossils. There-
fore, several questions regarding the paleogeographic and pa-
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leoenvironmental changes of the area have remained unan-
swered.

This study attempts to determine the depositional environ-
ments since about 6000 BP, as well as climate and sea level
changes recorded during that period, with the use of micro-
morphological and micropaleontological methods, in addition
to radiocarbon dating of peats, shells, and plant remains.

GEOLOGICAL AND GEOGRAPHICAL SETTING

The broader area surrounding the Marathon plain consists
of NE Attika geotectonic units, which represent a ‘‘relatively
autochthonous’’ metamorphic sequence (BOETECHTEL and
PAPADEAS, 1968; LOZIOS, 1993; Figure 1). Quaternary is rep-
resented by various types of alluvial deposits formed mainly
by the Inois River and other small torrents. Pleistocene and
Holocene talus cones and scree cover steep valley sides as
well as fault zones. The area is affected by an older fault
system having a NE-SW direction. In addition, a secondary
younger fault system transverses an older one having a NW-
SE direction (LOZIOS, 1993). A remarkably high number of
springs are present in the broader area, including Draconera
and Makaria to the east and at the apex of the plain.

The plain can be divided into two parts by the Inois River
channel (Figure 1). Southwest of the deltaic fan of the Inois
River (Kainourio Rema) was a marshy area called Vreksisa,
which was drained some decades ago. The extensive marsh
of Marathon, also known as the Great Marsh, extends to the
east, separated from the sea by a barrier beach with low sand
dunes (BAETEMAN, 1985). Consequently, the Marathon plain
morphologically resembles the typical coastal plains of
Greece (FOUACHE, 1999). According to KRAFT, ASCHENBREN-
NER, and RAPP (1977) and KRAFT, RAPP, and ASCHENBREN-
NER (1975), a typical coastal plain is ‘‘an alluvial plain of
relatively high angle with a terminal swamp area separated
from the sea by a sand barrier.’’

The plain coastline is almost straight, with the exception
of a ledge formed near the recent river mouth that is not
affected by tides (tide amplitude less than 20 centimeters).
The slope of the coast is less than 20%. No significant chang-
es have been observed on the coastline limit between 1889
and 1938. The area near the mouth of Kenourio Rema was
retreating at a rate of about 2 m/y in the 1950s and 1960s,
slowing to 1 m/y in the last two decades (MAROUKIAN, ZA-
MANI, and PAVLOPOULOS, 1993).

Mean annual precipitation for the meteorological station of
Marathon is 567 millimeters for the 1925–1995 interval.
Monthly air temperature for the same station ranges between
278 and 108C, with a mean annual value of 188C. Sea surface
temperature fluctuates between 10.38 and 26.78C.

METHODS

To obtain information about the Holocene stratigraphy un-
der the recent alluvial cover, four trenches were excavated
with a mechanical digger (locations 1, 4, 10, and 11 in Figure
1). The trenches were restricted to the area in which the new
rowing center was being constructed. In addition, two bore-
holes (numbers 6 and 7 in Figure 1) were drilled with a por-
table drilling set. Borehole 7 could not penetrate beyond 4.5

meters below mean sea level because a very hard horizon was
encountered. BAETEMAN (1985) defined this as a gravely
beach accretion.

Three sedimentary units, named A, B, and C, respectively,
were recognized after grouping of the sedimentary phase
characteristics. Sedimentary unit A is represented by a fos-
siliferous bioturbated carbonate mud with occasionally pel-
loidal mud, algal peats, and macrophytic peats; unit B con-
sists of palustrine mud; and the uppermost sedimentary unit
C represents a mixture of fluviatile and palustrine deposits.
The same units were also recognized by BAETEMAN (1985).
With the use of new topographical data, we corrected the ab-
solute elevation of most of the core profiles of BAETEMAN

(1985), providing the possibility of combining her detailed
stratigraphic record with our sedimentary facies and paleo-
ecological analyses. In addition, the reported ages and the
corrected depth of the oldest dated peat are in excellent
agreement with the date and depth of the first peat of this
work (Table 1), providing a secure stratigraphic marker.

Undisturbed and oriented blocks of sediment were collected
from the excavated trenches for petrographic and micromor-
phological study. The samples were oven dried at 408C for
several days and then impregnated with polyesteric resin un-
der vacuum. The cured blocks were cut into thin slabs, and
thin sections of large format (70 3 40 millimeters) were pre-
pared. The terminology used for the description of pedogenic
features follows that of BULLOCK et al. (1985).

A subset of each sample used for micropaleontological anal-
ysis (125 micrometers for benthic foraminifera, 250 micro-
meters for ostracoda) was obtained with an Otto microsplitter
until aliquots of at least 200 benthic foraminifera and 300
ostracods, respectively, remained. Species diversity was low:
only six species of benthic foraminifera were identified in 16
samples, and only 12 taxa of ostacod fauna were identified
and counted.

RESULTS

Dating

In Marathon, the 14C method was used to date the revealed
peat deposits, wood fragments, and shells from layers of the
sedimentary sequence. Both conventional decay counting and
the AMS technique were used (Table 1).

