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Zusammenfassung

Trotz 20 Jahren voller Entwicklungen bleiben weiterhin Herausforderungen f•ur die geo-

physikalische Prospektion arch•aologischer St•atten bestehen. Zwei dieser Herausforderungen

werden in dieser Arbeit anhand von Fallstudien der arch•aologischen St•atten Aigeira und

Sikyon untersucht: die geologische Gegebenheiten und die Prospektion in urbanem Gebiet.

Die n•ordliche Peloponnes ist eine ideale Region, um diese Herausforderungen zu unter-

suchen. Hier �nden sich eine Reihe von antiken Poleis, die arch•aologisch studiert werden,

welche damit zugleich am s•udlichen Rand der aktivsten krustalen Extensionstruktur der

Welt liegen, dem Korinthischen Rift. Dar•uber hinaus wird diese Region in hohem Ma�e

landwirtschaftlich sowie zu Siedlungszwecken vom Menschen genutzt.

Die Evolution des Korinthischen Rift hat die n•ordliche Peloponnes seit dem Plioz•an

gepr•agt. Geologische Abschiebungen, die tektonische Hebung von Syn-Rift Sedimenten

und Ver•anderungen des Meeresspiegels haben eine stufenf•ormige Landschaft geformt,

die sich von der K•uste bis zu den Bergr•ucken im Hinterland erstreckt. Wo wir auf den

K•ammen und H•angen noch grobk•ornige Hang- und Deltaablagerungen aus Konglomerat

auf den Mergelb•anken �nden, sind diese sch•utzenden Deckschichten auf den unteren

Meeresterrassen, in der K•ustenebene sowie in den T•alern erodiert worden und der Mergel

stattdessen von jungen alluvialen Sedimenten bedeckt. Diese Materialien weisen nur

geringe Unterschiede in ihren magnetischen Eigenschaften auf, was die Bedeutung der

magnetischen Kartierung f•ur die arch•aologische Prospektion in dieser Region verringert. Die

menschliche Nutzung der K•ustenebene und der st•adtischen Gebiete stellt eine zus•atzliche

Herausforderung dar.

Diese Herausforderungen wurden durch verschiedene Ans•atze •uberwunden, die in

beispielhaften Fallstudien dargestellt werden. W•ahrend eine Kombination aus magnetischer

Kartierung und Bodenradar (GPR) auf den Bergr•ucken und entlang der H•ange, wo wir

auch gr•obere Sedimente �nden, sehr gut funktioniert, ist sie in der K•ustenebene aufgrund

der d•ampfenden Eigenschaften des alluvialen Sedimente nicht geeignet. Hier erwies sich die

elektrische Widerstands-Tomographie (ERT) als sehr erfolgreich, um Teile einer Siedlung

sehr detailliert zu kartieren. Aktive seismische Methoden wurden auch bei der Bestimmung

der Grundgebirgstiefe, der Detektion von Mauern und bei der Frage der Lokalisierung des



Hafenbeckens erfolgreich eingesetzt.

Zwei dieser Fallstudien konnten jedoch durch die Anwendung eines solchen Multi-

Methoden-Ansatzes der klassischen angewandten geophysikalischen Prospektionsmethoden

nicht in ihrer Gesamtheit gel•ost werden. Daher beinhaltet diese Arbeit auch eine umfan-

greiche geophysikalische Multimethodenstudie, die sich auf r•atselhaften Strukturen im

Untergrund konzentriert, die entweder als pr•ahistorische Kammergr•aber oder als kom-

plexe, sehr heterogene Verwitterungsmuster der lokalen Mergel-Konglomerat-Abfolgen

interpretiert werden k•onnten. Magnetik, Bodenradar (GPR) und elektrische Widerstand-

stomographie (ERT) zeigen ein wabenf•ormiges Anomalienmuster, das als ein System

pr•ahistorischer Kammergr•aber interpretiert werden k•onnte. Diese Arbeit zeigt, wie Scher-

wellenseismik und insbesondere Full-Waveform-Inversion (FWI) in der arch•aologischen

