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Zusammenfassung (ausführlich)
Diese Arbeit behandelt die Anwendung einer seismischen Tomographie basierend
auf aktiven seismischen Quellen zur Ergründung der oberflächennahen Struktur des
Thüringer Beckens. Basierend auf erstellten P-Wellen-Geschwindigkeitsmodellen er-
folgt eine Charakterisierung des Untergrundes unter Hinzunahme geophysikalischer
und geologischer Daten, die die Verlässlichkeit der Geschwindigkeitsmodelle stützen
sowie zusätzliche Randinformationen über die Struktur des Beckens liefern. Neben
den durch die Tomographie erstellten Geschwindigkeitsmodellen erlaubt der Einbezug
dieser verschiedenen Datensätze eine Abschätzung der oberflächennahen stratigraphi-
schen Struktur und deshalb die Zuordnung variierender P-Wellen-Geschwindigkeiten
zu bestimmten geologischen Einheiten.

Die hier verwendeten seismischen Daten wurden im Jahr 2011 während der Durch-
führung reflexionsseismischer Messungen, bestehend aus drei seismischen Profilen, im
Rahmen des multidisziplinären Projektes INFLUINS gewonnen. Da die Beckenstruk-
tur im Untersuchungsgebiet durch komplex verlaufende Störungszonen beeinflusst
wird, ist eine 3D-Charakterisierung des Untergrundes wünschenswert. Um die 3D-
Beckenstruktur abzubilden, wurde die 2D-Geometrie der reflexionsseismischen Mes-
sungen um ein 3D seismisches Array erweitert. Das Array, bestehend aus 10 seis-
mischen Stationen, diente dabei der Registrierung der Quellsignale entlang der refle-
xionsseismischen Profile.

Zur Bearbeitung der seismischen Daten wurde Schritte durchgeführt, die eine
(halb-)automatische Bestimmung der Ersteinsätze ermöglichen. Die Laufzeiten wer-
den mittels im Rahmen dieser Arbeit speziell entwickelter Verfahren ermittelt und
begutachtet. Die seismischen Daten, akquiriert entlang der reflexionsseismischen Pro-
file und dem seismischen Array, zeichnen sich durch verschiedene Quell-Empfänger-
Abstände und Akquisitionsgeometrien aus. Dennoch ist das Erscheinungsbild beider
seismischer Datensätze ähnlich: Die Ausbreitung direkter refraktierter Wellen lässt
sich durch mehr oder weniger zwei Refraktionen im Untergrund erklären. Darüber
hinaus kann in den seismischen Daten eine Schattenzone entdeckt werden, die In-
dizien für Schichten mit niedriger seismischer Geschwindigkeit zwischen den Refrak-
toren liefert. Die Schattenzone zieht die Unsichtbarkeit des Übergangs von einer zur
anderen Refraktion nach sich, da sie zur signifikanten Verringerung der Amplituden
der refraktierten Wellen im Übergangsbereich führt.

Die Inversion der Geschwindigkeitsmodelle zielt darauf ab, eine möglichst geringe
Zahl kleinskaliger Variationen hervorzurufen, die möglicherweise Artefakten entspre-
chen. Deshalb wird die Inversion sequentiell durchgeführt. Es zeigt sich dabei, dass die
Anwendung einer sequentiellen Inversion von großer Bedeutung für die Unterdrückung
kleinskaliger Strukturen in den Modellen ist. Im Vergleich zur niedrigen Dichte der
Daten, die vom 3D seismischen Array beigesteuert werden, ist die Datendichte entlang
der reflexionsseismischen Profile hoch. Während die Laufzeiten refraktierter Wellen
aus den reflexionsseismischen Daten in hochauflösende 2.5D-Geschwindigkeitsmodelle
abgebildet werden, werden unter Hinzunahme der Laufzeiten vom seismischen Ar-
ray 3D-P-Wellen-Geschwindigkeitsmodelle geringerer Auflösung erstellt. Es zeigt sich
dabei, dass die Eindringtiefe der Strahlen in den 2.5D- als auch 3D-Modellen iden-
tisch ist. Da die Laufzeiten, die anhand der Daten des 3D seismischen Array be-
stimmt wurden, auf bis zu dreimal größeren Quell-Empfänger-Abständen beruhen, ist
dies ein unerwartetes Ergebnis. Ein Vergleich der maximalen Eindringtiefe und P-
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Wellengeschwindigkeit in den invertierten Modellen mit einem Referenzmodell offen-
bart die Ursache der begrenzten Eindringtiefe der Strahlen: Der Untere Muschelkalk
zeigt die höchste P-Wellen-Geschwindigkeit aller Einheiten der Trias im Becken und
fungiert deshalb als Barriere, die ein tieferes Eindringen der direkten refraktierten
Wellen verhindert.

Besondere Aufmerksamkeit widmet diese Arbeit der Begutachtung der Qualität
der Inversionsergebnisse. Neben der Bestätigung einer vernünftigen Auflösung der
Geschwindigkeitsmodelle zeigt die Abbildung der Diagonalelemente der Auflösungs-
matrix zwei schmale horizontal verlaufende Strukturen hoher seismischer Sensitivität,
von denen eine nah an der Oberfläche und eine in größerer Tiefe anzutreffen ist.
Diese Strukturen werden als Akkumulationen von Strahlumkehrpunkten interpretiert
und markieren deshalb die Tiefen der zwei Refraktoren, die auch in den seismischen
Daten angedeutet sind. Dies stützt die These, dass die Ausbreitung refraktierten
Wellen im Becken im Wesentlichen durch Refraktionen an zwei geologischen Schichten
beschrieben werden kann.

Die Stabilität der Inversionsergebnisse hinsichtlich der Nichtlinearität wird im
Rahmen dieser Arbeit durch Reproduzierbarkeits-Tests ermittelt, die auf alterna-
tiven Startmodellen für die Inversion basieren. Besonders erfolgreich zeigt sich der
Reproduzierbarkeits-Test für das 3D-Modell, was auf eine hohe Stabilität der Lösung
schließen lässt. Im Gegensatz dazu zeigt der Reproduzierbarkeits-Test bedeutende
Unterschiede für die 2.5D-Modelle und suggeriert deshalb eine große Unsicherheit
der Modellparameter. Es ist dennoch zu bemerken, dass die Unterschiede in den
Inversionsergebnissen darauf zurückzuführen sind, dass die Startmodelle in völlig un-
terschiedlichen Bereichen des Modellraumes angesiedelt sind und eine Konvergenz in
verschiedene lokale Minima deshalb auch zu erwarten ist. Obwohl der Reproduzierbar-
keits-Test eine große Unsicherheit der Modellparameter offenlegt, bietet er dennoch die
Möglichkeit verschiedener Interpretationsansätze durch die verschiedenen erhaltenen
Inversionergebnisse.

Eine über Auflösungstests hinausgehende Analyse der Verlässlichkeit der P-Wellen-
Geschwindigkeitsmodelle geschieht durch Abgleich dieser mit geophysikalischen Re-
ferenzdaten. Dabei werden Geschwindigkeits-Tiefen-Relationen, die durch bohrloch-
seismische Messungen ermittelt wurden, mit den entsprechenden Geschwindigkeits-
Tiefen-Relationen der mittels Tomographie erstellten Geschwindigkeitsmodelle ver-
glichen. Es zeigt sich, dass die wesentlichen Verläufe in Übereinstimmung sind,
die Abbildung von Schichten niedriger seismischer Geschwindigkeit durch Laufzeit-
Tomographie aber nicht gewährleistet werden kann. Im Gegensatz dazu lässt sich
die Geschwindigkeit und Tiefe von Schichten mit hoher seismischer Geschwindigkeit,
sofern diese als bedeutsame Refraktoren dienen, mittels Laufzeit-Tomographie sehr
gut abbilden. Darüber hinaus erfolgt eine Korrelation der P-Wellen-Geschwindigkeits-
modelle mit den im Untersuchungsgebiet gewonnenen tiefenmigrierten reflexionsseis-
mischen Daten. Es wird eine Interpretation der reflexionsseismischen Daten basierend
auf dem Abgleich mit verfügbaren akustischen Impedanzen mit der Tiefe vorgenom-
men. Grundlage für die Berechnung der akustischen Impedanz sind bohrloch-geophysi-
kalische Messungen an einer Bohrlokation im Untersuchungsgebiet. Die Interpretation
der reflexionsseismischen Daten zielt auf die Abschätzung der Tiefe stratigraphischer
Einheiten ab. Es zeigt sich, dass sich die Tiefenunterschiede der stratigraphischen Ein-
heiten zwischen angesprochener Bohrung und der tiefenmigrierten Reflexionsseismik
auf weniger als 50 m belaufen. Dennoch ist es für die Untersuchung der Heterogeni-
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tät der P-Wellen-Geschwindigkeit für bestimmte Einheiten wünschenswert, eine noch
genauere Tiefenabschätzung der stratigraphischen Einheiten vorzunehmen.

Zur verbesserten Abschätzung der Tiefe stratigraphischer Einheiten werden geo-
logische Randinformationen zu Rate gezogen. Der Vergleich dieser Interpretation
mit den Verläufen der P-Wellen-Geschwindigkeiten aus der Laufzeit-Tomographie
zeigt, dass die stratigraphischen Einheiten überwiegend durch konstante seismische
Geschwindigkeiten charakterisiert sind. Im oberflächennahen Bereich beobachtet man
in einigen stratigraphischen Einheiten aber eine starke Heterogenität, die sich vor
allem durch Verringerung der seismischen Geschwindigkeit im Vergleich zu größeren
Tiefen äußert. Für den Keuper können diese Geschwindigkeitsvariationen durch Ver-
witterungsprozesse erklärt werden. Im Gegensatz dazu zeichnet sich der Obere Mu-
schelkalk auch in Gebieten durch Geschwindigkeitsverringerung aus, in denen er 100
m unter der Oberfläche liegt. Andererseits gibt es Bereiche in den Geschwindigkeitsmo-
dellen, in denen der Obere Muschelkalk sehr nah unter der Oberfläche liegt und
kaum eine Verringerung der seismischen Geschwindigkeit beobachtet wird. Deshalb
erscheint eine Erklärung der Geschwindigkeitsverringerung im Oberen Muschelkalk
durch Verwitterungsprozesse fragwürdig. Wenngleich die verfügbaren Daten nicht
imstande sind, die komplette Struktur der Störungszonen im Untersuchungsgebiet
aufzudecken, so zeigen sie dennoch, dass hier mit Versätzen von Schichten bis 200
m zu rechnen ist. Auch die Existenz einer Störung, die in der verfügbaren geol-
ogischen Karte nicht erscheint, wird mit Hilfe der reflexionsseismischen Daten klar
angedeutet. Ein wichtiger Beitrag der erstellten 3D-Geschwindigkeitsmodelle ist die
Verbesserung eines stratigraphischen Referenzmodells des Beckens. Es zeigt sich im
Rahmen dieser Arbeit, dass die stratigraphischen Einheiten im Zentrum des Thüringer
Beckens fast 200 m tiefer liegen als im Referenzmodell angenommen. Außerdem wird
im 3D-Geschwindigkeitsmodell auf Basis von Laufzeiten, die anhand der Daten des
seismischen Arrays gewonnen wurden, eine lokale Synklinalstruktur sichtbar, die eben-
falls im Referenzmodell nicht auftaucht, was die Bedeutung des seismischen Arrays
für die Abbildung der 3D-Beckenstruktur unterstreicht.
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Zusammenfassung (kurz)
Ziel des multidisziplinären Projektes INFLUINS (INtegrierte FLUiddynamik IN Sedi-
mentbecken) ist es, ein Verständnis über die gekoppelte Dynamik von oberflächen-
nahen und tief verlaufenden Fluid-Strömen in Sedimentbecken zu entwickeln. Der
Fluid-Fluss und damit verbundene Prozesse werden im Rahmen von INFLUINS am
Beispiel des Thüringer Beckens in Zentrum Deutschlands untersucht. Um die Struktur
und Materialeigenschaften des Untergrundes aufzudecken, wurden 2011 im Thüringer
Becken seismische Messungen vorgenommen. Die seismischen Daten wurden dabei
entlang dreier 2D reflexionsseismischer Profile, senkrecht und parallel zu Nordwest-
Südost verlaufenden Störungszonen, als auch durch ein 3D seismisches Array, welches
der Charakterisierung der 3D elastischen Eigenschaften des Beckens mittels refrak-
tionsseismischer Methoden dient, gewonnen.

In dieser Arbeit werden auf Basis von Ersteinsatz-Laufzeiten aus den akquirier-
ten seismischen Daten P-Wellen-Geschwindigkeitsmodelle für die Obere und Mittlere
Trias des Thüringer Beckens mittels Laufzeit-Tomographie entwickelt. Die seismi-
schen Daten zeigen, dass die Ausbreitung refraktierter Wellen vornehmlich durch Re-
fraktionen an zwei geologischen Schichten in unterschiedlichen Tiefen beschrieben wer-
den kann. Gestützt wird diese Erkenntnis durch die Abbildung von entsprechenden
seismisch hoch-sensitiven Horizonten durch die Diagonalelemente der Auflösungsma-
trix.

Zur Erstellung der P-Wellen-Geschwindigkeitsmodelle wird eine sequentielle In-
versionsstrategie angewendet, die einer Unterdrückung von kleinskaligen Geschwin-
digkeitsvariationen dient. Die Eindringtiefen refraktierter Wellen, sowohl für kurze
Offsets entlang der reflexionsseismischen Profile als auch lange Offsets für das seis-
mische Array, werden durch den Unteren Muschelkalk begrenzt, welcher eine hohe
P-Wellen-Geschwindigkeit aufweist, die durch Referenzdaten bestätigt wird. Ein Ver-
gleich der P-Wellen-Geschwindigkeitsmodelle mit Referenzmodellen zeigt eine gute
Übereinstimmung wesentlicher Verläufe. Dennoch scheint die Laufzeit-Tomographie
Schichten niedriger seismischer Geschwindigkeit nicht zufriedenstellend abbilden zu
können.