Sedimentary unit A was not found in trench 1 (Figure 2).
In borehole 6, unit A includes two peat layers. The upper
(peat 3) was dated to about 3800 Cal BP (GX-27910 and GX-
27911) and the lower (peat 1) to 5500 Cal BP (GX-27913;
Table 1). A small discrepancy of a few hundred years is ob-
served with one of the dates from the lower peat that was
obtained from an incorporated twig fragment (GX-27912).
This wood fragment could be an older redeposited material,
or alternatively, could date the very beginning of the peat
formation.

In borehole 7, the succession above the hard horizon began
with lagoonal mud representing sedimentary unit A (Figure
2). Within this unit, two peat layers were found (peats 3 and
2). The lower (peat 2) was dated to about 4700 Cal BP (GX-
27914; Table 1). In trench 4, a sample of mollusk shells (GX-
27915) was taken at the boundary with the overlying unit B
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Figure 1. Geological map of the Marathon area (modified from LOZIOS, 1993) showing the location of trenches (1, 4, 10, 11) and boreholes (6, 7) of this
study (signed with cycles). Also shown are the location of hand bores from BAETEMAN (1985) used in this study (signed with squares). (1) Alluvial deposits
(Holocene); (2) talus cones and scree (Quaternary); (3) lacustrine beds, mainly consisting of marls, sandstones, and conglomerates (Upper Miocene–Lower
Pliocene; (4) crystalline marbles (Upper Triassic–Upper Cretaceous); (5) white crystalline marbles (Upper Triassic); (6) schists (mainly mica schists and
chlorite schists) with quartzofeldspathic rocks and metabasites; (7) fault; (8) upthrust.

TABLE 1. Radiocarbon dates. 14C ages (Cal BP) were calibrated with CALIB 4.3 (copyright M. Stuive and P.J. Reimer, 2000). Dates from this study also
are corrected for 13C. n.r. 5 not reported by Baeteman (1985), AMS 5 ??, PDB 5 ??.

Laboratory Code

Trench/
Borehole

No. Unit

Absolute
Altitude

(m)† Material

14C Age
(BP)

d13C PDB
(‰)

Calibrated Age
(Cal BP)

Age
(BC)

Hv 8546*
GX-27909 (AMS)
GX-27908 (AMS)
Hv 8547*
GX-27915

6–7
1
1

6–7
4

C
C
C
C

A/B

10.10
11.20
11.00
20.10
21.80

Peat 5
Wood fragment
Wood fragments
Peat 4
Shells (brackish)

1360 6 40
2400 6 30
2410 6 40
2480 6 60
3570 6 180

n.r.
225.2
227.6

n.r.
24.5

1309–1194
2465–2351
2693–2351
2711–2467
3684–3243‡

AD 641–756
516–402
744–402
762–518

1735–1294‡
Hv 8533*
HV 8551*
Hv 8548*
GX-27910
GX-27911

6
37
36
6
6

A
A
A
A
A

10.30 to 20.50
20.80 to 21.20
21.95 to 21.85

21.47
21.65

Carbonate mud
Carbonate mud
Carbonate mud
Peat 3, top
Peat 3, middle

4020 6 60
3985 6 65
3550 6 80
3560 6 60
3540 6 70

n.r.
n.r.
n.r.

227.4
228.6

4115–3945‡
4070–3894‡
3529–3348‡
3959–3725
3898–3701

2166–1996‡
2121–1945‡
1570–1339‡
2010–1776
1949–1752

GX-27914
Hv 8552*
GX-27913
GX-27912 (AMS)
Hv 8549*
Hv 8550*

7
37
6
6

36
36

A
A
A
A
A
A

22.20
22.10 to 2.20

22.13
22.13

22.15 to 22.25
22.35–2.45

Peat 2, top
Peat 1, mean
Peat 1, top
Peat 1, wood fragment
Peat 1, middle to top
Peat 1, base

4160 6 60
4575 6 60
4770 6 60
5080 6 40
4869 6 75
4570 6 105

227.2
n.r.

227.4
224.1

n.r.
n.r.

4824–4588
5445–5053
5590–5334
5894–5751
5707–5486
5449–5048

2875–2639
3496–3104
3541–3385
3945–3802
3758–3557
3500–3099

* Radiocarbon dates from Baeteman (1985).
† Absolute altitude were corrected with the use of new map data from this study (with 620 cm uncertainty).
‡ Corrected for reservoir effect.
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Figure 2. Trenches and borehole logs. (1) Artificial fill, (2) topsoil, (3) sand, (4) sand with gravels and pebbles, (5) silt, (6) clay, (7) silty sand, (8) sandy
silt, (9) clayey silt, (10) sandy clay, (11) silty clay, (12) sandy clay with subrounded gravels, (13) palustrine mud, (14) lagoonal mud, (15) pelloidal algal
mud, (16) mudcracks, (17) rootlets, (18) charophytes, (19) pellets, (20) fossils, (21) bioturbation, (22) peat, (23) algal peat, (24) hard horizon. Peat ages are
years Cal BP. * Age according to BAETEMAN (1985).
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(Figure 2), which gave an age of about 3500 Cal BP (Table
1). Although in this case we were not able to exclude the
possibility of a hard water effect, the reservoir-corrected date
is a little younger than the date of the last peat (3800 Cal
BP) of the carbonate mud unit. Because the shells were col-
lected from the boundary between units A and B, it is sug-
gested that the date of the shells is not particularly affected
by a hard water error. The lower part of the trench 10 suc-
cession was also made by lagoonal mud (unit A; Figure 2).