Prospektion eingesetzt werden k•onnen, um zwischen diesen alternativen, grunds•atzlich

verschiedenen Interpretationsmodellen zu unterscheiden. Die SH FWI-Strategie im Zeit-

bereich, die auf einer sequentiellen Inversion von tief- und bandpassge�lterten Daten

basiert, f•uhrt zu Untergrundmodellen f•ur Scherwellengeschwindigkeit und Dichte, die

genau zu dem komplizierten seismischen Datensatz passen. Es zeigt sich ein sehr het-

erogener Untergrund, der durch lineare Cracks im Dezimeterbereich gekennzeichnet ist.

Die seismischen FWI-Ergebnisse werden im Detail mit GPR, ERT und untereinander

verglichen. Es stellt sich heraus, dass das FWI-Ergebnis mit jeder dieser anderen geo-

physikalischen Methoden •ubereinstimmt, aber eine umfassendere Charakterisierung des

Untergrundes liefert, die zus•atzlich durch Bohrungen unterst•utzt wird. Mit Hilfe der

seismischen Untersuchung k•onnen wir die Interpretationshypothese von pr•ahistorischen

Kammergr•abern verwerfen und best•atigen, dass die r•atselhaften geophysikalischen Muster

eine geologische Verwitterungsstruktur darstellen, die als ein von r•otlichen Pal•aob•oden

bedecktes Fandelta angesprochen werden k•onnte.

Die zweite detailliert betrachtete Fallstudie belichtet die Herausfordung einer gro�-


•achigen seismischen Prospektion im urbanen Gebiet. Sogar in der st•adtischen Umgebung

des modernen Kiato wurden aktive seismischen Messungen auf der Suche nach dem

verlandeten Hafenbecken Sikyons im Prinzip erfolgreich durchgef•uhrt. Mit Hilfe der

Refraktionsseismik und der Mehrkanalanalyse von Ober
•achenwellen (MASW; Love-Typ)

wurde eine Rinne gefunden, die vor der Verlandung als schi�bares Flussbett gedient haben

k•onnte. Da eine gro�
•achige Untersuchung mit diesen aktiven Methoden aufgrund der zu

gro�en St•orfaktoren der urbanen Umgebung und insbesondere auch aufgrund der Gr•o�e

der zu untersuchenden Fl•ache nicht sinnvoll w•are, wurden passive Methoden zur Erfassung

des Umgebungsl•arms getestet. In dieser Arbeit wird gezeigt, dass die HVSR-Methode

(horizontal-to-vertical spectral ratio) als Alternative f•ur die Refraktionsseismik verwendet

werden kann, um die Tiefe der ersten Schichtgrenze •uber gro�e Gebiete zu kartieren,

vorausgesetzt eine Beziehung zwischen der HVSR-Resonanzfrequenz und der Refraktortiefe



kann hergestellt werden. In unserem Fall gilt:zHV SR = 2327 � f � 2:025
r . Die Analyse von 9

Stationen Arrays mit sehr kleiner Apertur via Beamforming, erwies sich als geeignet, den

Untergrund mit •ahnlicher Au
•osung abzubilden wie sie auch MASW liefert. Daher k•onnte

diese Methode durchaus als passives•Aquivalent f•ur die Love-Wave-Analyse zur Bestimmung

von Scherwellengeschwindigkeiten bei Prospektionen in urbanen Gebiet geeignet sein.

Durch die Anwendung beider passiver Methoden k•onnen wir zeigen, dass sich die in den

aktiven Messungen identi�zierte Rinne weiter nach Nordwesten fortsetzt. Vergleiche mit

dem benachbarten Hafen von Lechaion zeigen, dass die ermittelte Geschwindigkeits-Tiefen-

Verteilung realistisch ist und dass eine d•unne Schicht mit h•oherer Geschwindigkeit, welche

die schlu�ge F•ullung der Rinne unterbricht, mit einem tsunamigen Ereignis korrelieren

k•onnte. Dar•uber hinaus k•onnten erniedrigte Scherwellengeschwindigkeiten in einer Tiefe

von bis zu 50 m mit dem St•orungssystem des Golfs von Lechaion zusammenh•angen.





