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Abstract

The most important active fault that intersects the eastern tip of Corinth Canal,the
Kalamaki-Isthmia fault, is studied in detail, involving data analysis from nine
boreholes, magnetic susceptibility measurements within boreholes and
paleoenvironmental interpretations. Samples taken from boreholes were analysed
and paleoenvironmental changes in the sequence are described. We correlate
magnetic susceptibility (MS) measurements with paleoenvironmental and lithological
alternations within the boreholes. We have ascribed low MS values to marine
highstand deposits and high MS values to lowstand terrestrial deposits.
Glacioeustatic sea level changes and tectonic movements have led to a very
complicated lithosedimentary pattern that involves subaerial exposure, fluvial-
terrestrial, lagoonal, shallow marine environments and possibly even some lake
sediments. Our results indicate that the Kalamaki fault is active and has a low slip
rate of 0.05+0.02 mm/yr.

Keywords: Benthic foraminifera, active faulting, Corinth gulf, Saronic Gulf.

Mepiinyn

To onuovtikotepo pnyuo. tov loBuod, to pnyuo tov Kodauaxiov-IoGuiwv, peietnlnke
AETTOUEP MG, LETW THG LLOYVTIKNG ETMIOEKTIKOTHTOS TV IHUATWY KOl TV OVAADCH TOD
ralotonepifialioviog o€ 9 yewtpnoeig. Asiyuoto omo TG YeTPHOELS avoADONKAY WG
TPOG TO TWOLOLOTEPIPAIAOY, KOl OCUCYETIOTHKOY UE TIC TYWES THG UOYVHTIKAG
EMOEKTIKOTNTOG. ZVOYETIOOUE TIC YOUNAOTEPES TYES UE TIG UECOTOYETMOELS ATODETELS
KO TIG UEYOADTEPES TIWES e TIC ToyeTmoels. O evoTaTIKES KIVIOEIS TIGC 0TABUNG TG
fdlacoos oe cLVOLAOGUO UE TIG TEKTOVIKES KIVHOELS EXOVY ONUIOVPYNOEL EVva. ECAIPETIKA
ovvleto Mbootpwuatoypopiko wotifo, mov mEpiloufaver ToOTapUOYEUGPEIES OTOOETELS,
Oodaooio ko Ayuvoboldaooio iliuaro, kabws kot mbave luvaio wepifallovea. Eire
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[éow TOL TOoloiomepIfdlioviog, Eite pEO® TG UOYVHTIKNG  EMIOEKTIKOTHTOS
KoToAyovue TWS 10 PHYUO EXEL Younlo pvluod odicOnong.

AéEeis Klewdwd: BevBovika tpnuotopopa, evepyd phnyuarta, Kopivbioxds xolmog,
20pwVIKOS KOATOG.

1. Introduction

The Corinth region is influenced by significant active normal faults, such as the Kechriaie, the South
Alkyonides Fault System (SAFS) and the Loutraki faults (e.g. Armijo et al., 1996; Collier et al.,
1992; Roberts et al., 2009). Shorter normal faults located at the Canal have also affected the
topography displacing Plio-Pleistocene sediments (Figure 1). Currently, the entire Isthmus
undergoes uplift controlled by the major faults north of the Perachora peninsula. Glacioeustatic sea
level changes and/or tectonic movements have led to a complicated lithosedimentary pattern with
alternating marls, sands and gravels of Plio-Pleistocene age (e.g. Freyberg, 1973; Collier, 1990;
Collier and Thomson, 1991; Collier and Dart, 1991). The Corinth Canal offers a unique opportunity
to study the faults in the area. Most of these faults do not displace the topography and are of limited
length. They are commonly considered secondary structures with low slip-rates (Papanikolaou et
al., 2015). However, towards the southeastern end of the Canal we traced an ENE-WSW trending
fault (the Kalamaki-Isthmia fault), dipping 60°-65° towards the SSE (e.g. Collier, 1990; Pallikarakis
et al., 2015; Papanikolaou et al., 2015). It offsets Middle and Upper Pleistocene sediments and
bounds alluvial deposits that are located on its hangingwall. Its length is approximately 5.5 km, but
it controls the topography of the area, producing up to 150 m of displacement towards its centre.
Towards its central part the upper layers dip 5° to 10° towards NNW, while the lower layers dip 20°
to 35° towards NNW. Layers in the centre of the fault dip 35° while these closer to its tip dip 5° to
15° to the NNW (Papanikolaou et al., 2015).
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Figure 1 - A) Simplified geological map showing the major faults; the Kalamaki-Isthmia
fault is highlighted in red (modified from Bornovas et al., 1972, 1984; Collier, 1990;
Gaitanakis et al., 1985; Papanikolaou et al., 1989, 1996, 2015). B) Boreholes location at the
footwall and hanging-wall of the Kalamaki fault.