In all trenches and boreholes, unit B consisted of argilla-
ceous lime mud (Figure 2). The base of the trench 1 sequence
is a paleosol. Above it, unit B included pottery fragments
(Figure 2) dated to the late 5th century BC (CHATZIOTI, per-
sonal communication, 2002). A sample of wood fragments
(GX-27908) was collected from this layer and dated to about
2500 Cal BP (Table 1). Thus, the age of this layer is close to
the Marathon Battle (490 BC)

Unit C is the uppermost part of the trench 1 succession
consisting of fluvial deposits (Figure 2). A piece of wood (sam-
ple GX-27909) from this layer was dated at about 2400 Cal
BP (Table 1).

In borehole 6, unit C included two thin peat horizons at
0.05 and 0.35 meters above mean sea level, respectively,
whereas in trench 10, the two peat layers were found at 0.45
and 0.6–0.65 meters above sea level (Figure 2). These layers,
peat 4 and peat 5, were dated by BAETEMAN (1985) to 2711–
2467 Cal BP and to 2711–2467 Cal BP, respectively (Table
1). We made an attempt to date these peats again, but they
gave a post–nuclear bomb age, implying that they were con-
taminated by younger material. Indeed, the peat samples
were penetrated by recent reeds, and it proved impossible to
get rid of all the rootlets and other recent plant fragments.
Nevertheless, the date obtained in this work from the most
eastern extension of the wetland at about 2500 Cal BP (GX-
27908; 744–402 BC) partly coincided with the date of BAE-
TEMAN (1985) for the lower of the two upper peats (Hv 8547;
758–543 BC).

In all boreholes and trenches, the upper part of the sedi-
mentary sequence is a recent artificial fill, or a topsoil char-
acterized as a weakly developed histosol. A remarkable pres-
ence of building stones, probably showing ancient human ac-
tivity, was identified in trench 11.

The 14C dates reported by BAETEMAN (1985) for the lower
peat and, generally, for the carbonate mud unit of the Mar-
athon plain is in good agreement with those obtained in this
study (Table 1). In particular, all the carbonate mud samples
(BAETEMAN, 1985) were older than the shell sample (Table
1), which corresponded to the upper boundary of the carbon-
ate mud unit.

Sedimentological Analyses

The predominance of lime mud with some intercalated or-
ganic-rich layers and the lack of a major siliciclastic compo-
nent characterized unit A (before 5500 to 3500 Cal BP). Fos-
siliferous mud predominated in the central part of the em-
bayment but occasionally also made the lower part of several
restrictive-upward cycles that ended with the formation of a
peat in the more nearshore areas (cf. WRIGHT and BURCHET-

TE, 1996). The dense micritic mud showed moderate biotur-
bation, with burrows loosely filled with fecal lime pellets (Fig-
ure 3a). However in most cases, the lower part of the cycle is
dominated by pelloidal lime mud consisting of finely frag-
mented calcareous algae (Figure 3b) and finely disseminated
plant fragments.

In the oldest defined nearshore cycle, wavy laminated mi-
crobial mats were observed. They consisted of very fine lam-
inae of lime and thin organic seams (Figure 3d) that were
followed by a laminated algal peat and finally a reedswamp
peat (peat 1). Occasionally, some gypsum crystal clusters dis-
rupted the algal peat. In addition, a few gypsum crystals with
a discoidal habit were also observed in the pelloidal lime mud
(Figure 3c), as well as some fine nodules consisting of clusters
of anhydrite crystals.

In the lower part of the sequence and close to the algal
peat, the pelloidal mud and laminated microbial mats con-
tained dispersed aggregates of pyrite. The pyrite was found
in the form of spherical grains (framboid), singly or in clus-
ters, and was usually associated with organic matter (Figure
4).

The other reedswamp peats (peats 2 and 3) that were found
in this nearshore sequence are composed of almost pure plant
remains. Several root fragments were found in the peats.
However, it was not possible to determine wether the plant
remains were the result of in situ growth because a horizon
with rootlets was not found.

Unit B (3500 to 2500 Cal BP) was characterized by mixed
carbonate and siliciclastic muds accompanied by high
amounts of fragmented plant material. Carbonate mud con-
sisted mainly of calcareous algae fragments with a gritty tex-
ture. The siliciclastic material is mostly of silt and clay size.
Several horizons with color mottles, cracks, and rootlets were
observed (Figure 7a). Locally and toward the upper parts one
can find thin layers consisting of many shell fragments and
redeposited dark micritic grains.

It is very important to note that the mixed carbonate and
siliciclastic sediment covered the whole embayment and rel-
atively abruptly substituted the lime mud, even in the center
of the former lagoon. This was particularly evident in trench
4, in which the moderate bioturbated lime mud is covered by
a millimeter-size layer of fecal lime pellets, which are fol-
lowed by a mixed, finely but crudely laminated thin sediment
consisting of siliciclastic-rich and carbonate-rich laminae.

Close to the northeastern edge of the plain, reddish clayey
sand underlies marsh sediments (trench 1). The clay showed
porostriated fabric and some illuviated coatings and was as-
sociated with a reddish mottling (Figure 7b). Small calcare-
ous nodules were also present, impregnating locally sandy
accumulations. Upward, the clay gradually became a more
brownish tint, with no signs of illuviation. Silty calcite to-
gether with a silty and clay siliciclastic component composed
the matrix of the uppermost sands. Highly fragmented plant
material and some fragments of shells also were observed in
this part of the sediment, together with some pottery frag-
ments. The overall picture of this uppermost unit, defined as
unit B, is a greenish gray layer that readily contrasts with
the lower red sands (Figure 2).