Summary

Despite 20 years of many developments, challenges remain for geophysical prospection

of archaeological sites; two of these challenges are investigated in this thesis on case

studies from the archaeological sites Aigeira and Sikyon; the geological setting and urban

environments. The Northern Peloponnese is an ideal region to study both of the above

mentioned challenges because as a home of a series of ancient poleis that are being

studied by archaeologists, it is not only located on the southern shoulder of the most

active extensional crustal structure in the world, the Corinthian rift, but also highly

humanly utilized for agricultural and urban purposes. This rift has shaped the Northern

Peloponnese since the Pliocene. Normal faulting, the tectonic uplift of syn-rift sediments

and sea level changes, has shaped a landscape of steps rising from the coast to the ridges

in the hinterland. We can �nd coarse grained slope and delta deposits of conglomerate

on top of banks of marl on ridges and slopes. This protective caprock has been eroded

on the lower marine terrace, the coastal plain, as well as in the valleys. Here, the marl is

covered by alluvial deposits. These materials show only a small contrast in their magnetic

properties, which reduces the importance of magnetic mapping for the archaeological

prospection in this region. The human utilization of the coastal plain and the urban

areas pose additional challenges. These challenges have been overcome through various

approaches that are shown in exemplary case studies. Whereas a combination of magnetic

mapping and ground-penetrating radar (GPR) works very well on the ridges and along

the slopes where we �nd coarser sediments in addition to the magnetic mapping, it is not

suitable in the coastal plain due to the attenuating properties of the alluvial sediment.

Here, electrical resistivity tomography (ERT) proved to be very successful in mapping

entire parts of a settlement in great detail. Active seismic soundings were also successfully

applied in determining the bedrock depth, the detection of walls and in the question of

locating the harbor basin. However, two of these case studies could not have been solved in

their entirety by applying a multi-method approach of more commonly applied geophysical

prospection methods. Therefore, this work also includes an extensive multi-method

geophysical study focused on an enigmatic subsurface structure that could be interpreted

as either prehistoric chamber tombs or complex, highly heterogeneous weathering patterns



of the local marl-conglomerate sequences. Magnetics, ground penetrating radar (GPR), and

electrical resistivity tomography (ERT) show a honeycomb-shaped anomaly pattern that

could be interpreted as a system of prehistoric chambered tombs. This work demonstrates

how shear-wave seismics and, in particular, full-waveform inversion (FWI) can be used in

archaeological prospecting to distinguish between these alternative, fundamentally di�erent

interpretive models. The time-domain SH FWI strategy based on a sequential inversion

of low and band-pass �ltered data results in subsurface models for shear-wave velocity

and density that accurately �t the complicated seismic data set. A highly heterogeneous

subsurface is revealed that is characterized by linear cracks on a decimeter scale. The

seismic FWI results are compared in detail with GPR, ERT and among each other. It

turns out that the FWI result is consistent with each of these other geophysical methods

but provides a more comprehensive subsurface characterization that it is supported by

corings in addition. With the help of the seismic survey we can reject the interpretation

hypothesis of a prehistoric cemetery with chamber tombs and con�rm that the enigmatic

geophysical patterns represent a geological wheathering structure that could be addressed

as a re-incised fan delta draped by reddish paleosols.

The second case study considered in more detail highlights the challenge of a large-scale

seismic prospection in an urban area. Even in the urban environment of modern Kiato,

active seismic surveys in search of Sikyon's silted-up harbor basin have, in principle,

been successfully conducted. Using refraction seismics and the multi-channel analysis of

surface waves (MASW; Love-type) a depression was found that could have functioned

as a navigable riverbed before silting up. Since a large scale survey applying these

active methods would not be sensible, due to the too disturbing factors of the urban

environment, passive ambient noise recording methods were tested. This thesis shows

that the horizontal-to-vertical spectral ratio (HVSR) method can be used as a substitute

of refraction seismics to map the depth of the �rst layer interface over large areas after

establishing a relationship between the HVSR resonance frequency and refractor depth.