Die erstellten P-Wellen-Geschwindigkeitsmodelle werden verwendet, um die He-
terogenität der elastischen Eigenschaften innerhalb stratigraphischer Einheiten im
Becken zu ergründen. Auf Grundlage reflexionsseismischer und geologischer Daten
wird dazu eine Abschätzung der Tiefe stratigraphischer Einheiten vorgenommen.
Während die P-Wellen-Geschwindigkeit in weiten Teilen der Modelle für bestimmte
geologische Schichten konstant erscheint, werden im Keuper und Oberen Muschelkalk
starke Variationen der Geschwindigkeit beobachtet, die speziell dann auftreten, wenn
diese Schichten oberflächennah liegen. Zwei Nordwest-Südost verlaufende Störungs-
zonen können mittels Laufzeit-Tomographie nicht abgebildet werden. Aus den refle-
xionsseismischen Daten können dennoch Schichtversätze um etwa 200 m entnommen
werden. Darüber hinaus zeigt diese Arbeit die Existenz eine Störung, die nicht in der
geologischen Karte vorkommt. Ein 3D-P-Wellen-Geschwindigkeitsmodell, das auf den
mit dem seismischen Array registrierten Laufzeiten beruht, bietet die Möglichkeit der
Verbesserung eines a priori Referenzmodells, da es zeigt, dass der Untere Muschelkalk
200 m tiefer liegt als anfangs angenommen.
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Abstract
The objective of the multidisciplinary project INFLUINS (INtegrated FLUid dynamics
IN Sedimentary basins) is to understand the coupled dynamics of near-surface and
deep fluid patterns in sedimentary basins. In the framework of INFLUINS, fluid flow
and related processes are investigated using the Thuringian Basin in the center of
Germany. To reveal subsurface structure and material parameters, in 2011 seismic
measurements were carried out in the center of the Thuringian Basin. Acquisition of
seismic data consisted of three 2D reflection seismic profiles to image the structure of
the basin perpendicular and parallel to NW-SE striking fault zones as well as a 3D
seismic array aiming for a characterization of the 3D elastic properties of the basin
using refraction seismics.

In this study, based on first arrival traveltimes obtained from the acquired seis-
mic data, P-velocity models of the Upper and Middle Triassic in the Thuringian
Basin are constructed using traveltime tomography. As indicated by the seismic data,
refracted wave propagation is predominantly characterized by two refractions at dif-
ferent depths. This seismic structure is supported by the occurrence of appropriate
high-sensitivity channels using Resolution matrix diagonal element mapping.

The construction of P-velocity models is performed using a sequential inversion
strategy aiming for the suppression of small-scale P-velocity variations. For both the
near-offset refractions acquired using the reflection data as well as for the long-offset
seismic array data, the Lower Muschelkalk acts as a barrier for ray penetration depth
due to its high P-velocity confirmed by reference data. The comparison of results from
tomography with reference P-velocity data shows, that major velocity trends are in
accordance, however, tomography does not image low-velocity layers properly.

The constructed P-velocity models are used to investigate the heterogeneity of elas-
tic properties within stratigraphic units in the basin. Therefore, depths of strata tran-
sitions are estimated using reflection seismic and geological reference data. Whereas
in most parts of the models, P-velocity is preserved for certain strata, for Keuper
and the Upper Muschelkalk significant P-velocity variations are observed, especially
where these units are located at the near-surface. Two NW-SE striking fault zones can
not be imaged properly by tomography, however, the reflection data indicates strata
displacements of 200 m caused by faults. Moreover, this study suggests the existence
of a fault not available in the geological map of the basin. A 3D P-velocity model
based on the seismic array data allows for an improvement of an a priori reference
model of the basin, as the Lower Muschelkalk is imaged 200 m deeper in the velocity
model.
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1 INTRODUCTION

1 Introduction
Sedimentary basins contain the most important resource deposits on earth. Besides for
mining of hydrocarbons, that dominate the world’s markets events since the beginning
of the industrialization until today, sedimentary basins will also play an important
role in future drinking water supply. An important key to make use of mechanisms
regarding storage and transport of drinking water taking place in sedimentary basins is
understanding of fluid motion. The multi-disciplinary project INFLUINS (INtegrated
FLUid dynamics IN Sedimentary basins) aims for the investigation of the coupled
dynamics of potential near surface and deep fluid flow patterns as well as material
transport in sedimentary basins. The medium sized Thuringian Basin located in the
center of Germany is an ideally suited geo-laboratory for studying fluid flow properties
of sedimentary basins. In the framework of INFLUINS, the structure of the Thuringian
Basin and processes related to fluid flow are investigated on multiple scales.

In Fig. 1.1, a simplified setup of a sedimentary basin is shown. Fluid and material
transport mainly occurs in aquifers, i.e. geological units characterized by a high
permeability [10]. Aquitards, denoting layers with a low permeability, prevent fluid
migration between aquifers and therefore act as fluid and material transport barriers.
Faults in sedimentary basins play an important role in basin fluid transport. On the
one hand, fractured rocks in the vicinity of fault zones may provide pathways for fluid
migration [37] and establish an interaction between different aquifers. On the other
hand, faults lead to a displacement of aquifers and therefore may seal fluid pathways.

For modelling fluid flow in a sedimentary basin, the knowledge of its geometry
on basin scale, including aquifers, aquitards and fault zones, is required. The most
important geophysical method for investigating the structure of sedimentary basins
is seismics. In particular, reflection seismics plays an outstanding role in exploration
[75]. Especially for oil and gas exploration in a marine environment, this method is
most frequently applied [69]. Reflection seismic methods image impedance contrasts
in the subsurface, which are the result of variations in the elastic properties of rocks.
Therefore, the structure of sedimentary basins can be followed across the investigation
area along 2D profiles or even 3D acquisition grids.

For the success of a reflection seismic study, a priori knowledge of the subsurface
elastic properties is helpful. The reason is, that reflection seismic data intrinsically
contains reflection times rather than reflection depths. Depending on the structure
of the subsurface regarding elastic wave propagation, the shape of reflectors in time
observed in the data might not represent the reflector shape in depth. The conversion
of the apparent reflector shape to the shape in the subsurface is referred to as migration
[69]. Whereas there are methods for time migration, which do not require detailed
a priori elastic information, the most powerful migration operators are based on a
reliable velocity model [67].

Due to increasing computing power, tomographic methods gained more and more
of importance for obtaining the elastic properties including seismic velocities in the
subsurface [73]. Nowadays, the use of full-waveform inversion (FWI) is frequently
used in hydrocarbon exploration [85, 84] in order to providing velocity structure for
migration. Besides the use for migration in exploration, tomography is also used as
a standalone tool for imaging the subsurface elastic properties. Here, applications
range from laboratory, over local and regional to even global scales [47, 89, 42, 31],
where the inversion is not limited to active source seismic data [73, 91] but also local
earthquake and teleseismic data [57] as well as ambient noise [66]. The manifold of
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1 INTRODUCTION

Figure 1.1: Schematic illustration of fluid flow in a sedimentary basin. While major fluid
and material transport takes place in aquifers, aquitards act as barriers for fluid transport.
Faults in the basin can establish fluid migration between different aquifers or seal fluid
pathways.

different acquisition scales allows for the investigation of small-scale petrophysical and
crustal elastic properties up to the analysis of the structure of the earth’s mantle. For
obtaining the elastic structure of the subsurface, available methods use different data
for the inversion. In traveltime tomography, the traveltimes of refracted [2, 90] or
reflected [12] waves associated with P- and S-waves are used. As a more sophisticated
method, FWI uses the complete data obtained from seismograms [85]. However, there
are methods that concentrate on parts of seismograms: early arrival tomography
[68] uses seismic data predominantly governed by refracted waveforms. In surface
wave tomography [6], Rayleigh and Love waves characterized by high amplitudes in
seismograms are used for the inversion.

Despite improvements in the inversion using waveforms, tomography using tra-
veltime data is still frequently used. One reason is, that it is computationally cheap
compared to the inversion using waveforms. Moreover, since the data used for this
type of inversion consists of phase traveltimes, a simple relation to the subsurface
velocity to be inverted exists, allowing for a better visual control of the quality of an
inversion result. Due to a comparatively small amount of data used, it is also easier
to judge if a structure introduced into the model is related to an improvement in
the data fit rather than an artifact. Even though a lot of applications of first arrival
traveltime tomography for the investigation of the earth’s crust [57] and mantle [82]
exist, a standalone application to obtain the near-surface structure of sedimentary
basins is not frequently used [70, 90]. The reason is, that compared to a reflection
seismic study, the resolution potential of traveltime tomography is not sufficient to re-
solve small-scale structural variations with depth present in sedimentary basins. This
especially involves low-velocity layers, which are difficult to detect using traveltime
tomography. Moreover, using first arrival traveltime data, the maximum depth of
investigation is strongly dominated by the intrinsic velocity-depth relation present in
the basin. Nevertheless, traveltime tomography is capable to reveal variations in the
elastic properties of rocks, which is not possible to that level using a reflection seismic
investigation. The knowledge of velocity variations within stratigraphic units may
give rise to changes in the rock-physical properties, e.g. porosity. Therefore, in the
context of fluid flow investigation in sedimentary basins, such findings are of great
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importance.
The study presented here aims for the investigation of the near-surface P-velocity

in the center of the Thuringian Basin. The traveltime data used is acquired in 2011
during a reflection seismic survey in the framework of INFLUINS (Sect. 6.1). At first,
high-resolution P-velocity models (Sect. 7.3) are obtained along the 2D reflection
seismic profiles using first arrival traveltimes determined from reflection seismic data.
However, the complexity of NW to SE trending fault zones in the basin as indicated
by the available geological map suggests, that in this region of the basin the subsur-
face structure can not be completely understood by only 2D profiles. Therefore, the
acquisition geometry of the reflection seismic survey is extended by a complementary
seismic array (Sect. 6.1). The source signals emitted along the reflection seismic pro-
files are recorded by the seismic stations located in the vicinity of the profiles. The
first arrival traveltimes obtained using the seismic array are included in the inversion
of the 3D velocity structure in the center of the basin (Sect. 7.4).

A focus of this study lies in the assessment of the robustness of the inversion results.
Therefore, the inversion strategy aims for obtaining velocity models with a minimum of
structural variations suggested by the traveltime data (Sect. 7.1.2). Moreover, besides
conventional resolution tests, the reliability of structures in the inversion results is
tested by comparing computed and observed traveltimes including the assignment of
refracted phases to certain refractors. In order to discuss differences in the constructed
velocity models with a priori expectations about the basin structure, also inversions
based on structural geological models as initial models are performed (Sect. 7.2.2).
Besides the investigation of elastic properties in the basin, the interpretation of the
velocity models also aims for an identification of the depth of stratigraphic units
(Sect. 8). Since the resolution of the velocity models is not sufficient for providing
the desired strata distinction, additional geophysical and geological information is
taken into account for the interpretation. The interpretation given in this study
will provide an improved image of the near-surface structure, which can be used for
modelling processes such as fluid flow occurring in the Thuringian Basin.

The structure of this thesis especially aims for the illustration of the workflow
conducted from planning the experimental setup over data processing to traveltime
inversion and interpretation. Hereby, occurring difficulties and possible solutions are
discussed in detail. The focus also lies in associating observations made in the seis-
mic data to the influence on the modelled velocity structure. This provides a good
impression of the subsurface imaging capabilities of traveltime tomography given a
similar seismic data set as available in the framework of this study.
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2 GEOLOGICAL SETTING OF THE INVESTIGATION AREA

2 Geological setting of the investigation area
The investigation area of this study is located in the center of the Thuringian Basin,
which is in the center of Germany (Fig. 2.1, inset). Adjacent to the north, the Harz
and the Kyffhäuser and to the west the Hessian depression are located. To the south
the Thuringian Basin is bordered by the Thuringian Forest to the south-west and the
Thuringian Highland to the south-east. The Thuringian Basin forms a syncline in
Upper Permian Zechstein and Triassic rocks [63].

The boundary of the Thuringian Basin is defined as the outcrop of the Upper
Permian Zechstein (z) (Fig. 2.1). This strata holds variable thicknesses of maxi-
mum 700 m in the north-western center of the basin [49]. The composition of the z is
characterized by shale to carbonate to evaporite sequences in the lower part, while the
upper part is predominantly shaly. As lower part of the Triassic, the Lower (su) and
Middle Buntsandstein (sm) are composed of sandstones of about 500 m thickness
with shaly and silty intercalations. The Upper Buntsandstein (so), characterized by
strong thickness variations of 50 to 150 m, is predominantly shaly and holds evaporites
of 90 m thickness. The transition of the so to the Muschelkalk is indicated by the
occurrence of marine carbonates in the Middle Muschelkalk (mm) and mostly marls
and evaporites. The thickness of the Lower Muschelkalk (mu) is approximately 100
m. The mm is of similar thickness if evaporites are preserved. In areas, where the mm
is located at the near-surface, its thickness is reduced and evaporites are dissolved.
The base of the about 80 m thick Upper Muschelkalk (mo) forms thick-bedded lime-
stones. At the top of the mo thin-bedded limestones with upward-increasing shale
intercalations occur. Upper Triassic Keuper sediments are only found in the center
of the Thuringian Basin. The Lower Keuper (ku) of 50 m thickness contains marine
sandstones and shale. In the Middle Keuper (km), which is mainly eroded in the
basin, shaly and marly sediments as well as thin sandstones are found. As a subgroup
of the km, the Gipskeuper shows intercalations of gypsum and also salt in some areas.
The Upper Keuper (ko) and the Lower Jurassic, i.e. Liassic, are mostly eroded
and only found at regional tectonic lines [63]. The ko is mainly composed of light
grey and yellow sandstones with dark reddish claystones.

The Thuringian syncline was formed during the Mesozoic and Cenozoic. Triassic
[53] and Jurassic [7] extension governed subsidence and graben formation including
the occurrence of NW-SE trending faults, which were reactivated during the Late Cre-
taceous to Paleogene intra-plate shortening [43]. Since the Late Cretaceous, extensive
erosion processes take place in the area of the Thuringian syncline.