The uppermost unit of the basin sequence (unit C, 2500 BP
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Figure 3. Microphotographs of sedimentary features in unit A. (a) Fossiliferous micritic mud with moderate bioturbation and some charophyte oogonia.
Note that burrows are filled with fecal pellets (length of photograph, 10 mm). (b) Pelloidal charophytic mud rich in plant fragments (length of photograph,
4 mm). (c) Charophytic mud with discoidal gypsum crystals. Cross-polarized light (length of photograph, 1.6 mm). (d) Microphotograph of crinkly laminated
microbial mats (lower part) giving way to laminated algal peat (upper part). The fracture that disrupts the algal peat is filled with aggregates of gypsum
crystals (plane-polarized light; length of photograph, 8 mm).

to present) varies locally. In the area of the former nearshore
environment, it consists of well-sorted sands and silty sands
of a metamorphic source. The sediment is weakly cemented
with small carbonate accumulations as grain coatings and
small nodules and encrustations around roots. Some drab-
haloed root traces were also observed. Toward the center of
the embayment, palustrine sediment continued to accumu-
late, but they were interrupted by layers of well-sorted sands
and silty sands without evidence of cementation or other
postdepositional alterations.

Micropaleontological Analyses

The presence of charophytes, gastropods, bivalves, benthic
foraminifera, and ostracods is documented in the lower unit
A of the bioturbated micritic mud. The foraminiferal assem-
blages (Figures 5a and 5b and 6a and 6b) are dominated by
Ammonia beccarii, with abundance fluctuating from 76% up
to 100%. Some minor Elphidium granosum, Haynesina de-

pressula (up to 7%), Haynesina germanica, and Quinquelo-
culina sp. are also present occasionally. The dominant ostra-
cod species (Figures 5a and 5b and 6a and 6b) was Cyprideis
torosa (77%–97%), accompanied by Loxoconcha elliptica, Cy-
prinotus salinus (up to 17%), and, on one occasion, Darwinula
stevensoni.

Often benthic foraminifera are absolutely absent from the
pelloidal mud (T7-5, T6-P2A), but occasionally Trichohyalus
aguayoi is present. Concerning ostracods Candona neglecta
(up to 78%), or C. torosa (up to 47%) are the most frequent
species accompanied by other Candoninae, C. salinus, and
rare Ilyocypris sp., D. stevensoni, and Limnocythere inopinata.

Unit B is characterized by fluctuating amounts of forami-
niferal assemblages and different ostracod faunas (Figures 5a
and 5b and 6a and 6b). Gastropodes and charophytes are also
documented.

In some samples, A. beccarii reaches up to 96.4% abun-
dance, with some H. germanica present. Other samples con-
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Figure 4. Microphotograph of a framboidal pyrite. Plane-polarized light (length of photograph 0.16 mm).

sist only of H. germanica with opaque tests. Elphidium gra-
nosum and H. depressula also were observed in appreciable
amounts in some of the samples accompanying A. beccarii.

In the samples in which no foraminifera are observed, the
ostracod fauna comprises C. neglecta (21–62%) and other
Candoninae; D. stevensoni and Limnocythere (up to 13%); L.
inopinata, Ilyocypris bradyi, and C. torosa (up to 17.4%); C.
salinus (up to 30%); and L. elliptica. Where A. beccarii pre-
dominates, C. torosa dominates the ostracod assemblages
(64%), accompanied by C. salinus and L. elliptica with I. bra-
dyi, Ilyocypris gibba, C. neglecta, Candona sp., D. stevensoni,
and L. inopinata. The abundance of C. torosa is even more
elevated (up to 88%) in samples in which H. germanica pre-
dominates.

Gastropods, charophytes, and ostracods, but no benthic fo-
raminifera, were documented in unit C (Figures 6a and 6b).
Ilyocypris gibba was the most frequent species (up to 72%),
along with C. neglecta, I. bradyi, other Candoninae, and Lim-
nocythere sp. Occasionally, C. torosa is the dominant species,
followed by C. neglecta, other Candoninae, D. stevensoni, I.
gibba, and Limnocythere sp. Ostracod valves were considered
transported in levels in which they were extremely rare.

Interpretation of the Paleoecological and Depositional
Environment

Unit A (before 5500 to 3500 Cal BP)

During the deposition of the bioturbated micritic mud, A.
beccarii dominated the benthic foraminiferal assemblages,

accompanied by E. granosum and H. depressula. Both char-
acterize the lower intertidal environments (CUNDY et al.,
2000). In foraminifers, the transparent appearance of the
thin-walled hyaline form indicated normal pH conditions
(higher salinities; WANG and CHAPPELL, 2001).

In the ostracod assemblages found in the micritic mud, C.
torosa is a highly euryhaline species showing adaptability to
salinities from 0.4‰ to 150‰ (NEALE, 1988), but it is pri-
marily associated with areas of lowered salinity (ATHER-
SUCH, 1979). Loxoconcha elliptica is a brackish water species
confined to estuaries, lagoons, and pools and usually associ-
ated with algae (periphytic form) and mud (ATHERSUCH,
HORNE, and WHITTAKER, 1989).