2. Materials and Methods

Samples from nine boreholes which were drilled on either side of the Kalamaki-Isthmia fault were
examined for micropaleontological content. 292 m of cores were examined and 252 samples were
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extracted (Figure 2). We described alternations of sand, clay, clayey sand, conglomerate, marl,
fractions of limestone and topsoil within the borehole cores. We encountered the same complicated
lithological pattern within the boreholes and through geological mapping. There is a poor correlation
among these layers. The latter indicates that there are major lateral alternations and stratigraphic
variations. A series of different depositional environments were recognized through
micropaleontological analysis of the benthic foraminiferal fauna (Figure 3) (e.g. Triantaphyllou et
al., 2003).

Figure 2 - Samples from the drill cores. (A) Borehole GA-4 from 18.30 m - 19.20 m, showing

the transition from fluvial (gravels) to marine (silt). (B) Borehole GA-4 from 33.00 m - 33.90

m, showing the transition from gravels to sitly sand. (C) Borehole GA-5 from 28.60 m - 29.70
m, showing the transition from marine (clayey sand) to fluvial gravels.

We have described and analysed borehole cores focusing on the micropaleontological content.
Alternations of clay, sand, and gravels were encountered and the paleoenvironmental conditions
varied from fluvial-terrestrial to marine. The palecenvironment was grouped into six categories:

o Fluvial-terrestrial (F) deposits representing torrential events consisting mostly of well-
rounded gravels and to a lesser degree sand.

e Coastal (Co) rounded sands and fine gravels representing foreshore paleoenvironment.
e Shallow (less than 30 m depth) marine (M) shoreface deposits of fine sands and clays.

e Shallow marine (SM) gravels and sands with mesohaline features influenced by freshwater
input. This suggests that the paleoenvironment was probably nearest to the coast and
shallower than (M).

e Lagoonal clays (L), fine sands and rare gravels indicating a very shallow and closed marine
palecenvironment.

e Brackish-Oligohaline (Br), which consists of clay and fine sand and is similar to a lacustrine
environment.

The magnetic susceptibility (MS) of sediments depends mostly on mineral composition and grain
size. In general, iron bearing minerals lead to high values of MS (dimensionless Sl units) (e.g.,
Mullins, 1997; Oldfield, 1991; Da Silva et al., 2009; Reicherter et al., 2010). Terrestrial deposits are
often characterized by higher amounts of such minerals compared to marine sediments; therefore
MS measurements can help to distinguish between different sedimentary environments. For our
study we used the Bartington MS2 system with the MS2K sensor (see also Reicherter et al., 2010).
The MS measurements were taken in the laboratory every 2 cm along each core or by calculating
the average value if the sample was in a sample bag. In total, 992 MS measurements were carried
out on nine different borehole cores. Based on the core descriptions, we correlated the lithology and
the paleoenvironment with the MS measurements.
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Figure 3 - (A) Rosalina sp., (B) Aubignyna sp. (broken), (C) Cibicides sp., (D) Ammonia sp.
Foraminiferal species that were found within boreholes, indicating a shallow marine
environment (A), (C) or a lagoonal environment (B), (D) Results.