In the investigation area (Fig. 2.1, yellow box), mainly Keuper and Muschelkalk
strata crop out. Two NW-SE trending fault zones are present, the Erfurt fault zone
(Fig. 2.1, green arrows) and the Gotha-Saalfeld-Eichenberg fault zone (Fig. 2.1, blue
arrows). Whereas in the north-western and south-eastern part of the investigation
area, the Erfurt fault zone is characterized by extensional tectonics and normal fault-
ing, in the central part also contractional deformation occurred [62]. To the south
of the Erfurt fault zone, mountain ranges associated with flexural folds are present
[25]. The Gotha-Saalfeld-Eichenberg fault zone located in the southern part of the
investigation area is extended to 130 km in NW-SE direction [8]. This fault zone is
characterized by several folds with normal and reverse sense faulting [62].
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3 USING SEISMIC METHODS FOR SUBSURFACE INVESTIGATION

3 Using seismic methods for subsurface investigation

3.1 Fundamentals of seismic wave propagation

In order to understand the physical processes being fundamental for seismic imaging
of the subsurface, the basic concept of the description of seismic wave propagation
is illustrated in this section. Thereby, the focus lies in the derivation of ray theory
from elastic theory. In order to extract information about the subsurface structure
from a measured seismic signal, the earth’s response is also introduced. The aim of
this section is to briefly summarize the most important facts rather than providing
an extensive discussion of the theoretical background.

3.1.1 The seismic wave equation

A seismic wave is the product of the reaction of media on acting external mechan-
ical forces [67]. In order to describe seismic wave propagation, a relation between
forces and particle motion u(x, t), both in space and time, needs to be established.
Forces are summarized in the stress tensor σ. Whereas normal stress induced by
compressional forces are represented by the diagonal elements of σ, the off-diagonal
elements contain shear stress information [48]. Particle motion is described by the
strain, which is defined as fractional change of the shape of a body [75]. The com-
ponents of the strain tensor ε contain normal (∂ui/∂xi) as well as shearing strain
(∂ui/∂xj, i ̸= j). In general, the relation σ(ε) is non-linear making the description
of seismic wave propagation difficult. However, assuming only small deflections from
particle equilibrium, a linear relation

σ = C · ε (1)

can be established using the elastic tensor C [67], which is valid in the limit of
the elastic behavior of a medium. For geosciences, elastic theory is important for
understanding the propagation of seismic waves because it connects the stress-strain
relation (Eq. 1) to material parameters. E.g. assuming isotropy and defining the
Lamé parameters λ and µ, which can be obtained experimentally, the stress-stain
relation can be given by

σij = λδijϵkk + 2µϵij. (2)

Thus, given a certain material characterized by λ and µ, a prediction for the
stress-strain behavior of the material can be made. For investigating the subsur-
face structure, one desires to benefit from the opposite situation: from analysing the
stress-strain behavior of a material, underlying elastic properties can be obtained [74].
This consideration makes seismological methods one of the most important fields in
geosciences regarding subsurface characterization.

For the introduction of seismic waves, a temporal variation of particle movement
is required. Therefore, the momentum equation

ρ ü = ∇σ + f (3)

provides a relation between evolution of u in time and the stress tensor. Here, ρ
is the density of the material and f is an external force [67]. Inserting Eq. 2 into Eq.
3 results in the elastic wave equation

6



3 USING SEISMIC METHODS FOR SUBSURFACE INVESTIGATION

ρ ü = ∇λ (∇ · u) +∇µ ·
[
∇u+ (∇u)T

]
+ (λ+ 2µ)∇∇ · u− µ∇×∇× u+ f , (4)

which is most general equation for seismic wave propagation in inhomogeneous
isotropic elastic media. Using Eq. 4, all elastic phenomena expressed in the displace-
ment field u(x, t) can be explained. However, due to its complexity, it is difficult
to learn from Eq. 4 about elastic wave propagation qualitatively. Also numerical
modeling using Eq. 4 is a sophisticated task. Hence, some simplifications are desired.

Seismic data used in this study mostly consists of compressional or P-waves. Since
shear or S-waves are not contained in the source signals and P-wave to S-wave conver-
sion as a result of coupling of different components of u(x, t) in Eq. 4 do not primarily
occur, the wave field may be also described well by neglecting S-wave contributions.
In addition, material inhomogeneities ∇λ and ∇µ are often neglected, resulting in the
acoustic wave equation

∇2ψ(x, t)− 1

v2(x)
ψ̈(x, t) = s(x, t), (5)

where ψ(x, t) is the P-wave particle displacement, s(x, t) is a source-function and
v =

√
(λ+ 2µ) /ρ the velocity of the P-wave [75]. Although nowadays increasing

computing power makes is possible to apply full elastic seismic modeling [54], the
description of wave propagation in most of active source near-surface applications,
e.g. active reflection and refraction seismics, do not go beyond the acoustic wave
equation. In the context of this study, where seismic wave propagation is investigated
in a sedimentary basin, the acoustic wave equation is a good approximation for seismic
wave description. This is because the subsurface material is comparatively soft and
therefore can be treated as an acoustic medium. Hence, the acoustic approximation
of the wave field is sufficient to describe the major part of phenomena related to the
propagation of seismic waves in this study.

3.1.2 The ray approximation

In order to obtain a more simplified description of seismic waves based on the acoustic
wave equation, kinematic ray theory is introduced [16], which allows for an easier
description and interpretation of seismic data. The ray approximation is achieved in
the high-frequency limit of the acoustic wave equation. For a seismic signal

ψS(x, t) = AS(x)e
−iω(t−TS(x)) (6)

emitted at source S, ray approximation provides explicit high-frequency approxi-
mations for obtaining amplitude AS(x) and phase traveltime TS(x) by [9]

|∇TS(x)|2 =
1

v2(x)
(7)

∇ [AS(x)∇TS(x)] = 0. (8)

Whereas Eq. 8 is the transport equation and of minor importance in this study,
Eq. 7 is the Eikonal equation being the key of seismic wave modeling here. Given
a seismic velocity v(x) of a medium, the Eikonal equation (Eq. 7) determines the

7



3 USING SEISMIC METHODS FOR SUBSURFACE INVESTIGATION

Figure 3.1: Seismic wave propagation described by the ray approximation. The ray Γ
connecting source S and receiver R is defined by a one-dimension line (light blue). The
slowness vector p denoting the direction vector of a ray is perpendicular to the wavefront.
The black lines show isochrones associated with the traveltime field TS(x). In the context of
ray theory, the traveltime of a seismic wave from source S to receiver R is given by TS(R)
and corresponds to the onset of the seismic signal observed at the receiver (upper right
corner).

traveltime TS(x) of a signal emitted at a source S and measured at a receiver at
x. The traveltime of the wave is referred as signal onset of seismic data, i.e. an
observable, which can directly obtained from available seismograms (Fig. 3.1, upper
right corner). The direction vector of the ray Γ connecting source S and receiver R
is given by the slowness vector p = ∇TS(x) which is perpendicular to the wave front.
The wave front is characterized by isochrones of the traveltime field TS(x) (Fig. 3.1).

The ray Γ considered as the characteristic line of the Eikonal equation (Eq. 7)
introduced here represents the path of the fastest refracted or direct wave. In general,
later signal onsets observed in seismograms, e.g. later refractions and reflected phases,
can also be described by rays characterized by different paths [75]. For traveltime
tomography, also these phases could be used for subsurface modeling [35]. In this
study, only the fastest refracted wave as a solution of the Eikonal equation (Eq. 7) is
modelled. The reason is, that due to a high vertical heterogeneity of the near-surface,
a lot of different phases are superimposed and the corresponding signal onsets can
not be obtained separately. Since in the investigation depth many geological layers
with different properties are present, the manifold of phases is mainly based on a large
number of occurring reflections. In contrast, the fastest refraction is always identified
as the precursory signal onset and referred as the first break in this study.

Another approach, which is strictly connected to the definition of a ray associated
with the first break traveltime is Fermat’s principle [58]. Here, traveltime from S to
x is computed by

TS(x) =

{∫
Γ

ds

v(x)
:
δ

δΓ

∫
Γ

ds

v(x)
= 0

}
(9)

and thus characterized by a line integral over the path Γ providing a stationary
result. It can be shown, that Eq. 7 and Eq. 9 are equivalent [4]. Therefore, whereas for
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the computation of the traveltime field TS(x) the Eikonal equation (Eq. 7) is used, the
computation of traveltime perturbations with respect to velocity model perturbations
needed for traveltime inversion (see Sect. 4.3.2) is based on Fermat’s principle (Eq.
9). The importance of the computation of rays for obtaining subsurface information
becomes visible in Eq. 9: whereas the traveltime TS(x) is an observable, which
does only contain integrated information on the subsurface velocity, the integrand
in Eq. 9 contains differential P-velocity information. Determining the ray reveals
the differential subsurface sensitivity and is therefore the key for the inversion of
traveltimes for a P-velocity model.

3.1.3 Extracting the earth’s response from seismic signals

A measurement aiming for seismic imaging of the subsurface structure is usually
designed using a set of active or passive seismic sources at positions S and receivers
R. Based on a source signal s(t), a seismic wave ψS(x, t) propagates through the earth
and is observed at the receivers. On the path through the earth, the signal carries
information about the subsurface structure. In this framework, the aim of seismic
imaging is to extract this structural information from the seismic data ψS(R, t).

Assuming the validity of a linear stress-strain relation (Eq. 1) for the earth implies,
that seismic wave propagation through earth can be understood by a signal passing
a linear system [75]. Hence, seismic data obtained at one receiver R can be modelled
by

ψS(R, t) = (RSR ∗ s) (t) +N(t), (10)

where RSR(t) is the earth’s response of the subsurface describing the wave propaga-
tion, N(t) is seismic noise contained in the seismic data and ∗ denotes the convolution
operator [69]. Eq. 10 shows, that the earth can be treated as a filter acting on the
source signal s(t). For obtaining the desired earth’s response RSR(t), the inverse re-
lation of Eq. 10 is required, which can be established by deconvolution. Let s(−1)(t)
be the inverse filter of s(t) as (

s ∗ s(−1)
)
(t) = δ(t), (11)

then Eq. 10 can be in principle inverted by

RSR(t) =
[
(ψS(R)−N) ∗ s(−1)

]
(t), (12)

which provides the desired earth’s response. However, obtaining s(−1)(t) for de-
convolution is always underdetermined, because the frequency content in the source
signal s(t) is band-limited and therefore the inversion of Eq. 10 an ill-posed problem.
Even though regularization methods exist accounting for the underdetermination, it
is always desirable to increase the bandwidth of the source signal s(t) as far as pos-
sible. Another problem complicating deconvolution processes is seismic noise N(t).
With increasing offset of source S and receiver R, the amplitude of the wanted signal
contained in ψS(R, t) decreases with respect to the noise level. Subsequently, N(t)
becomes the dominating term in Eq. 10. Since the noise signal is unknown, a com-
putation using Eq. 12 can not be easily performed. Hence, for extracting the earth’s
response from seismic signals, a technique is desired, which effectively reduces the
influence of noise N(t) in Eq. 10 (see Sect. 3.2.4).
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Figure 3.2: Schematic representation of a refraction seismic acquisition after [75]. (a) At
the bottom the arrangement of an in-line refraction survey. Source and receiver positions are
located on a profile. Here, due to a dense network of ray crossings, detailed 2D subsurface
information, i.e. seismic velocity and refractor dip, at different depths can be obtained. The
corresponding traveltime curves are shown above. (b) Arrangement of a broadside refraction
survey. Source and receiver positions are located on separate profiles. In contrast to an
in-line refraction survey only providing 2D subsurface information, a broadside refraction
survey highlights the subsurface structure perpendicular to the profiles. The 3D subsurface
structure can be obtained from a combination of in-line and broadside refraction surveys.

3.2 Refraction data acquisition and processing

In this study, only the refracted wave content of seismic signals ψS(R, t) is investi-
gated (Sect. 3.1.3). For obtaining traveltimes associated with refracted waves, seis-
mic measurements have to be conducted. Since the quality of measured seismic data
varies depending on the offset of source and receiver, the determination of traveltimes
throughout a large range of offsets requires data processing. The data processing as
described here aims for reducing the influence of seismic noise (see Sect. 3.1.3). At
first, this section shows the arrangement of a refraction seismic survey. Then, the
benefits of using VibroSeis seismic sources are described. Subsequently, data pro-
cessing steps performed in this study, i.e. minimum-phase transform, noise reduction
techniques and static corrections are briefly depicted.

3.2.1 Arrangement of a refraction seismic survey

An active source seismic survey is based on a set of source positions S and receiver
positions R. The combination of one source and one receiver is referred as source -
receiver configuration. Seismic data acquired for one configuration provides integrated
information of the subsurface over the corresponding ray path (see Sect. 3.1.2). How-
ever, one is interested in the spatially resolved subsurface information, which requires
a decomposition of integrated information (see Sect. 3.1.2). Therefore, a number of
source - receiver configurations are needed, which are characterized by crossing rays.

The subsurface information obtained from a refraction seismic survey is the seismic
velocity v(x) (Eqs. 5 and 7) which is connected to the elastic properties of the
subsurface. An efficient way to gain 2D subsurface velocity information is refraction
profiling [75]. In an in-line refraction survey, sources and receivers are placed on a
more or the less straight line in an alternating fashion (Fig. 3.2(a)). For obtaining
velocity information at different depths, it is important to observe a source signal over
a wide range of offsets. Whereas the near-surface information is provided by near-offset
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receivers, deeper structure is resolved using far-offset receivers. Due to alternating
sequences of sources and receivers using an in-line refraction survey, corresponding
rays overlap at different depths. I.e. decomposition of integrated information over
the rays can be achieved. The profile is arranged by placing all receivers desired for
signal registration and subsequently conducting shots at the different source positions.
Between two shots, only a minimum of receiver relocation is required during the survey
using this roll-along procedure. Therefore, an in-line refraction survey is cheap in time
and effort.