In our case we foundzHV SR = 2327� f � 2:025
r . The analysis of arrays (beamforming) of very

small aperture arrays consisting of 9 stations proved capable to image the subsurface in

similar resolution as does MASW. Hence, this method can be seen as a substitute to the

Love-wave analysis for determining shear-wave velocities in an urban environment. By

applying both passive methods we show that the identi�ed depression continues further

to the northwest and comparisons with the neighboring harbor of Lechaion show that

the determined velocity-depth-distribution appears to be reasonable and that a thin

layer of higher velocity which disrupts the silty �ll of the depression might correlate to a

tsunamigenic event. Furthermore, lateral decreases in the shear-wave velocity in depth of

up to 50 m might be related to the fault system of the Gulf of Lechaion.
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Chapter 1

Introduction

1.1 Motivation

The last 20 years have seen developments in geophysical survey techniques and strongly

improved equipment, enabling multi-hectare surveying per day|if the environmental

conditions are favorable. This progress established geophysical sounding as an archae-

ological research approach in its own right in assessing and studying cultural heritage

covered in the ground (Donati and Sarris (2016)). Often it is the �rst methodology

applied in investigating a new site. Parallel to the perfection of established �eld technique

new archaeological questions inspired the development or adaptation of so-far uncommon

geophysical methods, and led to the understanding that a combination of di�erent methods

is often useful or necessary for solving the questions (Rabbel et al. (2015)).

However, although this great progress has been made, main major challenges remain

or are becoming increasingly important. The site's geological setting has always been and

will probably always remain a deciding factor over the success of geophysical methods,

because a contrast in material properties has to be present to detect cultural remains in

the surface. Another factor that becomes increasingly important is the prospection in

urban areas or human utilized areas such as agricultural landscapes. The ever growing

population in combination with the increasing migration into cities causes these urban

areas to extend. In addition, there is the logical expansion of agricultural land. Both are

unchangeable conditions to which the geophysical prospection has to adapt. Especially, if

large areas and not sporadic pro�les are to be surveyed.

Subject of this thesis are the archaeological sites of Aigeira and Sikyon both located

on the Northern Peloponnese (Greece), which is not only home to a series of important

ancient cities but can also be seen as a type location for syn-rift tectonics. The Corinthian

rift, the most active extensional crustal structure in the world, has shaped the Northern

Peloponnese since the Pliocene. Normal faulting, the tectonic uplift of syn-rift sediments
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and sea level changes have shaped a landscape of steps rising from the coast to the ridges

in the hinterland. It also resulted in local geological features that are highly heterogeneous

and might not be distinguishable to anthropogenic features. This di�culty of distinguishing

between anthropogenic and natural subsurface is especially connected with targets from

the Neolithic or Bronze Ages, because the cultural remains are not characterized by speci�c

geometric structures like houses or streets but resemble geological structures.

Next to the challenging geological setting of the Northern Peloponnese we �nd intensive

agricultural use on the coastal plain and on the ridges in the hinterland that can disturb

the process of geophysical prospection negatively; e.g., dense orchards with metal irrigation

systems prevent the trouble-free magnetic mapping of continuous areas. Additionally,

growing urban areas characterize especially the coastal strip.

Hence, the Northern Peloponnese is an ideal study area to learn, how to adapt to

challenging prospection conditions caused by the geological setting as well as the urban

environment and even the combination of them both. The results of the studies in this

thesis are however transferable to other sites with similar conditions.

In this thesis the following questions are addressed:

1. What are the best approaches for a geophysical prospection for sites on the Northern

Peloponnese in the light of geological and urban challenges?

2. Can a combined approach of ground-penetrating radar and seismic methods especially

an analysis with full waveform inversion distinguish between cultural heritage and

highly heterogeneous geology?