A brackish, oligohaline or low mesohaline, shallow-water
environment (normally less than 2 meters) is suggested for
this part of unit A, indicating low marsh conditions (PETRUC-
CI et al., 1983; SCOTT, PIPER, and PANAGOS, 1979).

The fossiliferous lime muds are typical lagoonal carbonates
(subtidal) deposited in the center of the embayment where
the depth never exceeded a few meters (WRIGHT and BUR-
CHETTE, 1996). Initially, at about 5500 Cal BP in the near-
shore area, restricted microbially laminated carbonates were
formed in the intertidal zone followed by algal peat in a su-
pratidal setting. An environment close to subkha can be in-
ferred from the formation of discoidal gypsum crystals in the
sediment and algal peat (KENDAL and HARWOOD, 1996).
However, the coexistence of charophytes and discoidal gyp-
sum is a clear indication of schizohaline conditions under the
influence of freshwater input and high evaporation rates

?6

?7



Name /coas/21_119        09/24/2004 02:29PM     Plate # 0-Composite pg 223   # 8

Late Holocene Paleoenvironment of the Coastal Plain of Marathon, Greece

Allen Press • DTPro System GALLEY 223 File # 19ee

Journal of Coastal Research, Vol. 21, No. 0, 0000

Figure 5. Distributional pattern of ostracod and benthic foraminiferal species in (a) borehole 6, (b) borehole 7.

(BURNE, BAULD, and DECKKER, 1980). This period is also
characterized by periodic anoxic conditions and probably
partly stratified waters. Anaerobic bacteria formed the fram-
boidal pyrite in close vicinity to organic-rich laminae (DELL-
WIG et al., 2001).

During the deposition of the pelloidal charophytic mud, a
salinity decrease to oligohaline environments is documented.
The foraminifera assemblages consist of only one brackish
water species, T. aguayoi (BRONNIMANN, WHITTAKER, and
ZANINETTI, 1992), which has been found in western Greece
in high-middle marsh, about 20 centimeters above mean sea
level (SCOTT, PIPER, and PANAGOS, 1979). In the studied
samples, this species has been found only at one level corre-
sponding to oligohaline conditions. In ostracod assemblages,
D. stevensoni is the most common darwinulid. It is a small,
nonmarine ostracod that occasionally appears in coastal la-
goons (MEZQUITA, APIA, and ROCA, 1999), inhabiting fresh-
water (0–10 meters) and oligohaline environments (SOKAC,
1978). Limnocythere inopinata lives in freshwater and oligo-
haline environments and is often thought to indicate water
with moderate to high salinity and alkalinity (ALTINSAÇLI,
2001). Additionally, the presence of C. neglecta indicates
freshwater and oligohaline environments. The subordinate
presence of typical brackish water species, C. torosa and C.
salinus (MAZZINI et al., 1999), is considered indicative for a
lowering of salinity (GLIOZZI and MAZZINI, 1998).

The benthic foraminifera and ostracod fauna and the pres-
ence of charophytes imply an estuarine upper to uppermost
intertidal environment (upper-middle marsh, but low salini-
ties) during the deposition of the pelloidal charophytic mud.
Also lower salinity and pH is evident, indicating freshwater
input with limited marine influence in the superficial waters
and thus a restricted temporary communication with the sea.

It is evident that the nearshore environment at Marathon
witnessed several changes related to the rate of sea level rise.
During high rates of rise, pelloidal charophytic mud accu-
mulated, whereas during low rates, extensive marshes
formed in supratidal settings. These shallow environments
were accompanied by freshwater lime production (see MONTY

and HARDIE, 1976). Absence of prolonged exposure during
the low rates of sea level rise prevented drainage of the
swamps. Hence, the probably hypautochthonous peats were
preserved. Anoxic conditions are not observed during this pe-
riod, and the preservation of the relatively large amounts of
organic matter is attributed to a waterbody of high produc-
tivity (TALBOT and ALLEN, 1996). During formation of the
pelloidal intertidal muds and the supratidal peats in the
nearshore environment, lagoonal carbonate fossiliferous mud
continued to form in the more central areas of the embay-
ment.

On the basis of the stratigraphic data of BAETEMAN (1985)
and of this study, the lagoon in which the carbonate mud was

?8
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Figure 6. Distributional pattern of ostracod and benthic foraminiferal species in (a) trench 4 and (b) trench 10.

depositing extended on the entire plain to the east of Kain-
ourio Rema and to the south of Kato Souli (Figures 1 and 8).
During low rates of sea level rise, extensive marshes influ-
enced by freshwater input were covering the northern and
western parts of the lagoon.

Unit B (3500 to 2500 Cal BP)

The carbonate-siliclastic mud sequence represents a mix-
ture of windblown or riverine silts and clays and palustrine
lime mud (PLATT and WRIGHT, 1992). The frequent exposure
of the basin, particularly in the more landward areas, is re-
flected in the regular presence of color mottles, desiccation
cracks, and rootlets. Frequent flooding on a desiccated plain
produced the redeposition of carbonate grains (WRIGHT and
BURCHETTE, 1996). Repeated seasonal exposure during low
rates of sea level rise and the oxidizing conditions that pre-
vailed in this shallow waterbody has resulted in the decay of
organic matter. The unfavorable conditions for peat forma-

tion were further enhanced by the rate of supply of clastic
sediment (TALBOT and ALLEN, 1996).