If instead the 3D subsurface structure is desired, an in-line refraction survey is
not sufficient because rays only travel in a plane. Here, a broadside refraction survey
can be performed (Fig. 3.2(b)). In contrast to an in-line refraction survey, here
source and receiver positions are located on separate and more or the less parallel
profiles. Consequently, rays travel perpendicular to the profiles. Hence, combining
broadside and in-line refraction surveys reveal the 3D subsurface structure. However,
only using two source profiles and one receiver profile as depicted in Fig. 3.2(b),
crossing of rays does not occur and hence decomposition of integrated information
over the rays perpendicular to the profiles can not be obtained. In this direction, also
source - receiver offsets are predominantly constant and thus depth resolved subsurface
information is not available. To increase subsurface resolution, the number of source
and receiver profiles has to be increased essentially, which comes with high costs. In
this study, data based on a combination of in-line and broadside refraction surveys
are acquired (see Sect. 6.1). Whereas the in-line part of the survey provides dense
2D information, the broadside part with only 10 receivers provides comparatively low
resolution. Due to the different resolution potentials of both data sets, traveltime
tomography is conducted separately for 2D and 3D (see Sect. 7).

3.2.2 Seismic source: VibroSeis

A technique frequently used in land seismic surveys is VibroSeis [75]. In contrast to
source signals emitted by blasts or drop weights with source signal durations of a few
ms, the source signal of VibroSeis emitted using a vibrator (Fig. 3.3) passes energy
into the subsurface for 7 s and more. The VibroSeis source signal named sweep is
characterized by a sine wave with increasing frequency over time, which leads to a
certain band of frequencies contained in the source signal s(t).

In Fig. 3.4(a) and (b) an example for a sweep is given with a duration of 2 s and
frequencies from 10 to 40 Hz. With respect to a source signal used in a seismic survey,
the sweep illustrated is characterized by only short duration and a small frequency-
band. However, it explains the power of VibroSeis very well. An important property
of the sweep is, that its autocorrelation (Fig. 3.4(d))

ϕss(t) = (s ⋆ s) (t) (13)

is characterized by a large peak at t = 0 and an almost vanishing contribution for
t ̸= 0. Here the cross-correlation operator is denoted by ⋆. The autocorrelation of
the sweep is called Klauder wavelet [69]. Due to its computation by autocorrelation,
the Klauder wavelet is zero-phase. One observes (Fig. 3.4(d)), that due to the sub-
sequently increasing frequency in the signal, the sweep does not correlate with itself
expect for zero time shift. I.e. a correlation of the sweep with any signal that contains
the sweeps transforms the contained source signal into a Klauder wavelet. Using Eq.
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Figure 3.3: VibroSeis vehicle Failing Y-2400 emitting a sweep. The seismic data acquired
in this study is based on this VibroSeis source signal.

10 this is mathematically expressed as

(ψS(R) ⋆ s) (t) = (RSR ∗ ϕss) (t) + (N ⋆ s) (t). (14)

Comparing Eq. 14 with Eq. 10 reveals, that the correlated signal (ψS(R) ⋆ s) (t)
corresponds to the observed signal at the receiver R, if the Klauder wavelet ϕss(t) was
used as source signal. If random noise N(t) is assumed, then the second term in Eq.
14 is almost negligible against the first term, because random noise does not correlate
with the sweep s(t). Moreover, since the Klauder wavelet is very similar to a delta-
peak, (RSR ∗ ϕss) (t) is very similar to the desired earth’s response RSR(t). Thus, for
obtaining a first-order approximation of RSR(t), a deconvolution is not required and
a good approximation of it is already provided by (ψS(R) ⋆ s) (t).

Using the sweep illustrated in Fig. 3.4(a) as source signal, synthetic data is created
(Fig. 13(c), black). The corresponding earth’s response RSR(t) is only one for t = 200
ms and zero elsewhere (Fig. 13(c), red). Hence, the response is associated with a signal
emitted at t = 0 s at the source position S and observed at t = 200 ms at the receiver
R. A correlation of the observed signal (Fig. 3.4(c), black) with the sweep results in a
sharp peak at 200 ms (Fig. 3.4(e)). One observes, that the correlated signal matches
the earth’s response (Fig. 3.4(c), red) very well.

The example shows, that even though the noise content in the data is very high,
the earth’s response can be recovered. Hence, even a small signal amplitude available
at a receiver can lead to reasonable results. This is a factor making VibroSeis a very
powerful tool because due to low signal amplitudes required, e.g. in comparison to
blasts, it can also be used for seismic acquisition in urban regions [75].

3.2.3 Preparing data for first break picking: minimum-phase transform

As illustrated in Fig. 3.4, the traveltime of a seismic wave travelling from source S
to receiver R using VibroSeis is associated with the first dominant peak in the corre-
lated seismic data ψS(R, t) (see Fig. 3.4(e)). First break picking used for traveltime
determination requires this first dominant peak to be detected. However, in real band-
limited zero-phase seismic data, the meaning of "dominant" is not obvious. E.g. Fig.
3.5(c) shows a real seismic trace correlated with the sweep. One observes, that it is
not clear if the signal onset corresponds to the first or second (much more dominant)
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Figure 3.4: Example for a source signal used in VibroSeis and application to synthetic data.
(a) Sweep of 2 s duration containing frequencies from 10 to 40 Hz and (b) corresponding
amplitude spectrum. (c) A seismic trace containing the sweep superimposed with random
seismic noise (black). The subsurface response (red) is characterized by a peak at 200 ms.
This simple response function produced a time shift of the input signal. (d) Autocorrelated
sweep signal corresponding to (a). (e) Data in (c) correlated with the sweep in (a). The
dominant peak at 200 ms matches the peak of the response function (red line) very well.
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Figure 3.5: Effect of minimum-phase transform on the zero-phase data. (a) Zero-phase
Klauder wavelet and (b) minimum-phase equivalent of the sweep. (c) Zero-Phase real seismic
data. As indicated by the two arrows, it is difficult define a dominant signal maximum. (d)
The minimum-phase equivalent of the zero-phase seismic data in (a), which reveals the
traveltime of the refracted wave as signal onset. The dotted lines mark the obtained first
breaks.

maximum. Hence, for the example presented it is difficult to manually define the first
break even though the seismic data is of reasonable quality. Moreover, in this study,
an automatic traveltime determination is desired based on certain algorithms, which
is even more vulnerable for erroneous traveltimes.

To overcome this problem, it is desirable to transform the zero-phase wavelet
contained in the signal into one characterized by a phase spectrum providing the
fastest energy build up [75]. This shape of the transformed wavelet, containing the
same amplitude spectrum as the original wavelet, then shows similarity to a wavelet
emitted by an explosive source. Here, the traveltime to determine is associated with
the signal onset, which reduces the ambiguity contained in the zero-phase wavelet
(Fig. 3.5(c)). A wavelet as introduced is referred as minimum-phase wavelet. For the
wavelet transform, the inverse of the minimum-phase wavelet s(−1)

min (t) is needed. Since
the autocorrelation of a wavelet is invariant against phase transforms, a minimum-
phase wavelet is obtained by
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smin(t) =
(
smin ⋆

(
smin ⋆ s

(−1)
min

))
(t)

=
(
(smin ⋆ smin) ⋆ s

(−1)
min

)
(t)

=
(
(s ⋆ s) ⋆ s

(−1)
min

)
(t)

=
(
ϕss ⋆ s

(−1)
min

)
(t), (15)

i.e. the cross-correlation with the inverse of the minimum-phase wavelet s(−1)
min (t),

with the zero-phase Klauder wavelet. Fig. 3.5(b) shows the minimum-phase wavelet
of the sweep corresponding to the Klauder wavelet in Fig. 3.5(a). The fast energy
build up in the signal is observed in the sharp signal onset, which clearly occurs at
t = 0 where the Klauder wavelet has its maximum. Eq. 15 shows, that the minimum-
phase transform of the correlated zero-phase data (RSR ∗ ϕss) (t) is performed by
cross-correlation with s

(−1)
min (t). The effect of the minimum-phase transform on the

real zero-phase seismic data (Fig. 3.5(c)) is illustrated in Fig. 3.5(d). Since for
minimum-phase data, the traveltime is associated with the signal onset, it can be
easily observed (dotted line) here. Therefore, the minimum-phase transformed data is
suitable for automatic traveltime determination. Since here methodical developments
are included, the respective algorithms are discussed in Sect. 5.1.

3.2.4 Improving the signal quality

A real seismic data set ψS(R, t) is always superimposed with seismic noise N(t) (see
Sect. 3.1.3). Depending on the magnitude of ambient noise in the vicinity of a seismic
station, the signal-to-noise ratio (SNR), i.e. the relation between energy of the wanted
signal and noise, may strongly decrease resulting in corrupted seismic data. In order
to reduce the influence of seismic noise in the data, a lot of different techniques are
applicable [75], which are not discussed in detail here.

A standard technique for noise reduction in seismic processing is zero-phase fre-
quency filtering [69]. It is obvious, that for all frequencies in the spectrum of the
seismic data ψS(R, t) beyond those in the spectrum of the wanted signal are related
to seismic noise. I.e. if the spectrum of the wanted signal is known, the remaining fre-
quencies can be filtered out of the seismic data. For performing zero-phase frequency
filtering, in this study band-pass filtering is used [69] (see Sect. 6.2.1 and Sect. 6.3.1).
Here, all frequencies not contributing to the known spectrum of the sweep are filtered
out. For band-pass filtering a sine-squared tapered band-pass filter is used [24].

Of course, the frequency content of seismic noise N(t) does also overlap with that
from the wanted signal. Hence, an improvement of the SNR can not be achieved
by zero-phase frequency filtering. However, an important characteristic of random
seismic noise is, that its phase varies statistically. Whereas a defined source signal
s(t) will always result in the same seismic data ψS(R, t), the random noise content of
the seismic data is not coherent [69]. Hence, for repeated measurements using the same
source signal s(t), the sum of the observed seismic signals leads to an improvement of
the SNR. Assuming random noise, the improvement of data quality using this seismic
data stacking amounts

√
n, where n is the number of measurement repetitions.

Often seismic data is corrupted with strong noise bursts. The amplitude of these
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noise bursts might exceed the amplitude of the wanted signal by a multiple and there-
fore a large number n of measurement repetitions may be required. The diversity
stacking technique avoids the contribution of such noise bursts to the resulting stack
[22]. Using this stacking technique, a weighted summation of seismic data is con-
ducted. The weighting factors depend on time and trace and are computed from the
inverse power spectrum in a certain time window. Consequently, a time window in a
seismic data trace containing a strong noise burst will not contribute to the stacking
process, since the weighting factor tends to zero. In the limit of equal noise ampli-
tude for all repetitions of measurements, all weighting factors are equal and diversity
stacking reduces to simple stacking as described.

3.2.5 Static corrections

Usually the traveltime data obtained from first break picking contains fractions that
can not be modelled properly or making a data interpretation difficult. For removing
effects introduced by variation of source and receiver elevations and a near-surface low
velocity layer, static corrections are applied to the data [75]. However, since traveltime
tomography conducted in this study accounts for source and receiver elevations, tra-
veltime is only corrected for near-surface low velocity here. The low seismic velocity
at the near surface is based on weathered rocks. The thickness h (Fig. 3.6(a)) of a
weathering layer in most cases does hardly exceed 5 m in the investigation area (see
[41]) and is therefore very small compared to the subsurface resolution provided by
traveltime tomography. The P-velocity of the weathering layer v1 is predominantly
lower than 0.5 km/s, which is much lower than the P-velocity v2 of layers underneath
(see [41]). For a source position S, a refraction at the locally horizontal refractor with
velocity v2 is characterized by the intercept time [75]

τ = 2h

√
v22 − v12
v1 v2

. (16)

If one assumes v2 ≫ v1, than Eq. 16 simplifies to τ ≈ 2h/v1. The meaning of this
formula is, that all rays being refracted at the refractor with velocity v2 and deeper
pass the weathering layer perpendicularly (Fig. 3.6(a)). I.e. the traveltime of a wave
travelling from source S to a receiver R can be decomposed into a refraction at a
certain refractor below the weathering layer tref (x) (Fig. 3.6(a), orange line) and a
vertical pass of the weathering layer below source τ(S) (Fig. 3.6(a), blue line) and
receiver τ(R) (Fig. 3.6(a), red and green line) positions. The traveltime

tref (x) = t− (τ(S) + τ(R)) (17)

is referred as traveltime with respect to a reference datum plane. Since the tra-
veltime through the weathering layer τ(x) is allowed to vary over x (see Fig. 3.6(a)),
the reference data must not necessarily be based on a plane but rather a surface with
non-vanishing curvature here. Using a shotgather for source at S, the traveltime τ(S)
corresponds to the intercept time of the refraction with velocity v2 (Fig. 3.6(b)). For
increasing offset, the time correction τ(S) + τ(R) requires τ(R), which can not be
obtained from this shotgather. Therefore, for each source location S available over
the profile, the intercept time needs to be extracted from corresponding shotgathers.
The result is a map τ(x) giving the traveltime for the wave through the weathering
layer at arbitrary x.
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Figure 3.6: Illustration of the static corrections applied in this study. (a) Source signal
(blank star) observed at two receivers (blank triangles). The corresponding traveltimes are
affected by a low-velocity weathering layer with velocity v1(x) and thickness h(x). Assuming
that rays pass this layer perpendicularly, the data correction can be performed by removing
the traveltime τ(x) through the layer at the shot location S (blue line) and the receiver
locations R1 (red line) and R2 (green line). This reduction corresponds to a displacement of
source and receiver heights to a data plane at depth h(x) with traveltime tref (x). (b) Effect
of static corrections on traveltime curves corresponding to the source - receiver configurations
in (a). The observed traveltime (black line) is reduced by τ(xS)+ τ(xR). For obtaining τ(x)
for all x for each source position a linear regression to zero offset of the traveltime curve
associated with a refraction with velocity v2(x) is performed.