3. Can passive seismic soundings be adapted for a large scale survey in the outskirts of

modern Kiato to locate the silted up harbor basin?

The following sections contain the introductions to the individual chapters of this thesis

and state how they are to be placed in the overall context of the thesis.

1.2 Geological and Urban Challenges illustrated on

examples of the Northern Peloponnese

(Chapter 2)

Chapter 2 deals with the causes and solutions of prospection challenges, which are primarily

associated with the geological setting of the area of the Gulf of Corinth. Hence, this

chapter addresses the �rst of the three main questions of this thesis.

Many important ancient poleis are located on the Northern Peloponnese (Greece) along

the southern shore of the Gulf of Corinth, among them the ancient cities of Aigeira and
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Sikyon, which have recently been investigated archaeologically. The geophysical surveys

being part of these studies are the subject of the present article. It deals with the causes

and solutions of prospection challenges, which are primarily associated with the geological

setting of the area of the Gulf of Corinth. As this is a type location for syn-rift tectonics,

the presented prospection issues can be seen as exemplary cases, which can be transferred

to other regions of similar geological character.

The similarities include typical sequences of host and deposited sedimentary rocks

serving as construction material at the same time, as well as tectonic and weathering

structure and topographic features. The Corinthian Rift is the most active extensional

crustal structure in the world. It has shaped the Northern Peloponnese as we see it today

since the Pliocene. Normal faulting, the tectonic uplift of syn-rift sediments and sea

level changes have shaped a landscape of steps rising from the coast to the ridges in the

hinterland. Common is also that especially the low lands are under intensive use of modern

civilization, making prospection everything but an easy enterprise.

Although magnetic surveys are still the backbone of an archaeological survey it is

often only in combination with other methods possible to interpret the geophysical results

correctly. These complementing methods include ground-penetrating radar (GPR) (e.g.,

Wilken et al. (2015); Trinks et al. (2018)), electrical resistivity tomography (ERT) (e.g.,

Sporn et al. (2017); Wunderlich et al. (2018); Papadopoulos et al. (2007)), electromagnetic

induction (EMI) (e.g., De Smedt et al. (2013)) to di�erent sorts of seismic methods

(Mecking et al. (2020); Schwardt et al. (2020); Rabbel et al. (2004); Ovenden (1994)).

Whereas multi-ha-scale areas can be surveyed easily with magnetics and GPR in plain

open area, the terrain conditions found on the Corinthian Rift are more di�cult, and the

rather small contrasts between geological background and the cultural remains mostly

excludes the use of magnetics.

In Chapter 2 we address typical prospection tasks and challenges resulting from the

Northern Peloponnese's geologic history and related physical material properties. Solutions

are presented in the form of a series of six exemplary case studies located along the entire

topographical pro�le ranging from ridge and slopes over the marine terraces and the plain

to the sea (Figure 2.1a). We use the archaeological site of Aigeira as a representative

for a polis on the ridge and slopes and Sikyon as an example polis that is situated in

the populated coastal plain of the Gulf of Corinth (Figure 2.1b,c). The geophysical-

archaeological results of Aigeira and Sikyon are presented here for the �rst time in this

generalized context.

As a starting point we provide an overview of the geological frame of the Northern

Peloponnese region and the physical properties of the relevant present materials based on

the literature and our own measurements. Then the example studies are presented. In the

discussion, we address methodical items including the adaptability of the �ndings to other
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sites.

Chapter 2 includes the articleGeological Challenges of Archaeological Prospecting:

The Northern Peloponnese as a Type Location of Populated Syn-Rift Settingsthat has

been published in the special issue ofRemote Sensing of Archaeologyby Katharina Rusch,

Harald St•umpel, Walter Gau�, Silke M•uth, Alexander Sokolicek, Konstantinos Kissas, and

Wolfgang Rabbel.

1.3 Cultural Heritage or Heterogeneous Geology

(Chapter 3)

In this chapter Case Study 2 of Chapter 2 is taken up again, where it is not possible

to distinguish between geological features and archaeological structures on the basis of

magnetics, electrical resistivity tomography and ground-penetrating radar alone.