This unstable environment is reflected in ostracod fauna.
The association of the dominant freshwater species with
brackish water species marks several parts of unit B. These
assemblages indicate the persistence of a restricted tempo-
rary communication with the sea (CLAVÉ et al., 2001). In par-
ticular, the salinity decrease is documented by the dominance
of Candoninae and Ilyocypris spp. and the subordinate pres-
ence of C. torosa and C. salinus. Candona neglecta and I. gib-
ba inhabit freshwater and oligohaline environments; C. sal-
inus prefers salt, brackish (oligohaline-mesohaline), and fresh
waters; and I. bradyi is found most frequently in springs, but
it also lives in stagnant water (swamps that dry up periodi-
cally or lakes) and in rivers (SOKAC, 1978). Consequently, an
oligohaline shallow-water paleoenvironment (upper-middle
marsh with spring freshwater influence) can be inferred.

Occasionally, an increase in salinity is observed because of
the presence of brackish, oligohaline, or low mesohaline shal-
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Figure 7. Microphotographs of sedimentary features in units B and C. (a) Subaerially exposed palustrine mud with dark color mottles, desiccation
cracks, and rootlets (length of photograph, 30 mm). (b) Illuviated clay inside sandy material. Note the microlamination of the clay infilling (plane-polarized
light; length of photograph, 8 mm).

low-water ostracod species. The increased presence of H. de-
pressula and the decrease of A. beccarii suggest a near-closed
lagoonal environment with a relatively low water exchange.
The valves of Ilyocypris spp. found at these levels are prob-
ably transported. In addition, the internal portions of the la-
goon are marked by the dominance of H. germanica in asso-
ciation with the presence of brackish, oligohaline, or low-me-

sohaline shallow-water ostracod species. Finally, the upper-
most part of unit B, dominated by the presence of A. beccari,
suggests a greater marine influx. This fauna comprises main-
ly brackish water ostracod species associated with freshwater
species and indicates brackish (oligohaline to mesohaline low
marsh conditions) lagoonal environments with freshwater in-
put effects.
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Figure 8. Three-dimensional sketch showing the relationship of the three sedimentary units, as well as the peat layers. T1, T6, T7, and T4 are the
locations of trenches and boreholes carried out in this study. B6, B7, B24, B25, B26, B32, B35, B36, and B37 represent the location of the hand borings
of BAETEMAN (1985).

Although marine flooding has occurred even in the upper-
most part of the unit, it was much less frequent than on the
former lagoonal–upper intertidal sequence. The shallow,
mostly seasonal, lagoon covered a slightly larger area in all
directions than the previous carbonate lagoon (BAETEMAN,
1985; Figure 8). This situation can be seen clearly at the
northeastern edge of the plain, in the area of trench 1. There,
the lower, reddish, clayey sands represent a soil that devel-
oped on fluvial sands. Several pedogenic features, like the
illuviated and porostriated clay, support this interpretation.
The gradual but clear change to gray sands with a carbonate
silty matrix most likely represents a riverine material intro-
duced in a stagnant environment, probably in the landward
area of the marsh. Dating of this event to about 2500 Cal BP
points to the greater expansion of the marsh area during that
time.

Unit C (2500 Cal BP to present)

The sands and silty sands represent fluviatile deposits.
Weak pedogenesis has affected the sediment in the margins,
leading to pedogenic carbonate accumulation. In the center
of the embayment, the palustrine environment changed,
probably more than one time, to an alluvial environment, im-
plying a shallow and frequently exposed plain without any
connection to the sea. This situation still can be seen today,
when during the wet season, a small pond is formed locally
in the easternmost edge of the plain. This pond is supplied
with freshwater from the surrounding springs of the area;
occasionally during storms, marine flooding can occur.

The shallow freshwater paleoenvironment can be inferred
by the ostracod fauna. The lower parts of unit C is charac-
terized by the dominance of freshwater species I. bradyi and
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I. gibba, which occur even in oligohaline environments (MAZ-
ZINI et al., 1999). It is important to notice the absence or low
frequencies of typical brackish water ostracods. On the con-
trary, the bulk of the ostracods pertaining to this assemblage
are known to survive under temporary partial dryness or in
shallow waterbodies, either by burrowing into mud or vegetal
litter (CALDERINI et al., 1998).

A periodical dryness is suggested for the upper parts of unit
C in the most landward areas because the few ostracod valves
recorded are probably transported. In the most seaward ar-
eas, an upper-middle marsh oligohaline shallow-water pa-
leoenvironment can be inferred because I. gibba is the most
frequent species, accompanied by low abundances of C. toro-
sa, C. salinus, and the benthic foraminifer H. germanica. Oc-
casionally, the environment is marked by high abundances of
fresh to oligohaline water species (mostly C. neglecta, Can-
doninae, D. stevensoni, I. gibba) with C. torosa, representing
oligo-mesohaline waters and lagoonal environments with
freshwater input effects.

DISCUSSION

The exact date of the formation of the Marathon lagoon is
not known, but given that there is always a lag period before
the primary carbonate producers colonize the new environ-
ment and that the lower peat is dated to 5800–5500 Cal BP,
it is suggested that the lagoon is a little older than 6,000
years (PAVLOPOULOS et al., 2003). At the eastern edge of the
plain, the upper part of the lagoonal sediments rest on an
immature red calcareous paleosol that is suggested to be
about 6000 BP (PAEPE et al., 1984). However, it is not known
whether this paleosol is the one that underlies the deepest
lagoonal sediments in the central part of the embayment (see
BAETEMAN, 1985).