The static correction applied to the traveltime t results in traveltimes tref (x) based
on source - receiver configurations in the reference datum plane (Fig. 3.6(a), orange
stars and triangles). I.e. this configuration differs from the real source - receiver
configurations at the surface (Fig. 3.6(a), blank stars and receivers). This erroneous
geometry introduces errors in the inverted velocity - depth relation, which should be
in general corrected for. However, due to the low thickness of the weathering layer of
less than 5 m at ray penetration depths of hundreds of m, this error is neglected in
this study.
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4 Theoretical basics of deterministic traveltime to-
mography

Subsurface modeling conducted in this study is based on deterministic traveltime to-
mography. Here, the obtained traveltimes associated with refracted waves (see Sect.
3.2.3) are used for inverting the seismic P-velocity in the subsurface. This procedure
can be thought of as a transfer of the part of time-dependent earth’s response RSR(t)
(see Sect. 3.1.3) associated with the refracted wave into spatial subsurface charac-
teristics. In this section, an overview about seismic traveltime tomography is given.
After an introduction of tomography primarily used as medical imaging technique,
the theoretical basics of traveltime tomography are introduced. The description given
here focuses on essential parts of seismic traveltime tomography as velocity model
parametrization, forward modeling, the inversion procedure and the assessment of
P-velocity resolution.

4.1 Introduction of tomography

Tomography derived from the Greek words τoµή (cut) and γράφεiν (to write) is
an imaging method having a wide range of applications. Among others, the most
popular medical applications of tomography are X-ray computed tomography (CT)
[14] and magnetic resonance tomography (MRT) [21], which play an important role
in imaging the anatomy of the body. Improvements made in these technologies in the
past years allowed for better non-destructive diagnosing analysis. Thereby, advances
in computing power are an important key in improving resolution of tomographic
methods.

Originally, the term tomography denotes an illustration of a certain property of an
3D object for which the information is available for 2D slices through it. A simple illus-
tration of tomography can be given using X-ray computed tomography (Fig. 4.1). For
a certain sample, the differential, i.e. point resolved, absorption of X-rays is desired.
A X-ray signal is emitted by a source, transmitted through the sample and observed
at a detector (Fig. 4.1(a)). On its path through the sample, X-ray absorption takes
place and successively decreasing signal amplitude results. The information about
the absorption occurring is now available in an integrated form, where the integration
runs over the X-ray path (Fig. 4.1(b), compare with Sect. 3.1.2). For resolving dif-
ferential absorption from the integrated absorption information, different acquisition
geometries are required. Superimposing the data detected for different acquisition
geometries is similar to superimposing the X-ray paths (Fig. 4.1(c)). Thereby, the
superimposed data predominantly holds information about the absorption at the in-
tersection point of the X-ray paths, because the absolute sensitivity is increased here
due to overlapping X-ray paths (Fig. 4.1(d)). Consequently, if an infinite number
of acquisition geometries with intersection at one point were available, the superim-
posed data would only characterize the absorption in the intersection point. Thus, the
integrated information about X-ray absorption in the sample is transferred into differ-
ential information. The fundamental mathematical formulation is given by the Radon
transform [56], which will not be further discussed here, because for the description
of traveltime tomography (see Sect. 4.3) a more general concept is required.

Due to the great success in medical imaging, tomography became also interesting
for geosciences. Here, especially seismic tomography has become a powerful tool for
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Figure 4.1: Tomography imaging technique illustrated on the example of a simple X-ray
computed tomography setting after [73]. (a) Acquisition geometry characterized by a certain
X-ray source and detector position. The source emits a beam travelling through a sample
and is detected in the detector plane. (b) The detector observes the integrated absorption
of X-rays over the X-ray path (grey area). (c) Variation of acquisition geometry provides
integrated information about X-ray absorption for different orientation. (d) Superimposing
the data obtained for different acquisition geometries is similar to superimposing the X-ray
paths, which leads to an increase of sensitivity for the overlapping region (black). Hence,
major information contained in the superimposed data is based on the properties of the
region, where the overlap occurs.

subsurface imaging [57]. Even though the principles of differential imaging of tomog-
raphy described using X-ray computed tomography in Fig. 4.1 still hold in seismic
tomography, the problem of decomposing integrated information into differential in-
formation is much more complicated. Using X-ray computed tomography, the spatial
sensitivity of data acquired at the detector characterized by the shape of X-rays, is
more or the less independent of the heterogeneity of absorption within the sample,
which results in a linear problem to be solved for obtaining differential absorption. In
contrast, the data sensitivity in seismic tomography generally depends on the model
parameters, e.g. seismic velocities or elastic parameters, resulting in a non-linear prob-
lem. E.g. in seismic traveltime tomography, data sensitivity is also given along ray
paths like for X-ray computed tomography (see Sect. 3.1.2). Here, the non-linearity
expresses in a bending of rays depending on the model parameters.

The significant difficulty of non-linear problems lies in a non-uniqueness of so-
lutions. Even though efficient methods providing a deterministic solution are well
proven [74], a clear statement about the reliability of a solution can not be given.
To overcome this, probabilistic methods could be applied here [38]. However, the
disadvantage of probabilistic seismic tomography lies in great computation time for
multi-parameter models. Thus, in this study a deterministic approach of traveltime
tomography is used.

4.2 The inverse problem

Mathematically, decomposition of integrated information in tomography (see Sect.
4.1) corresponds to solving an inverse problem [74]. The observed data is collected
in a data vector d = (d1, . . . , dN)

T . In traveltime tomography, one component of d
corresponds to the traveltime for a certain source - receiver configuration (see Sect.
3.2). The property derived from the data is collected in the model vector m =
(m1, . . . ,mM)T , where in the framework of this study the mi are associated with
subsurface P-velocity values at certain discrete node positions. The basis of any
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tomographic method is a relationship between data and model of the form [57]

d = g (m) , (18)

which is referred as the forward problem. Solving the forward problem, which is
usually based on a physical law, provides a data set d based on a given model m. An
inversion aims for obtaining the inverse relationship of Eq. 18, i.e. m = g−1(d). The
inverse mapping g−1 of data on a model for a non-linear function g does, however,
not exist [50], or more precisely, is non-unique. Hence a set of inverse relations of Eq.
18 exist.

The approach for obtaining a single solution of the inverse problem though, is
based on a local linearization of the forward problem (Eq. 18). Given an initial model
vector m0 and a corresponding data vector d0 = g(m0), always a linear relation of
the form

d0 = G ·m0 (19)

can be found, where G = ∇mg(m0) is the Fréchet matrix containing the deriva-
tives of g with respect to m [57]. The entry Gij of the Fréchet matrix can be though
of the sensitivity of one data point dj with respect to a certain parameter mi. At this
point a small model perturbation δm is applied causing a data perturbation δd. This
perturbation is considered so small, that the Fréchet matrix G is invariant and thus

δd = G · δm (20)

holds. If one reads δd as a residual between observed data d and modelled data
d0, then the result of the inverse relation of Eq. 20, i.e.

δm = G−1 · δd, (21)

estimates a model perturbation δm that provides a data perturbation δd. Thus,
this model perturbation δm leads to an adjustment of modelled to observed data.
Hence, in the limit of validity of the linearization (Eq. 19) made, a solution of the
inverse problem is given. For approaching a solution beyond the linearization, Eq. 21
is applied iteratively, where at each iteration step the Fréchet matrix G is updated. A
difficulty to overcome is, that the inverse of the Fréchet matrix G in Eq. 21 does not
exist, because the inverse problem is underdetermined. To account for this, problem
regularization techniques (see Sect. 4.3.3) are applied. Usually the inversion of Eq. 18
is conducted using the corresponding least-squares formulation. I.e. in the inversion
one tries to minimize the objective function [57]

Ψ(m) = (g(m)− d)T C−1
d (g(m)− d) , (22)

which conforms with solving Eq. 18 for m. Here, Cd is the data covariance matrix
measuring the uncertainty of certain data points d. Since Ψ(m) measures the misfit
of computed and modelled data, it is often referred as misfit function.

4.3 Seismic traveltime tomography

This section illustrates theoretical basics of seismic traveltime tomography. In general,
the underlying seismic setup and spatial scale used for traveltime tomography can
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be very different. Seismic signals can be teleseismic, induced by local earthquakes,
or emitted by active sources in normal incidence reflection or wide-angle refraction
configuration [57]. Regarding the data used for traveltime tomography, also methods
differ. Therefore, seismic traveltime tomography as depicted in this section focuses
on inverting wide-angle refraction data for a P-velocity model.

4.3.1 Velocity model parametrization

In order to construct a subsurface velocity model using seismic traveltime tomography,
it has to parametrized in a sufficient way. Traditional refraction seismics uses dipping
constant velocity layers for representing seismic velocity in the subsurface [75], because
for such models velocity and depths of layers can be estimated from the traveltime
curves in a simple way. There are many good reasons for following a different path of
subsurface parametrization in seismic tomography. E.g. on the one hand, geological
units might not be necessarily represented by a constant velocity and also their shape
can be very complex. On the other hand, seismic tomography is capable to provide
perturbation to almost arbitrarily constructed velocity models. Hence, it might be
reasonable to adjust a model parametrization, which is simple and allows for a general
subsurface characterization.

For constructing simple and general model parametrizations, different approaches
exist. There are methods, defining the velocity model according to traditional refrac-
tion seismics [91] (Fig. 4.2(d) and (e)): e.g. velocity nodes connected to each other
which emulate certain layer boundaries (Fig. 4.2(d)). However, the velocity values at
these nodes as well as the depth of a node are variable. The velocity in a cell limited
by two layer boundaries (Fig. 4.2(e)) is here interpolated between the velocity nodes,
which makes the velocity parametrization more variable compared to traditional re-
fraction seismic parametrization. Advantageous for this type of parametrization is,
that a comparatively low number of parameters is required to construct a velocity
model representing simple geology sufficiently. Parameterizations detached from lay-
ered geometry are shown in Fig. 4.2(a), (b) and (c). Here, the seismic velocity is
defined on a 2D or 3D rectangular grid. E.g. velocity can be represented by constant
velocity blocks [93, 34]. Here, almost arbitrary subsurface structure can be repre-
sented, however, for obtaining a smooth model the number of parameters becomes
very large which also makes the computation to be conducted in the inverse step (Sect.
4.3.4) very expensive. A parametrization also based on a rectangular grid is shown in
Fig. 4.2(b) and (c). Here, velocity values are defined at certain node positions. For
any point between node positions, the velocity is interpolated [76, 92]. This allows for
the construction for general and smooth velocity model at reasonably small number
of parameters. A parametrization as shown in Fig. 4.2(b) is also used in this study
(see Sect. 7.1.1). Independent from the type of parametrization used for traveltime
tomography, the velocity v(x) can be written as

v(x) =
∑
i

mibi(x), (23)

with velocity parameters mi and basis functions bi(x). I.e. the velocity model
is constructed from a linear combination of parameters weighted by the bi(x), which
characterize the kind of parametrization (Fig. 4.2) used.
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Figure 4.2: Different velocity model parametrizations in seismic tomography after [57].
(a) Constant velocity blocks, (b) velocity interpolation based on a set of grid nodes on an
rectangular grid and (c) velocity interpolation based on triangulation between neighboring
grid nodes [86]. (d) Velocity parametrization adjusted to layered subsurface structure. (e)
In (d), both the velocity and depth of certain nodes (grey triangles) are model parameters
and therefore perturbed during an inversion.

4.3.2 Forward modeling

As essential part of an inversion, forward modeling denotes solving the forward prob-
lem (see Sect. 4.2). In seismic traveltime tomography, forward modeling provides a
traveltimes for certain source - receiver configurations in a given velocity model v(x).
As usual, in this study forward modeling of traveltimes is based on the ray approx-
imation (see Sect. 3.1.2). Hence, Eqs. 7 and 9 serve corresponding physical laws,
which can be directly used for forward modeling.

The computation of traveltimes by use of Fermat’s principle (Eq. 9) are connected
to ray tracing [15]. As denoted by Eq. 9, the traveltime TS(R) is a result of optimizing
the path integral with respect to Γ. For obtaining the traveltime via ray tracing,
different methods exist: the shooting method (Fig. 4.3(a)) uses the ray equation
[4] or corresponding derivatives [75, 91, 59] for determining the ray path geometry
through the velocity model. The only parameter to be optimized for obtaining the
ray associated with the refracted wave using the shooting method is the incidence angle
of the ray at the source [91]. Another ray tracing method is the bending method [39]
(Fig. 4.3(b)). Here, the correct shape of a two-point ray path is obtained as solution
of the Euler-Lagrange equations [57]. The bending method iteratively optimizes the
shape of the ray until Fermat’s principle (Eq. 9) is satisfied. A similar method using
the ray equation is the pseudo-bending method [81] (Fig. 4.3(c)), representing the
ray by an interactively increasing number of linear segments between node points.
The node point positions are perturbed for minimizing the traveltime integral (Eq.
9). Even though the mentioned ray tracing method are computationally cheap, they
tend to converge into local minima and the corresponding traveltime TS(R) does not
automatically represent the first arrival.
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Figure 4.3: Different methods for computing traveltimes and rays after [57]. (a) Shooting,
(b) bending, and (c) pseudo-bending methods for obtaining traveltimes and rays in an iter-
ative fashion. (d) Wavefront tracking for computing the traveltime. The corresponding ray
is computed a posteriori, i.e. by following the negative traveltime gradient from receiver to
source.

A method being computationally more expensive than ray tracing methods as
described is wavefront tracking (Fig. 4.3(d)). Here, the traveltime field as the solution
of the Eikonal equation (Eq. 7) is obtained using finite difference [83] or fast-marching
[65] methods. Since the solution of the Eikonal equation always provides the first
arrival traveltime, wavefront tracking methods are more reliable for providing a global
optimum solution of Eq. 9 compared to ray tracing methods as described above.
Moreover, the computation of traveltime does not require explicit ray tracing.