The subject of this chapter is a case of a structure whose magnetic, electric resistivity

and GPR re
ection patters show high similarity with prehistoric chamber tombs. But this

structure occurs in an area consisting of weathered conglomerate showing similar blocky

cross sections. The general low magnetic contrasts of archaeological and geological materials

had motivated the additional application of GPR and ERT which had been applied

successfully in the particular geological setting of Aigeira beforehand. However, in this case

no further progress could be achieved because the observed material parameter contrasts

remained ambiguous with respect to the possible alternative targets (see section 3.2).

In situations like these imaging subsurface structure in terms of shear wave velocity

and density can be helpful because these material parameters are usually not correlated

with magnetization and electric resistivity or dielectric permittivity. Indeed, the use of

di�erent sorts of seismic methods has proven to provide key information for a thorough

interpretation in a number of case studies (e.g., Mecking et al. (2020); Polymenakos and

Tweeton (2017); Rabbel et al. (2004); Woelz et al. (2009); Va�dis et al. (2003)). However,

in the present case of potential near-surface prehistoric toms, a particular problem rises

from the required spatial resolution, which is of the order of a few 10 cm only and which

is usually not achievable with conventional seismic imaging approaches.

Here a more recent tool for the analysis of seismic data can provide a solution, the

full waveform inversion (FWI). Dokter et al. (2017) and K•ohn et al. (2019) have shown

that by using the whole waveform of the seismic data the resolution can be increased to

its wave-theoretical limit which allows the imaging of near-surface objects smaller than

the seismic wavelength. Although the theoretical base of FWI was established as early as

the 1980s (e.g., Virieux and Operto (2009)), �rst successful applications were published

rather recently (e.g., Tran et al. (2013); Athanasopoulos and Bohlen (2017); Alam (2019)).

Many studies focus on methodological aspects using synthetic data, but the number of
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publication of studies using �eld data is increasing only slowly, especially studies not only

limited to body-waves but also incorporating surface waves (Dokter et al. (2017); Krampe

et al. (2019)). Only recently, �rst examples of FWI in an archaeological context were

presented. Dokter et al. (2017) introduced a FWI approach to resolve the near surface

subsurface using SH-/Love wave. K•ohn et al. (2019) studied di�erent SH-FWI inversion

strategies to improve the resolution of medieval canal structures. Schwardt et al. (2020)

were able to relate SH-FWI results to lithological properties of soils.

In this study, we investigate the applicability of a combined GPR and FWI approach to

map potential chamber tombs in Ancient Aigeira. This high resolution imaging approach is

able to resolve complex anomaly patterns on the decimeter scale, which can be interpreted

as cracked and incised Gilbert-type fan delta or slope deposits covered by reddish paleosols.

After an introduction into Ancient Aigeira and its geological context (Section 3.1)

we provide a short review of results from previous investigations at the site, which

motivated this study (Section 3.2). We then describe the applied methods (Section 3.3)

before presenting their results in Section 3.4. Finally, we discuss the consistency between

the results of the di�erent applied methods, the resolution capabilities of the FWI in

combination with other methods. For a �nal geological interpretation, the geophysical

results are compared with borehole corings.

Chapter 3 includes the articlePrehistoric chamber tombs or geological pitfall? A

multimethod case study from Ancient Aigeira with a focus on seismic full-waveform

inversion that has been published in the journalArchaeological Prospectionby Katharina

Rusch, Daniel K•ohn, Harald St•umpel, Walter Gau�, and Wolfgang Rabbel.

1.4 Large Scale Urban Seismic Survey (Chapter 4)

Similar to the third Chapter, Chapter 4 picks up an exemplary case study of Chapter 2.

This time Case Study 6 is picked up (Section 2.4.6) to investigate passive seismic methods,

horizontal-to-vertical spectral ratio and array processing, to locate the harbor basin of Old

Sikyon, because the urban environment is very disadvantageous for a large scale active

seismic survey.