Sea Level Changes

The five main peats formed during the infill of the Mara-
thon embayment at 5500, 4800, 3800, 2500, and 1300 Cal BP
record the respective continuous relative rise in sea level. The
three lower peats, formed in the supratidal setting of the car-
bonate lagoon, record the sea level high stand at the time of
their formation. In contrast, the two upper peats formed in a
wetland with no connection to the sea correspond to a state
of equilibrium between the water table output and sea level.
These peats might have formed several tens of centimeters
above sea level (e.g., VELLA and PROVENSAL, 2000). The pre-
sent top surface of the marsh in Marathon plain in its north-
eastern edge is at about 50 centimeters above present sea
level. Taking into account the above restriction, the relative
sea level rise for the period of 5500 to 1300 Cal BP is esti-
mated to be not greater than 2.5 meters.

In any case, the relative sea level rise is quite a bit lower
than that predicted by the glacio-hydroisostatic model of
LAMBECK (1995, 1996) for this area. At 6000 Cal BP, sea level
should have been about 5 meters lower than at present. In
addition, all the Holocene sea level curves from Greek areas
that are considered relatively stable point to lower sea levels
than seen on the Marathon plain (KRAFT, ASCHENBRENNER,
and RAPP, 1977; KRAFT, RAPP, and ASCHENBRENNER, 1975;

VAN ANDEL and LIANOS, 1984; for review, see LAMBECK,
1995). Of importance is also a coastal peat found 3.5 meters
below present sea level in the area of Eretria, 35 kilometers
northwest of Marathon, which has been dated at about 4200
Cal BP (3810 6 110 14C BP; KAMBOUROGLOU, 1989). On the
Marathon plain, a peat close to this age was found at about
1.6 meters below present sea level. Thus, the small apparent
subsidence, at rates that are lower than the isostatic rate,
suggests that the area is undergoing tectonic uplift, albeit at
slower rates (cf. LAMBECK, 1996). The estimated discrepancy
of about 1.5–2 meters for the interval 5500–1300 BP, points
to a tectonic uplift of the Marathon plain at a rate of about
0.4–0.5 mm/y. This rate is slightly lower than the predicted
rate of 0.6–0.7 mm/y for the relative sea level change over
the last 2,000 years according to LAMBECK (1996), hence the
apparent coastal stability of the area from the Classical times
onward (see KRAFT, 1972). The stability during that period
also can be seen in the small elevation difference between
peats 4 and 5 (Table 1), although they have an almost 1,000
calendar year age difference. A slowing rate of the sea level
rise or an increase in the rate of tectonic uplift would equally
explain this observation. However, both the predicted rate of
LAMBECK (1996) and the lack of any evidence for intense seis-
mic activity during that period (GALANOPOULOS, 1961) sug-
gest that the rate of sea level rise was slowing down. Nev-
ertheless, because there might be a more complicated history
of tectonic uplift (e.g., PIRAZZOLI, LABOREL, and STIROS,
1996) the above estimated numbers should be taken as an
average trend.

Climatic Changes

One of the major questions left unanswered by BAETEMAN

(1985) is the deposition of carbonates during one particular
period of the history of the shallow lagoon of the Marathon
plain. The present study of the carbonate unit revealed the
presence of some interesting features. In particular, the co-
existence of charophytes and discoidal gypsum has rarely
been reported in the literature, and the only known modern
analog has been described by BURNE, BAULD, and DECKKER,
(1980) in some coastal lagoons and ephemeral lakes in south-
ern Australia. This environment is characterized by a semi-
arid, seasonal, Mediterranean-type climate under the influ-
ence of continental groundwater inputs. The presence of se-
ries of springs surrounding the eastern and northern edge
(Drakonera and Makaria Pigi) of the Marathon plain that are
known to be active in ancient times is in agreement with the
above environment, not to mention the general similarity of
the climate. Mixing of groundwater and sea water produces
a varying salinity determined by the rate of evaporation and
input of groundwater. In the case of Marathon, this environ-
ment, also called schizohaline, was characterized by the pres-
ence of iron sulfates. Indeed, the formation of framboidal py-
rite is explained by a mixing of iron-rich freshwater and sul-
fate-rich sea water in a brackish zone in which peat is form-
ing (DELLWIG et al., 2001).

Nevertheless, the above discussion does not explain the
unique presence of carbonates in that particular period. The
texture and the sedimentary facies of the carbonate unit of
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the Marathon lagoon closely parallel those of equivalent en-
vironments in warm-water carbonate provinces. However,
BURNE and COLWELL (1982) have shown that the decisive
criterion for the formation of nonskeletal aggregates, such as
the pellets found frequently in Marathon, is the minimum
temperature that should not fall below approximately 138C.
Today, the minimum temperature of the Marathon embay-
ment is around 10–118C, marginally lower than what inhibits
the formation of nonskeletal grains. Thus, it can be postulat-
ed that the sea surface temperature was slightly higher than
today during at least the first part of the Subboreal. The data
for the sea surface temperature in the southwest Aegean dur-
ing the early and middle Holocene suggest higher values than
present. Present day levels have been obtained at about 5200
Cal BP (GERAGA et al., 2000). This scenario might explain
the deposition of carbonates at least for the first part of their
development. We should also note here that today, deposition
of similar carbonate facies is not observed in any of the Greek
or other northeastern Mediterranean areas.