Micropaleontological analysis showed a complicated paleoenvironmental pattern (Pallikarakis et al.,
2015). In borehole Bh-1 we identified mainly alternations of lagoonal with shallow marine
sediments, interrupted by a fluvial-terrestrial layer. Paleoenvironment in borehole Bh-3 and Bh-7 is
more complicated. We identified several alternations of shallow marine to lagoonal sediments,
interrupted by terrestrial or fluvial terrestrial sediments. At 22 m depth in Bh-3 and at 24 m depth in
Bh-7 a lagoonal layer with abundant small size Ammonia has been found. In Bh-3 at 21 m depth and
in Bh-7 at 18 m depth we found a Cladocora caespitosa corals colony in situ. In Bh-7 from 33 to 45
m depth we found fault’s deformation zone with alternations of cataclastites and fragments of
limestones. The entire borehole G-1 was described as terrestrial - fluvial paleoenvironment, while
borehole G-2 was characterized mainly as lagoonal paleoenvironment interrupted by thin layers of
shallow marine paleoenvironment. Borehole GA-2 was described as lagoonal to shallow marine
with mesohaline features. In borehole GA-3 we identified a shallow marine with mesohaline features
to coastal paleoenvironment. The end of the borehole is characterized as fluvial terrestrial
palecenvironment. In borehole GA-4 we mostly identified alternations of shallow marine and
lagoonal sediments, interrupted by coastal and fluvial sediments. Borehole GA-5 is mainly
characterized by alternations of coastal to shallow marine with mesohaline features and shallow
marine paleoenvironments (Figure 4).
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Figure 4 - Most of the boreholes were drilled at the immediate hangingwall of the fault. Even
to neighbouring boreholes, there is a poor correlation showing the complexity of the
sedimentological and paleoenvironmetal pattern.

MS measurements show a clear difference between marine and terrestrial sediments. Higher values
are measured in gravely layers, while clayey and sandy layers have less magnetic susceptibility.
Shallow marine layers with mesohaline features were influenced by fresh water. High diversity
within these layers is due to the fact that gravels were transported by torrential rainfall events
(Figures 5, 6). Shallow marine sediments have lower MS ranging from 1 to 70 Sl. Lagoonal
sediments have a unique imprint as well. Here, the MS signal ranges from 3 - 70 Sl and is less than
30 Sl in most cases. However, in Bh-7, lagoonal sediments contain clasts which affect the MS signal,
and as a result higher MS values were measured. Coastal layers range from 4 - 253 Sl, as they mostly
consist of transported rounded clasts and grains. Gravely sediments have a distinct imprint with
values ranging from 12 - 164 when the clasts consist of limestone or 75 - 582 when the clasts consist
of Ophiolites. In Bh-1 core MS measurements range from 5 - 267 Sl. The lower part of the core is
characterized by higher MS values. In Bh-3 MS values range from 1 - 207 Sl and follow the changes
of the described environment. In Bh-7 MS values range from 1 to 227 Sl. In GA-2 core MS
measurements in the upper part range from 1 to 97 Sl, while the brackish layer has values of 7 to 9
Sl. In GA-3 core MS measurements at the lower fluvial part range from 184.5 to 262; then from
75.5 to 253.5 for the coastal part; while the upper shallow marine part ranges from 97 to 312. In
borehole GA-4 MS measurements in lagoonal sediments range from 3 to 70 Sl, in coastal sediments
from 50 to 162 S, in shallow marine sediments from 1 to 62 SI, in fluvial from 126 to 442 Sl and
in shallow marine with mesohaline features from 2 to 343 Sl. In GA-5 MS values in the lagoonal
environment range from 8 to 12 S, in shallow marine from 3 to 20 SI, in coastal from 19 to 322.5
and in shallow marine with mesohaline features from 21 to 424 SI.
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Figure 5- The magnetic susceptibility (MS) of sediments depends mostly on mineral
composition and grain size (e.g., Mullins, 1997; Oldfield, 1991). The scale of X and Y axis is
the same in all boreholes for assisting the comparison. See text for description.
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Figure 6 - All studied boreholes, in respect to the present sea level.

3. Discussion

We conclude that the boreholes show alternations of highstand and lowstand deposits when
correlating marine sediments with glacioeustatic sea level highstands and terrestrial sediments with
glacioeustatic lowstands. By correlating the known uplift rate of the area (0.3 mm/yr according to
Collier etal., 1992), with global sea level change from Siddall et al. (2003), we can imply the relative
dates of the sediments (Figure 7). We expect that the average age of the marine sediments within
the boreholes is probably 125 to 200 ka, while within the deepest boreholes (Bh-3 and Bh-7) the age
of marine layers are probably even 240 to 300 ka.