In order to conduct a deterministic inversion based on a reference model m0, for
which forward modeling results in certain traveltimes d0 = g(m0) (see Sect. 4.2),
the Fréchet matrix G is required. Using Fermat’s principle (Eq. 9) for traveltime
computation and assuming a small perturbation of the model vector δm so that the
ray path Γ is invariant, then one element of the Fréchet matrix reads

Gij =
∂gj
∂mi

(m0) =
∂

∂mi

∫
Γj

ds

v(x)
= −

∫
Γj

ds

v2(x)
bi(x), (24)

where Eq. 23 is used [57]. Thus, each component of G can be computed by a line
integral of −bi(x)/v

2(x) over the ray path Γj providing the appropriate traveltime.
I.e. the use of ray tracing methods for forward modelling as described already provide
the ray path needed for computing G (Eq. 24). Instead wavefront tracking does
not provide the ray path. However, the slowness vector p = ∇T (x) describing the
direction of ray propagation can be computed easily using the available traveltime
field (compare with Fig. 3.1). Thus, a ray connecting source and receiver is computed
a posteriori by propagating the negative slowness vector −p from receiver to the
source, which is a straight forward procedure.
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4.3.3 Problem regularization

As the Fréchet matrix G is obtained (Sect. 4.3.2), in principle the inversion can be
performed. However, as mentioned in Sect. 4.2, an inverse of G does generally not
exist and hence regularization is required. Regularization accounts for the under-
determination of the inverse problem and leads to a stabilization of the inversion.

Regularization applied for providing the minimum structure solution is referred as
smoothing regularization [17]. Here, the objective function (Eq. 22) is modified by
adding [59]

Ω(m) = mTDTDm, (25)

where Dm is a finite difference estimate of a specified spatial derivative [57].
Usually the operator D corresponds to a finite difference approximation of a gradient
or Laplacian. Adding Ω(m) to the objective function causes the inversion algorithm
to approach a solution d = g(m) with the constraint of a small slope (gradient)
or curvature (Laplacian) in the P-velocity model. Another approach often used for
solution stabilization is damping regularization. Damping is introduced by adding

Φ(m) = (m−m0)
T C−1

m (m−m0) , (26)

to the objective function (Eq. 22), where Cm is the a priori model covariance
matrix and m0 is the reference model. As damping is used in this study, the reference
model is referred as the model at the current inversion step. Adding Φ(m) (Eq. 26)
to the objective function will result in a solution of d = g(m) with the constraint of
small model perturbations δm = m−m0. Taking into account smoothing as well as
damping results in an objective function

S(m) =
1

2
[Ψ(m) + ηΩ(m) + λΦ(m)] , (27)

where η is the smoothing parameter and λ is the damping parameter [57]. Specify-
ing certain values for η and λ controls the trade-off between the terms of the objective
function. Increasing η or λ will increase the contribution of smoothing or damping,
respectively, with respect to minimizing Ψ(m).

Due to the freedom of choice of regularization parameters η and λ, one desires
finding optimum values for the parameters. In this study, only damping regularization
is applied (see Sect. 7.1.1), hence only a strategy for obtaining an optimum damping
parameter λ is discussed here. The L-curve test is a technique evaluating model
properties, i.e. data satisfaction and model perturbation, for a test series of inversions
based on certain values λ. Fig. 4.4 shows the L-curve test for three different models.
The shape of the L-curves are characteristic for traveltime tomography: for a large
damping value λ almost no perturbation is applied because damping regularization
affects the minimization of the objective function S(m) much more than minimizing
the misfit function (Eq. 27). This causes the data variance as well as the solution
variance to be close to zero. With decreasing λ, damping regularization also decreases
and minimizing the objective function S(m) incorporates minimizing Ψ(m). Hence,
data variance decreases and the solution variance increases due to larger perturbations
applied to the model vector m (Fig. 4.4). At a certain point, decreasing λ does
not lead to decreasing data variance. I.e. the model perturbation applied does not
improve the data fit anymore. As can be seen in Fig. 4.4, for very small values
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Figure 4.4: L-curve test for three different models denoted by Area A, B, and C after [20].
The values located at the plotted points correspond to the appropriate damping values λ.
The blue markers indicate the optimum damping values.

of λ, the model is significantly perturbed without obtaining a better data fit. For
Area C the data fit becomes even worse, which is an indication, that perturbations
applied exceed the validity of the linearization of the forward problem (see Sect.
4.3.2). For finding an optimum damping parameter λ, one tries to decrease data
variance at a minimum of model perturbation, i.e. solution variance, applied (Fig.
4.4, blue markers). Using this condition for regularization specification is reasonable,
because the model perturbation is kept as small as possible introducing a minimum of
structure that explains the data at best. Mathematically, the optimum damping can
be obtained via computation of the maximum curvature of the L-curve [13]. However,
for L-curves having the characteristic shape like in traveltime tomography (Fig. 4.4)
the optimum damping value can also be obtained from the L-curve manually. Here,
minimum damping values are used, which do not yet provide the minimum data
variance. It has to be mentioned here, that using also larger damping values λ than
the optimum value are always allowed. The reason is, that even though the maximum
reduction of data variance is not yet reached here, the model perturbation applied in
this case is small though. Thus, the requirement of minimum structure introduction
is also valid in this case.

4.3.4 Performing the inverse step

Assuming appropriate model constrains applied by regularization (Sect. 4.3.3), a
solution of the inverse problem (Sect. 4.2), i.e. a minimum of the objective function
S(m) (Eq. 27), can be obtained. The inverse step provides an estimate for a model
perturbation δm that minimizes the objective function.

For each element m within the M -dimensional model space, i.e. the vector space
of possible solutions m of the inverse problem, the objective function S(m) provides a
real number measuring the misfit between observed and modelled data. Even though a
lot of different methods for solving the inverse problem exist (see e.g. [57]), in this sec-
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Figure 4.5: Performance of three inversion methods in minimizing the objective function
S(m) (Eq. 27). While red colors denote large values of S(m), blue colors highlight small
values. For the steepest descent (black), conjugate gradient (dark grey) and Gauss-Newton
(light grey) methods convergence to the global (red dot) as well as a local (orange dot)
minimum is shown.

tion three methods minimizing the non-linear least-squares problem are highlighted.
To illustrate differences in these methods, a two-parameter model m = (m1,m2)

T is
assumed (Fig. 4.5).

For each inversion method at the ith iteration step, the current modelmi is updated
by a model perturbation δmi resulting in a new model mi+1 = mi + δmi. The model
perturbation provided by the steepest descent method (Fig. 4.5, black arrows) points
into the negative direction of the (local) gradient of the objective function S(mi) [72].
It is obvious, that this method is successful in finding a minimum of S(mi), because
at each iteration step the objective function value will decrease. Given the Fréchet
matrix Gi (see Sect. 4.3.2), the model perturbation is estimated by [57]

δmi = −αiCm∇mS(mi)

= −αiCm

[
GT

i C
−1
d (g(mi)− d) + ηDTDmi

]
. (28)

The advantage of this method is, that no matrix inversion is needed to be per-
formed because the perturbation δmi can be computed explicitly. However, since the
direction of model perturbation is determined using the local gradient, the quality
of estimation of the objective function S(mi) is comparatively low. Hence, steepest
descent is likely to require a lot of iteration steps to converge into a minimum (see
Fig. 4.5). Moreover, the step length αi has to be computed additionally, e.g. using a
line-search algorithm [88].

A more sophisticated approach for providing a model perturbation δmi is the con-
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jugate gradient method [33]. This method, first suggested for solving linear system of
equations, for a certain iteration step uses a search direction conjugate to all previous
iterations [57]. I.e. if the inverse problem is assumed linear, the minimum of S(m)
is reached at maximum M iteration steps neglecting numerical errors, because M
conjugate search directions span the full model space. Using the conjugate gradient
method, model perturbation can be computed by [57]

vi = Cm∇mS(mi) + µivi−1 (29)
δmi = −αivi, (30)

where vi denotes the search direction for the ith iteration step conjugate to all
previous iterations satisfied by e.g.

µi =
(∇mS(mi))

T Cm∇mS(mi)

(∇mS(mi−1))
T Cm∇mS(mi−1)

. (31)

The more non-linear the problem is, the more iteration steps are required and
the approach might not necessarily require less iterations than the steepest descent
method though (Fig. 4.5, dark grey arrows). However, the conjugate gradient method
does not require matrix inversion, which is beneficial for large M . It also provides
more reasonable model perturbations δmi compared to the steepest descent method.

A method suitable especially for small model spaces, is the Gauss-Newton method.
Using the Gauss-Newton method, model perturbation is [57]

δmi = −
[
GT

i C
−1
d Gi + ηDTD+ λC−1

m

]−1 [
GT

i C
−1
d (g(mi)− d) + ηDTDmi

]
(32)

In contrast to the previous methods, this approach requires matrix inversion (Eq.
32). However, the Gauss-Newton method is superior against methods discussed pre-
viously because it also estimates the curvature of the objective function S(mi) and
therefore converges much faster to a minimum (Fig. 4.5). For η = 0, this method is
also referred as the Damped least squares (DLS) [3, 2] approach. In this study, the
inversion is desired to be performed with a minimum of parameters explaining the
data. Hence, matrix inversion by use of the DLS method is applicable because M is
a small number.

Since the inverse problem to be solved is non-linear, the use of deterministic meth-
ods for the inversion does not guarantee a convergence to the global minimum of the
objective function S(m) (Fig. 4.5). Depending on the initial point in model space m0,
any local minimum in the vicinity of m0 can be identified as solution of the inverse
problem. Moreover, since data contains errors, the solution of the inverse problem
may not be defined by the global maximum of the objective function, but the subset
of model space for which the difference between observed and modelled data is smaller
than the data error. Hence, even if convergence into the global minimum is achieved,
this might not be a reasonable solution of the inverse problem. Consequently, non-
linear inverse problems require a careful assessment of the solution quality (see Sect.
4.3.5). However, a high quality solution may not only be characterized by determin-
istic methods but also should meet a priori expectations about the subsurface (also
see Sect. 7.1.2).
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4.3.5 Model resolution assessment

As indicated by Fig. 4.5, the initial model m0 of the inversion significantly governs
the inversion process and therefore the final model. For testing the reliability of a
solution, it is necessary to start the inversion at different points in model space and
compare the solutions. Of course, due to a large number of different possible local
minima of the objective function S(m), this recovery test will produce differences in
the solution. However, from this approach also parts of the model will recover by
using different initial models m0. Then a qualitative statement can be given about
the reliability of values at certain parameters.

Nevertheless, to obtain the full quantitative information about the reliability of the
solution of the non-linear inverse problem, this procedure would require a statistical
analysis resulting in the use of a very large number of different initial models, which
is not possible due to limited computational effort. In order to obtain quantitative
information about the solution quality, methods are used assuming that the obtained
solutionm is a result of a linear inverse problem [57, 2]. This linearization is beneficial,
because here methods exist providing a quantitative solution quality.

The resolution matrix R measures the dependence of model parameters on each
other. Assuming there is a linear relation between the solution and true model, the
resolution matrix can be defined by m = R ·mtrue [57]. It can be computed by

R =
[
GTC−1

d G+ λC−1
m

]−1
GTC−1

d G. (33)

While the diagonal elements of the resolution matrix, referred as Resolution ma-
trix diagonal elements (RDE), measure the reliability of the corresponding model
parameter, the values of off-diagonal elements represent the dependence of one model
parameter with respect to each other. The RDE provide values between 0 and 1,
where 0 denotes no reliability of the solution and 1 full reliability of the solution. By
mapping the RDE to the position of the corresponding parameters, the solution qual-
ity throughout the model can be evaluated. Usually, parts of the model are referred
as good resolved, for which RDE > 0.2 [32]. Examples of RDE maps in the framework
of this study are visualized in Figs. 7.13 and 7.26.

Another test closely related to the resolution matrix as connection between solu-
tion and true model is the Checkerboard test [46]. The Checkerboard test is based on
inverting data obtained from a synthetic velocity model having similar attributes as
the inverted velocity model, e.g. velocity structure and ray penetration depths. To this
basic velocity model a pattern with the shape of a checkerboard with a certain length
scale is added as perturbation. The amplitude of this checkerboard pattern should
represent the amplitude of velocity anomalies in the inverted velocity model, which
are considered to be resolved. Synthetic data is then created using this checkerboard
model representing the observed data d. This synthetic data is based on the same
acquisition geometry and data errors as the real observed data. Subsequently, the
synthetic data is inverted and the solution model is compared to the original checker-
board model. In parts of the model, where the pattern is recovered, the resolution
of the inverted model m is achieved at least to the length scale of the checkerboard
pattern. In Figs. 7.14 and 7.27, the Checkerboard test is applied to the P-velocity
models obtained in this study.

The important aspect that lets one connect the resolution of the checkerboard
model and the inverted model to each other is, that the solution models are inde-
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pendent from the true model. Hence, assuming the linearization of the problem valid
for both models, the resolution matrix R only depends on the data characteristics,
which are similar in both cases. Therefore, the resolution indicated by the structure
recovery of the synthetic Checkerboard test can be transferred to the solution model
m based on the real observed data d.
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5 Methodical developments

5.1 First break determination using multi-channel cross-cor-
relations

5.1.1 Concept introduction

The input data for traveltime tomography consists of traveltimes for different source
- receiver configurations (see Sect. 4.3). The determination of traveltimes using an
acquired seismic data set is established by first break picking. Even though a lot
of methods for automatic first break picking exist (e.g. [5, 27, 52]), so far there
is no method, that determines an acceptable first break without adjusting certain
parameters. The success of an automatic first break picker using a certain set of
parameters is strongly influenced by data properties like SNR and signal frequencies
and amplitudes. Therefore, an implementation of a fully automatically first break
picking is very difficult. Thus, due to a high level of control over the determined first
break picks, a manual first break picking is still usual.