The locating of ancient harbor basins is a frequently posed task to geophysical in-

vestigations. Former harbors or harbor infrastructure can be found o�shore as well as

onshore. Locations of former harbor basins are often unknown due to di�erent reasons.

The settlement may have lost importance and trading decreased, or the settlement was

destroyed by natural disasters such as earthquakes or tsunamis (e.g., Helike, Kolaiti et al.

(2019)) so that the knowledge about the former harbor fell into oblivion. Other reasons of

being no longer navigable are high sediment input through rivers (e.g., Milet, Br•uckner and

Herda (2014)) or even through tsunamigenic events (e.g., Lechaion, Hadler et al. (2013))
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and tectonic processes resulting in a down- or uplift shifting the coast line and thereby

former harbors.

The geophysical approaches to the task of locating such a harbor basin do of course vary

and have to be adjusted in each case, but a series of successful studies (Ostia, Wunderlich

et al. (2018); Miletos, Br•uckner and Herda (2014), Rabbel et al. (2004)); Selinunte, Rabbel

et al. (2014)) proved that the mapping of shear-wave velocity is a valid choice to distinguish

silted-up harbor basins, canals, and river beds from undisturbed geological layers.

This is due to the fact that the sediments deposited in a harbor situations are typically

�ne-grained like clay or silt and show a lower degree of compaction and mechanical sti�ness

than the basement, all being factors that in
uence the seismic wave propagation velocity

of the geological layers.

For determining the shear-wave velocity of the subsurface di�erent methods can be

used. Thereby, the requirements upon the applied method is set by the needed resolution

but also by the investigation site. Here, di�erences must obviously be made for onshore

and o�shore sites. However, the di�erence between a 'seismically noise free' open �eld

and an urban environment can also most heavily impact the choice of method. An urban

environment adds special challenges to the task of �nding the former harbor basin: many

areas are not accessible due to buildings or private properties, many surfaces are sealed,

and particularly disturbing for seismic measurements is the increased anthropogenic noise

in urban areas.

In the present case study the target is the so far unknown harbor basin of Old Sikyon,

Greece (Figure 4.1a). The northern Peloponnese has been rapidly uplifted by regional

tectonic processes (Rusch et al. (2020)) and subsequently silted-up. Therefore, it is

expected to be located in the range of about 100 m inland from the modern coastline

(Hayward (2003)). Although the area of the former settlement of Old Sikyon in the Voicha

plain has never been overbuilt by any major settlement after it has been concurred and

abandoned in 303 BCE the proposed harbor area is nowadays expected underneath the

southeastern outskirts of modern Kiato. First seismic soundings (Rusch et al. (2020))

have shown that the refraction seismic measurements are strongly disturbed by the urban

noise and potentially by low velocity layers so that the seismic penetration depth is small.

However, the analysis of the Love-type surface waves has revealed an about 30 m wide

depression that is �lled with silty material according to the shear-wave velocity, which can

be taken as evidence for a former marine or lagoon basin or a potential navigable riverbed.

Although, these �rst results show the worthiness of a follow-up study, they also revealed

that another approach has to be taken, in mapping the seismic velocity due to the noisy

urban environment. Since the ambient noise has proven to be an useful source in �elds

like microzonation and civil engineering/geotechnical questions, passive small array-type

measurements (Aki (1957); Foti (2012)) of the urban noise were tested in the adjacent
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areas of the found depression. The calculations of the Horizontal to Vertical Spectral

Ratio (HVSR; after Nakamura (1989)) has proven to be a useful tool to map the thickness

of a sediment basins in the past (Parolai et al. (2002); Seht and Wohlenberg (1999))

and has beforehand been applied in an archaeological context by Abu Zeid et al. (2017).

Additional beamforming analysis of mini arrays which is a technique more typically

used in seismological tasks in the past can provide information about the velocity-depth

distribution and make a mapping of shear-wave velocity possible.