The Kalamaki-Isthmia fault is an active syn-sedimentary structure that offsets Pleistocene sediments
and controls the morphology of the eastern part of the Canal with an elevation of up to 150 m. The
fault was highly active during sedimentation, since the upper layers towards fault’s centre dip at
higher angle than these to the lower part. The layers of the central part dip at a higher angle than
those towards its tip, which indicates that the backtilting is controlled by the slip-rate variability
from the center to the fault tip (Papanikolaou et al., 2015). The complicated paleoenvironmetal

pattern is the result of the interplay between the glacioeustatic sea level changes and the tectonic
movements.
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Figure 7- Simplified paleoenvironment in boreholes Bh-3, Bh-7 and GA-4, sea level curve
from Siddall et al. (2003) and the expected depositional paleoenvironment based on the
0.3mm/yr uplift rate from the neighbouring dated corals of Collier et al. (1992). Expected
marine paleoenvironments are highlighted with blue.
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MS measurements exhibit a clear difference between marine and terrestrial sediments. Ophiolite
clasts within the fluvial terrestrial deposits lead to higher MS measurements. These clasts most likely
originate from the Gerania Ophiolite nappes and could indicate higher erosional rates and transfer
capacity. Therefore we suggest that these fluvial terrestrial sediments should have been transferred
and deposited during the glacioeustatic lowstand, when the area was emerged. During emergence
we observe higher erosion rates and thus high mobility and re-sedimentation of lowstand clasts of
predominately ophiolitic origin. There is a relationship between ophiolite gravely layers with high
MS and with glacioeustatic lowstand fluvial deposits (Gawthorpe et al., 1994). The presence of the
fluvial Ophiolite clasts layer, which is traceable in most of the boreholes, is partially affected by the
fault’s activity.
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Figure 8 - Boreholes Bh-3 and Bh-7 were examined to estimate the faults slip rate by
correlating Cladocora corals, a lagoonal horizon and magnetic susceptibility.

Papanikolaou et al. (2015) correlated lagoonal horizons from boreholes Bh-3 and Bh-7 to estimate
the fault’s mean slip rate at this site. The authors implied a 0.04 £0.02 mm/yr mean slip rate for the
last 200 ka. Through magnetic susceptibility values we confirmed the connection between these two
layers. Even though Bh-7 has poor correlation, the transition from marine to terrestrial is evident.
By correlating the transition from low MS values to high MS values in boreholes Bh-3 and Bh-7,
we conclude that the fault’s mean slip rate for the same period is higher, around 0.05+0.02 mm/yr.
The estimate of Papanikolaou et al. (2015) is based on foraminiferal assemblages, while in this paper
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we use MS values. Both methodologies are independent of each other. Either way, the Kalamaki-
Isthmia fault is an active but low slip rate fault. MS measurements refine the interpretation of the
drill cores, thus leading to a better understanding of the tectonic movements relative to sea level.
Questions arise concerning the influence of the fault on the sedimentation pattern: To what extent
does the fault control the sedimentation processes? Further analysis might help us distinguish
between natural fluctuations in sedimentation rates and tectonically driven variability. However, we
already understand that the complicated paleoenvironmental pattern is the result of the interplay
between the glacioeustatic sea level changes and the tectonic movements.

4. Conclusions

e Magnetic Susceptibility has greater values in fluvial and terrestrial sediments than in shallow
marine or lagoonal sediments. The presence of Ophiolites clasts mainly in fluvial sediments
has helped us to distinguish a unique imprint of higher values, in comparison with the marine
deposits.

e Paleoenvironmental examination has shown alternations of marine to terrestrial sediments
within the boreholes. Correlating the glacioeustatic sea level changes with the tectonic uplift
we suggest that the age of the sediments is from 125 ka to 240 ka and even 300 ka.

e The offset between lagoonal horizons in boreholes Bh-3 and Bh-7, mentioned by
Papanikolaou et al. (2015) which they estimated the slip rate of the fault, is highlighted here
as well by correlating the MS values in boreholes Bh-3 and Bh-7.
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