A major advantage of automatic against manual first break picking is efficiency.
Thus, having a large seismic data set available, first break picking can be carried out
in a fraction of time required for manual first break picking. Instead, one type of data
used in this study is acquired using a 3D seismic array with a very low number of only
10 seismic stations (see Sect. 6.3.1). Hence, the number of first break picks being
theoretically available is very low. In particular, VibroSeis shots on three profiles with
very large source - receiver offset are recorded, for which the SNR is very low in some
cases. Therefore, the requirement for an automatic first break picker in this case is
rather accuracy than speed in order to obtain the maximum number of first break
picks possible.

Usually, a first break can not be determined, if the direct signal onset is superim-
posed with noise. I.e. regarding first break picking, the full data trace is worthless,
even though the major part of the refracted wave content φS(R, t) with source S
observed at a receiver R of the signal may be clearly visible. Assuming an identical
repetition of a measurement is conducted, the same refracted wave content φS(R, t) is
observed (also see Sect. 3.2.4). If the SNR for this experiment is sufficient to observe
a clear signal onset at a time t0, then also for the first measurement one can conclude
that the signal onset occurs at t0. If now the source location is slightly changed to S′

(Fig. 5.1) but the source signal s(t) remains identical, then the refracted wave content
can be estimated by φS′(R, t) ≈ φS(R, t+ δtSS′), where δtSS′ is the time difference of
the signal onsets for sources at S and S′. Therefore, the signal onset using the source
location S′ can also be extracted from the available signal onset for source location S
yielding t0 + δtSS′ . I.e. if the refracted wave content for a set of source locations {S}
with similar source signal s(t) is known, then the signal onset for each source location
is given, if the signal onset for one source location is given.

This concept can be used for first break picking. The advantage is, that for a
number of seismic data traces observing the same refracted wave content φ(R, t), only
one first break pick is needed to assign traveltimes to all data traces. However, this
method requires, that the refracted wave content φ(R, t) corresponding to the source
locations taken into account only show constant time shifts with respect to each other.
This is a good approximation for very close source locations, but is strictly invalid
for distant sources because the earth’s response might change significantly causing
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Figure 5.1: Illustration of the concept of multi-channel cross-correlations applied for first
break picking. For a seismic measurement, the source locations S and S′ are close to each
other and the source signal s(t) is assumed to be similar. For a fixed receiver position R,
the refracted wave contents φS(R, t) and φS′(R, t) arrive at a time difference of δtSS′ .

different signal structures. Hence, using the concept described here, only parts of the
available data set can be processed simultaneously.

5.1.2 Mathematical description

Let the signals

ψSi
(R, t) = φSi

(R, t) +N(R, t), t ∈ [0, tmax] (34)

emitted at sources Si and observed at one receiver R be composed of refracted
wave contents φSi

(R, t) and seismic noise N(R, t), where i = 1, . . . , N . Of course,
the signals do also contain reflections, which are assumed to occur at later times than
tmax. For the refracted wave content φS0(R, t) emitted at a reference source S0, the
time shifts δtSiS0 of the refracted wave contents in ψSi

(R, t) can be identified using
using cross-correlation (see Sect. 3.2.2) as

δtSiS0 =
{
τ : (ψSi

⋆ φS0) (τ) = max
t

{
(ψSi

⋆ φS0) (t)
}}
, (35)

assuming that the noise N(R, t) is uncorrelated with any other signal. Hence,
traveltime information available for source S0 and receiver R can be easily transferred
to sources Si and receiver R. Fig. 5.2(a) illustrates, how the application of this
method provides traveltime shifts δtSiS0 for noise-free data. Here, the traveltime
shifts are clearly indicated by the maxima of the data correlated with the reference
source signal (right). For more realistic seismic data with SNR = 2 (Fig. 5.2(b)),
one observes, that the traveltime shifts are still visible, whereas clear signal onsets in
the seismic data (left) are hardly visible. Thus, this example highlights the success
of traveltime shift computation using Eq. 35 for realistic seismic data. However,
the example in Fig. 5.2(b) requires the (noise-free) refracted wave content φS0(R, t)
corresponding to the reference source S0 to be available for correlation. This is,
however, not the case and achieving the traveltime shifts δtSiS0 as illustrated in Fig.
5.2(b) is not possible. To emulate a more realistic scenario, instead of the noise-free
signal φS0(R, t) the noisy signal ψS0(R, t) is used for correlation (Fig. 5.2(c)). It
can be seen, that this method is not successful for all seismic traces corresponding to
sources Si. Here, the maxima of the correlation functions do not always coincide with
the traveltime shifts δtSiS0 .

If one assumes vice versa, that instead of the refracted wave content φS0(R, t)
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Figure 5.2: Synthetic data used to visualize the influence of noise on the determination
of traveltime shifts δtSiS0 . (a) Noise-free shotgather ψSi

(R, t) = φSi
(R, t) (left) correlated

with the noise-free reference signal ψS0(R, t), which therefore equals the refracted wave
content of the reference signal φS0(R, t) (red trace in the center). The traveltime shifts
δtSiS0 are clearly visible as maxima of the correlation function (right). (b) Noisy shotgather
ψSi

(R, t) (left) with SNR = 2 correlated with the noise-free reference signal ψS0(R, t), which
therefore equals the refracted wave content of the reference signal φS0(R, t) (red trace in
the center). Again, the traveltime shifts δtSiS0 correspond to the maxima of the correlation
function (right). (c) Noisy shotgather ψSi

(R, t) (left) with SNR = 2 correlated with the
noisy reference signal ψS0(R, t) (red trace in the center). Here, the correlation with the
noisy reference signal causes the method to fail: the traveltime shifts δtSiS0 do not always
correspond to the maxima of the correlation function (right). The red signals highlight the
seismic data corresponding to the reference source S0.

all time shifts δtSiS0 were available, then a very good estimate of the refracted wave
content could be obtained. Similar to Fig. 5.2(c), Fig. 5.3(a) shows the correlation of
the seismic data using ψS0(R, t), which results in maxima of the correlation function
not coinciding with the traveltime shifts δtSiS0 . A subtraction of the known traveltime
shifts from the seismic data traces (Fig. 5.3(b)) transforms each source positions
Si to S0. Hence, the set of signals are physically equivalent. The only difference
in the traces is the seismic noise superimposing the refracted wave contents. As
demonstrated in Sect. 3.2.4, the SNR of physically equivalent signals can be improved
using diversity stacking. The result of diversity stacking (Fig. 5.3(b), right) is a much
better representation of the refracted wave content φS0(R, t) than the noisy signal
ψS0(R, t), because random noise partially cancels out. Using this representation for
correlation (Fig. 5.3(c)), the traveltime shifts δtSiS0 are clearly observed as maxima
of the correlation function.
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Figure 5.3: Illustration of the refracted content ϕS0(R, t) construction using available tra-
veltime shifts δtSiS0 . (a) Noisy shotgather ψSi

(R, t) (left) with SNR = 2 and known travel-
time shifts δtSiS0 (blue) correlated with the noisy reference signal ψS0(R, t) (center). The
correlation function depicted to the right shows, that maxima do not always coincide with
the available traveltime shifts δtSiS0 (compare with Fig. 5.2(c)). (b) Shotgather after sub-
tracting the traveltime shifts (left). Diversity stacking of the traces provides a much better
estimate of the refracted wave content ϕS0(R, t) than using ψS0(R, t) in (a). (c) Noisy shot-
gather ψSi

(R, t) (left) as in (a) correlated with the estimated refracted wave obtained from
diversity stacking in (b). The traveltime shifts δtSiS0 clearly coincide with the maxima of
the correlation function in (c), which is a significant improvement against (a).

The two examples illustrated in Figs. 5.2 and 5.3 show, that from the (noise-free)
refracted wave content ϕS0(R, t), the traveltime shifts δtSiS0 can be obtained and vice
versa. Hence, having ϕS0(R, t) or δtSiS0 available allows for traveltime determination
of waves emitted at the sources Si (see Sect. 5.1.1). Unfortunately, in a real data
example, neither the refracted wave content nor the traveltime shifts are available.
Therefore, an optimization problem is constructed to obtain both ϕS0(R, t) and δtSiS0

from the real data simultaneously. Given an objective function

χ(δt) =
1

N

N∑
i=1

(ψSi
� ϕS0) (δti)√

(ψSi
� ψSi

) (0)
√
(ϕS0 � ϕS0) (0)

(36)

and an estimate of the refracted wave content emitted at the reference source S0

ϕS0(R, t) = DIVSTK

{(
ψS1(R, t + δt1), . . . , ψSN

(R, t + δtN)
)}

, (37)

the vector δt = (δt1, . . . , δtN) providing the maximum value of χ contains the de-
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Figure 5.4: Illustration of objective function value χ (Eq. 36) for traveltime shifts δt based
on two apparent velocities v1 and v2 for different SNRs. (a) Seismic data for SNR = ∞ and
(b) corresponding χ. (c) Seismic data for SNR = 2 and (d) corresponding χ. (e) Seismic
data for SNR = 1/4 and (f) corresponding χ.

sired traveltime shifts. Like in the example in Fig. 5.3, the estimate of the refracted
content of the wave field φS0(R, t) is given by diversity stacking of the shifted seis-
mic data ψSi

(R, t). Note the cross-correlation of φS0(R, t) and ψSi
(R, t) in Eq. 36

is already introduced in Eq. 35 for providing traveltime shifts δS0Si
for uncorrelated

noise. Therefore, Eq. 36 is considered as an averaging of cross-correlations for dif-
ferent sources Si. Each contributing signal is normalized by its total power (see the
denominator in Eq. 36), hence each term of the sum corresponds to the definition
of the correlation coefficient of the shifted data ψSi

(R, t) and the estimated refracted
content φS0(R, t) (see Eq. 34). Consequently, the value of χ is always ≤ 1 and
provides a measure of the average accordance of ψSi

(R, t+ δti) and φS0(R, t).
Fig. 5.4 shows the value of the objective function χ (right) for synthetic data (left)

with different SNRs. For better visualization, the N -dimension problem is projected
to 2D by not varying the N traveltime shifts independently, but linking the traveltime
shifts to two different apparent velocities v1 and v2, respectively, at a fixed intersection
at x0 = 1900 m offset, I.e.
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δti(v1, v2) =
{ xi/v1, if xi ≤ 1900 m

xi/v2, if xi > 1900 m
, (38)

where xi is the source - receiver offset corresponding to the ith data trace. Hence,
obtaining the refracted wave content φS0(R, t) and the traveltime shifts δtSiS0 is
performed by optimizing χ (Eq. 36) with respect to v1 and v2 (Eq. 38). In Fig.
5.4(a) the noise-free synthetic data is shown. One obverses, that the traveltimes
in this example meet the requirements of traveltime shifts forced by Eq. 38 with
v1 = 3000 m/s and v2 = 5000 m/s. Hence, relation Eq. 38 is capable to provide
traveltime shifts exactly removing the traveltime deviations between all traces. Fig.
5.4(b) shows the corresponding value χ of the objective function for different apparent
velocities v1 and v2. For the values v1 = 3000 m/s and v2 = 5000 m/s the maximum
of the objective function is visible. When superimposing the synthetic data with noise
(Fig. 5.4(c)) resulting in a SNR = 2, the first breaks are hardly visible. However,
the maximum of the objective function χ at v1 = 3000 m/s and v2 = 5000 m/s is
still significant (Fig. 5.4(d)). When decreasing the data quality significantly to SNR
= 1/4 (Fig. 5.4(e)), not even the wanted signal can be observed in the seismic data.
Surprisingly, the maximum of the objective function is still located at v1 = 3000 m/s
and v2 = 5000 m/s (Fig. 5.4(f)). Thus, an algorithm finding the global maximum of
χ is capable to provide the correct traveltime shifts for SNR = 2 and even SNR = 1/4,
at least using this synthetic example. However, in Fig. 5.4(d) and (f) a lot a local
maxima of the objective function χ are observed. Even if seismic data is available with
a high SNR, band-limitation of frequencies contained in a seismic signal introduces a
certain periodicity, leading to local maxima of the objective function χ (Fig. 5.4(b)
and (c)). Hence, a local search algorithm like a gradient approach (compare with Sect.
4.3.4) may not be capable to locate the global maximum and a global optimization
technique is required.

5.1.3 Genetic algorithm and synthetic test

In this study, a genetic algorithm [29] is applied to maximize χ (Eq. 36) for obtaining
the refracted wave content φS0(R, t) and the traveltime shifts δtSiS0 (see Sect. 5.1.2).
This algorithm searches a maximum of χ by imitating processes of natural selection.
The algorithm used here can be briefly described by a set of operations acting on trial
solutions δt:

• Initialization: The set of trial solutions δt is initialized. Each trial solution
represents a genome of an individual. Each component of a trial solution δt is
referred as an allele from which the genom is constructed. Each individual is part
of a population. The initialization of the population is performed by defining
random trial solutions. The value χ(δt) of the objective function represents
the fitness of one individual. The magnitude of the fitness decides whether the
individual survives and its genetic information is reproduced.

• Selection: Two thirds of individuals of the population with the highest fitness
are selected. The remaining individuals die.

• Recombination: From the surviving individuals, couples are randomly formed.
Each couple produces a new individual. The genome of the new individual is
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Figure 5.5: Two optimizations for obtaining traveltime shifts δt and δt′ with respect to
reference source positions S0 and S′

0, respectively. The source positions considered for
traveltime shift computation regarding reference source S0 (S′

0) are framed by the red (green)
box. For source positions Si and Sj being part of both optimizations, the traveltime shift
δtij is overdetermined because it can be computed based on traveltime shifts from both
optimizations.

composed of the alleles of the corresponding couple, whereas it is randomly
chosen which individual passes which allele to the new individual.

• Mutation: The genom of a small number of new individuals is modified. Here,
a small perturbation is applied to the alleles.

• Switch to Selection and repeat the operations until a termination criterion is
fulfilled. The procedure is terminated if a fixed number of iterations is executed
or the mean fitness of the population exceeds a certain value.