An alternative but not contradictory scenario is that pre-
cipitation levels were the decisive criterion for the change in
sedimentation pattern to a dominant siliciclastic at about
3500 Cal BP. The abrupt clastic input at about that period
could be the result of higher erosional rates in the surround-
ing hill slopes of the Marathon plain. An increase in precip-
itation levels in an already established arid environment pro-
motes erosion, which further enhances rapid runoff. Indeed,
BOTTEMA (1990), on the basis of palynological studies in sev-
eral places in southern Greece, has suggested that an in-
crease in precipitation levels should have occurred at around
3500–3200 Cal BP.

The possibility of increase in erosion from the effects of
grazing seems to be less plausible. The change in sedimen-
tation conditions appears to be quite abrupt and widespread,
whereas a human impact would rather produce a gradual
deterioration, unless a virgin environment is massively at-
tacked for the first time. Such evidence is lacking for the area
of Marathon. In contrast, the Mycenaean period, in which the
change is placed, is considered a rather stable period without
erosional phases for several of the Greek studied landscapes
(VAN ANDEL and ZANNGER, 1990). In addition, an influx of
carbonized particles in the deposits indicating frequent fires,
or massive wasting processes that could produce a coarser
alluvium as a result of animal browsing also are not observed
(e.g., COLE and LIU, 1994).

At about 2400 Cal BP, the Marathon plain was covered
with sheetwash deposits. They followed a brief period in
which the temporary lagoon seemed to witness its greater
extension. This period more or less coincided with that of the
Marathon Battle, but unfortunately, the dating resolution
cannot be more precise. In any case, the description of Pau-
sanias (I.15.3: FRAZER, 1913) of the painting of the Battle of
Marathon in the Poikile Stoa (Athenian Market), where the
Persians were shown in flight, pressing one another into a
marsh, does not contradict our results. In addition, the de-
scription of Pausanias (I.32.6: FRAZER, 1913) of the topogra-
phy of the area at his times (2nd century AD) as ‘‘a mere,
most of which is marshy’’ and where the water was good for
cattle, fits the conditions prevailing during the formation of

unit C. The alluviation pattern in unit C might reflect the
continuous increase in moisture because this period of aggra-
dation was marked by a perennial flow and not by a coarse
alluvium bedload. After that period, the plain was gradually
starved from a sediment supply, with more episodic deposi-
tion, allowing the formation of a soil. A return to less extreme
conditions than earlier phases (see also BINTLIFF, 1982), with
a delicate balance between sea level rise and sedimentation
rates, but generally drier than the previous Subboreal, is a
plausible explanation.

CONCLUSIONS

The sedimentary sequence of the Middle-Late Holocene of
the Marathon plain in general consists of lagoonal formations
related to a decrease in the sea level rise rate. Three sedi-
mentary units were recognized: named A, B, and C.

The time period between earlier than 5800 and 3500 Cal
BP is represented by sedimentary unit A, consisting of typical
mesohaline-oligohaline lagoonal carbonates deposited in an
embayment with a depth never exceeding a few meters. In
this unit, the nearshore environment witnessed several de-
positional cycles related to the rate of sea level rise. Oligo-
haline pelloidal charophytic mud accumulated during periods
of increased rate of sea level rise, whereas during lower rates
of rise, extensive marshes formed in supratidal settings. In
the more central areas of the embayment, mesohaline-oligo-
haline lagoonal carbonate fossiliferous mud was deposited
uninterruptedly. Thus, communication with the sea was pe-
rennial, although temporarily restricted. This period, well
constrained into the Subboreal, is characterized by the for-
mation of framboidal pyrite and evaporitic minerals in a pe-
riodic anoxic, sulfidic, and schizohaline environment. It is
suggested that this pattern of carbonate sedimentation indi-
cates a warm, strongly seasonal climate under the influence
of resurgent continental groundwater.

Sedimentary unit B (3500 to 2500 Cal BP), consisting of a
carbonate-siliclastic mud sequence, represents freshwater to
a oligohaline-mesohaline mixture of windblown or riverine
silts and clays and palustrine lime mud. A frequent but not
perennial communication with the sea is evident. This period
is characterized by the dominance of a wetter and probably
more temperate climate.

Sedimentary unit C is the uppermost unit, representing
the time period between 2500 Cal BP and recent times. Most-
ly, fluvial deposits characterize it. In the center of the em-
bayment, the palustrine environment changed probably more
than once to an alluvial environment, implying a shallow and
frequently exposed wetland, mainly influenced by freshwater
input but with no communication with the sea. The climatic
conditions during that period were temporally drier.

The whole sedimentary sequence is a typical shallowing-
upward sequence with several minor shallowing-up cycles.
The several peat formations indicate a tendency for positive,
but also fluctuating, sea level that is estimated at around 2.5
to 3 meters for the period between 5500 Cal BP and recent
times. The rise is lower than that predicted for the area;
hence, a tectonic uplift of the plain at a rate of about 0.4–0.5
mm/y for the interval 5500–1300 Cal BP is estimated. This
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relative sea level rate of change for the last 2000 years is
slightly lower than the predicted rate of 0.6–0.7 mm/y ac-
cording to LAMBECK (1996).
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