In this study investigate passive seismic methods that can be seen as equivalents

to refraction seismics and actively exited Love-wave analysis. Here, we show that the

resonance frequency determined via HVSR can resolve the layer interface found in the

refraction seismics in shallow depth of only up to 3 m so that the depression can be

traced. By using a beamforming analysis on mini arrays we can determine the shear-wave

velocity-depth distribution and map the velocity over the surveyed area and it allows us

to trace the formerly known depression �lled by silty sediment that might be connected to

a former harbor environment.

In the beginning of this article we give an introduction into the proposed harbor area

of Old Sikyon and what is known about it from geoarchaeological surveys (Section 4.1)

before we present the methods and measurement con�gurations applied in the active and

passive measurements in Section 4.2. After showing the results in Section 4.3 we discuss

the potential and the uncertainties of the methods especially of the array analysis and if

we indeed found further evidence of the former harbor basin of Old Sikyon (Section 4.4).

Chapter 4 includes a manuscriptThe Search For Sikyon's Sunken Harbor - Active

And Passive Seismic Mapping In An Urban Environmentby Katharina Rusch, Martin

Thorwart, Silke M•uth, and Wolfgang Rabbel.
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Chapter 2

Geological Challenges of Archaeologi-

cal Prospecting: The Northern Pelo-

ponnese as a Type Location of Popu-

lated Syn-Rift Settings

This chapter includes the article 'Geological Challenges of Archaeological Prospecting: The

Northern Peloponnese as a Type Location of Populated Syn-Rift Settings' published in the

special issue Remote Sensing of Archaeology with the exception of the introduction which

has been used in Chapter 1.1 already.

Citation:

Rusch, K.; St•umpel, H.; Gau�, W.; M•uth, S.; Sokolicek, A.; Kissas, K.; Rabbel, W.

Geological Challenges of Archaeological Prospecting: The Northern Peloponnese as a Type

Location of Populated Syn-Rift Settings. Remote Sens. 2020, 12, 2450.

https://doi.org/10.3390/rs12152450

2.1 Geological and Archaeological Background

2.1.1 Geological Framework of the Northern Peloponnese

The Aegean is one of the seismologically most active regions due to ongoing tectonic

deformation. It is in fact the most active extensional crustal structure in Europe. It is

caused by the interaction of the Hellenic subduction zone in the southwest and the North

Anatolian Fault zone in the northeast (Figure 2.2a; Ford et al. (2016)). Since Miocene

times, the NNE-moving African plate has been subducted under the Eurasian plate causing
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a back-arc extension that created the Aegean Sea (Armijo et al. (1996); Jolivet and Brun

(2010); Van Hinsbergen and Schmid (2012)). Additionally a gravitational anomaly in

the subducted slab is proposed to be the cause for the ongoing tectonic uplift of the

entire Peloponnese (Moretti et al. (2003)). Although the exact relationship to the Aegean

expansion and the tectonic plate movement is still disputed (Doutsos and Kokkalas (2001);

Nyst and Thatcher (2004)), the Corinthian rift zone formed between the North Anatolian

Fault (NAF) and the Kefalonian Fault (Figure 2.2a) in the Pliocene approximately 5 Myr

ago (the exact point in time is still disputed Keraudren and Sorel (1987); Ori (1989);

Doutsos and Kokkalas (2001)).

Figure 2.1. (a) Schematic topographic section. Marked are also the location of the

exemplary cases presented in this article. (b) Overview of the location of Aigeira and

the two main survey areas near the acropolis (A) and the area around the theater (B).

(c) Overview of Sikyon with the two survey areas of the main settlement (A) and the

harbor (B).

The rift expanded along a series of parallel normal faults creating a graben and thus

enabled the formation of the Corinthian Gulf. The about 105{120 km long Gulf is up to

30 km wide, up to 900 m deep, and separates the Peloponnese from Continental Greece.

Whereas the active part and the main fault lines of the Corinthian rift can nowadays

be found o�shore (De Martini et al. (2004); McNeill and Collier (2004)), older syn-rift

sediments have been uplifted to elevations of over 1000 m during the Quaternary. These
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