The genome of the individual with maximum fitness χ is used as solution providing
the desired traveltime shifts δt. In this study, each VibroSeis shot position is treated as
reference source S0 (see Sect. 5.1.2). For one reference source position, the traveltime
shifts with respect toN different shot positions are computed in a roll-along procedure.
Usually, these N shot positions are characterized by the shortest offsets with respect
to the reference shot position S0, which ensures, that the signal structure does not
differ significantly due to varying subsurface response.

Between two source positions Si and Sj for which the traveltime shifts with respect
to the reference source S0, i.e. δti and δtj, are computed, also the traveltime shift
between source Si and Sj, δtij = δti − δtj, is available. Moreover, if |j − i| < N , the
traveltime shifts for both the source positions may also be available from another op-
timization using S′

0 as reference source (Fig. 5.5). Hence, for short-distanced source
positions, multiple traveltime shifts are available. To account for this overdetermina-
tion of traveltime shifts, the method of linear least squares [45] is used to gain one
stochastic result for each traveltime shift. The available traveltime shifts δtij are used
to refer traveltimes from different optimizations to one single reference source posi-
tion with (yet not available) traveltime t0. Let be Dα the difference matrix connecting
source locations Si and Sj for a specific optimization α with available traveltime shifts
δtα, then the relation

Dα∆t = δtα (39)

holds, where ∆t = (t1 − t0, . . . , ti − t0, . . . , tj − t0, . . .) contains the stochastic dif-
ferences between traveltimes corresponding to all source positions and the traveltime
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corresponding to the reference source. For the computation of ∆t using a certain set
of optimizations, the system of equations reads

D∆t = d, (40)

with

D =


D1 0 . . . . . .

0
. . . 0 . . .

... 0 Dα

...
... . . .

 , (41)

where d = (δt1, . . . , δtα, . . .) is the vector containing traveltime shifts from all
optimizations α considered. The system of equations (Eq. 40) is solved using a
Gauss-Newton algorithm (also see Sect. 4.3.4), i.e.

∆t =
(
DTD

)−1
DTd. (42)

Now, all seismic data traces can be shifted to the level of one reference source. If
the structure of the refracted wave content is similar for all traces, then diversity stack-
ing of the shifted traces provides the noise-reduced refracted wave content φS0(R, t)
corresponding to the reference source position S0. Here manual first break picking is
performed. Due to the available traveltime shifts ∆t also the traveltimes correspond-
ing to any other source position is then available. Manual first break picking has to
be performed only once for all traces refered to one reference source position S0.

For obtaining traveltime shifts of signal onsets in seismic data, it is useful to choose
the initial set of trial solutions based on characteristic traveltime curve relations rather
than random traveltime shifts δt. As depicted in Fig. 5.4(a), using apparent velocities
as input parameters can significantly reduce the dimension of the problem and provide
traveltime curves very likely to their natural appearance. To increase the number of
degrees of freedom in the initial set of trial solutions, traveltime shifts based on n > 2
piecewise constant apparent velocities are used depending on range of offsets available
for one optimization.

In order to verify the functionality of the algorithm introduced, a synthetic study
is conducted. Using a random velocity model with increasing velocities with depth, a
profile is arranged from 0 to 1200 m and at an increment of 30 m seismic sources are
placed. From the wave field emitted at each source position, only refracted waves are
modelled. The wavelet used is approximately minimum phase and contains frequencies
of 10 − 80 Hz and is similar to the wavelet expected for the seismic data processed
in this study (see Sect. 6.2 and 6.3). The signals are superimposed with white noise
resulting in SNR = 2.5. Fig. 5.6(a) shows the data traces acquired at the receiver.
In the seismic data, the wanted signal is visible due to a clear positive deflection.
However, the signal onset is characterized by a negative deflection and superimposed
with seismic noise, which makes first break picking difficult. Therefore, accurate first
break picking can not be ensured for all traces.

The first break picking algorithm introduced in this section provides the travel-
times illustrated (Fig. 5.6(a), blue line). For determining the traveltime shifts, N = 11
is chosen. The genetic algorithm is conducted for 60 iteration steps at a population
size of 3000 individuals. A mutation rate of 5 % is applied with a maximum ampli-
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Figure 5.6: Illustration of the automatic picking algorithm applied on a synthetic data set.
(a) Data traces corresponding to the source positions measured at the receiver at 0 m. The
blue line shows the first break picks obtained from applying the automatic picking algorithm.
(b) Some data traces from (a) in black and the result of diversity stacking of the data traces
shifted (red) by the obtained traveltime differences ∆t. (c) Subtraction of the obtained
traveltime from the data traces in (a) for better visualization of first break picking accuracy.

tude of 10 ms of traveltime shift perturbations. The initial population is created using
apparent velocities from −2 to 9 km/s at 8 individual segments per km.

The traveltimes obtained from the optimization of χ (Fig. 5.6(a), blue line) in
most cases appear very accurate. This is visible by a constant time difference of
the obtained traveltimes (blue line) with respect to the significant positive deflection
contained in the wavelet. Moreover, the quality can be assessed by shifting all data
traces by the associated traveltime (Fig. 5.6(c)) projecting all first breaks to 0 s.
Here, again a high quality of first breaks but also an erroneous first break at 180 m is
visible. Thus, in praxi the algorithm works well, but it does also provide insufficient
first break picks at SNR = 2.5, which have to be detected and removed. Fig. 5.6(b)
shows some data traces from the seismic data set (black) and the diversity stack of
the data traces shifted by the associated traveltime (red). One observes, that the
noise content in the diversity stacked result is much lower than in the seismic data
traces. The diversity stack is used to determine the traveltime t0 corresponding to
the reference source. Due to the high signal quality, manual first break picking of
traveltime t0 is performed easily here.

The synthetic example (Fig. 5.6) shows, that the algorithm provides sufficient tra-
veltime results. However, applying it to real data is only possible in a semi-automatic
procedure. First, time windows have to be selected only containing the refracted
wave content. Reflections as well as surface waves, sometimes showing much larger
amplitudes than the refraction, would cause the algorithm to determine the traveltime
shifts corresponding to these phases. Also a refractor change regarding the signal onset
has to be considered with caution. Since the algorithm assumes, that the subsurface
response does only vary by a time shift, it can not handle phase transitions. Therefore,
phase shifts have to be manually detected and the algorithm conducted for each
specific refractor separately. Nevertheless, this manual adjustment required is much
more effective than conventional manual first break picking of each trace. Moreover,
the algorithm used does also supply first breaks for signal onsets superimposed with
seismic noise, which can not be achieved by manual first break picking.
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5.2 First break picking quality control based on assuming lay-
ered subsurface with constant incidence angle (LSCI)

5.2.1 Motivation

The application of first break picking, whether manually or automatically conducted,
always produces errors. The magnitude of first break errors depends on different data
properties like SNR or dominating signal frequencies. For traveltime tomography,
erroneous traveltimes affect the inversion result and have to be detected and removed.
For the determination of first breaks of one data set used in this study (see Sect.
6.2), an automatic first break picking based on an STA/LTA approach is conducted.
Since this data set consists of a large number of seismic data traces, an automatic
determination of traveltimes is beneficial. However, also the number of first break
picks obtained is too large for applying a manual quality control. Therefore it is
necessary to introduce a criterion, which automatically assesses the quality of a first
break pick for this data set.

The subsurface structure in the investigation area is characterized by geological
units having more or the less constant thicknesses (Fig. 5.7(a)). For source - receiver
offsets smaller than 2000 m, which is smaller than the wavelength of the horizontal
heterongeneity of the subsurface, the major refractions in the seismic data based on
one VibroSeis shot only indicate flat refractors. I.e. the local subsurface structure
appears as layered medium with constant angle of incidence (Fig. 5.7(b)). This
information empirically obtained from the seismic data (see Sect. 6.2) is very useful
to investigate the sufficiency of automatically determined first break picks.

Figure 5.7: Layered subsurface model with locally constant angle of incidence in the in-
vestigation area and corresponding traveltime curves. (a) Schematic geological model with
constant thicknesses of geological layers. The star highlights one source position. Within the
dashed frame all receivers of the source signal are assumed to be located. Hence, subsurface
structure within the volume of seismic sensitivity associated with the dashed frame can be
approximated by layered medium with constant angle of incidence. (b) Zoomed illustra-
tion corresponding to the dashed frame in (a) with seismic velocities vi, layer thicknesses
di and angle of incidence α. The source S is denoted by a star. The yellow triangles in-
dicate receivers R1, R2, . . ., Rn observing refractions (blue lines) at different refractors.
(c) Traveltime curves (blue) corresponding to a subsurface structure as illustrated in (b).
Here, ṽi denotes the apparent velocity associated with a refraction at the ith layer. The
vertical dotted lines highlight the phase transition offsets |Ri − S|. Fitting of the traveltime
curves is based on the major part of sufficient first break picks (green crosses). Outliers (red
and orange crosses) are identified by a deviation from the fitted traveltime curve. Here red
crosses highlight outliers due to strong seismic noise, orange crosses denote erroneous first
break picks due to vanishing amplitudes of the fastest refraction (see Sect. 6.2.2 and 6.3.1).
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A layered subsurface with constant incidence angle (LSCI) consisting of n − 1
layers and a half space can be fully characterized by 2n parameters. There are n
velocities, each corresponding to one refractor, n − 1 layer thicknesses di and one
angle of incidence α (Fig. 5.7(b)). The relation of traveltimes TS(x) for such a model
is characterized by piecewise constant apparent velocities ṽi (Fig. 5.7(c), blue lines).
Moreover, a model represented by a LSCI must show an increasing apparent velocity
with offset [67].

Assume a set of first break picks given, where most of the first break picks are
sufficient. Then, these traveltimes can be fitted to a traveltime curve corresponding
to a certain LSCI. Whereas first break picks coinciding with the obtained LSCI (Fig.
5.7(c), green crosses) are explained by the characteristic traveltime curve very well,
outliers can be identified by a large traveltime deviation. E.g. erroneous picks intro-
duced due to strong noise (Fig. 5.7(c), red crosses) are more or the less randomly
distributed around the LSCI traveltime curve and can be easily identified. However,
randomly distributed errors do not necessarily require an LSCI for detection. The
important factor of assuming a LSCI is, that it is very sensitive to slightly too late
first break picks, which occur systematically (Fig. 5.7(c), orange crosses). Since the
deviation of such first break picks with respect to the traveltime curve is very small
and positive without exception, the corresponding traveltimes themselves affect the
fitted LSCI.

In Sect. 6.2.2 erroneous first break picks from our data set are associated with
vanishing amplitudes of the fastest refracted or direct phase. This amplitude sub-
sequently vanishes to zero and the automatic first break is assigned to the second
arrival phase with higher amplitude. At the point, where a transition from the first
to the second arrival phase is observed, the traveltime curve shows a jump, which is
characterized by an apparent velocity smaller than the apparent velocity for smaller
offsets. Consequently, at a constant angle of incidence, the velocity of the refractor
associated with the jump must also show a smaller velocity as the refractor above.
However, a refraction at a low-velocity layer can even theoretically not occur and thus
a jump of the traveltime curve is prohibited. Hence, the erroneous picks occurring
systematically too late are identified by the LSCI quality appraisal because they do
not fulfil the requirements for the construction of a LSCI.

5.2.2 Detecting erroneous first break picks

Finding an appropriate LSCI corresponding to the traveltimes obtained from auto-
matic first break picking is conducted using an optimization algorithm. Given a set
of M traveltimes dobs = (t1, . . . , tM), the algorithm aims for finding a LSCI, which
explains the traveltimes at best. As model parameters, not the seismic velocities and
layer thicknesses describing a specific LSCI are used (see Sect. 5.2.1), but the equiv-
alent apparent velocities ṽi and phase transition offsets Xi (see Fig. 5.7(c)). This is
because latter parameters are easily obtained from fits of traveltimes to a traveltime
curve. A model is defined by m = (ṽ1, . . . , ṽN , X2, . . . XN−1), where N is the number
of refractors considered (see Fig. 5.7(b)).

Forward modeling only requires the specification of phase transition offsets Xi.
An apparent velocity ṽi is determined from fitting the available traveltimes in the
range {Xi, Xi+1} to a line. Thus, the optimization problem effectively only has N
degrees of freedom. The lines associated with the different apparent velocities are
connected at the phase transition offsets. At this point, model parameters, which
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Figure 5.8: Illustration of the LSCI quality appraisal. (a) A set of first break picks (black
dots) using a synthetic LSCI defined by apparent velocities ṽi (solid blue lines) and phase
transition offsets Xi. The first break picks contain random as well as systematic errors. (b)
Apparent velocity fits (solid lines) based on the first break picks in (a) corresponding to phase
transition offsets indicated by the vertical dashed lines. Here, the apparent velocity ṽ2 (solid
red line) is smaller than ṽ1, which is prohibited for a LSCI. Hence, the appropriate refractor
(grey background) defined by ṽ2 and X3 is removed. Then a new fit based on the remaining
phase transition offsets is performed resulting in a new apparent velocity (thick green line),
for which ṽ2 is now greater than ṽ1 and in coincidence with the LSCI construction. One
observes, that most of the first break picks for the medium source - receiver offsets do not
coincide with the new apparent velocity ṽ2 (thick green line). I.e. this specific LSCI does
not explain the traveltimes sufficiently and a large traveltime RMS residual (Eq. 43) is
obtained. (c) Optimized LSCI for the first break picks in (a) having the smallest traveltime
RMS residual. Random and systematic first break errors do not fit the obtained traveltime
curves and are removed (red dots). In contrast, matching first break picks (green dots) are
accepted.

do not coincide with a LSCI, are corrected. Especially refractions at refractors with
decreasing apparent velocities ṽi with offset, which are prohibited for LSCIs (see Fig.
5.8(b)), are removed. Here, the transition offsetXi+1 is removed and forward modeling
is repeated until only increasing apparent velocities with offset are present. This is
an important key in detecting systematic errors in the first break picks related to
vanishing amplitudes of the fastest refracted phase (see Sect. 6.2.2).

The quality of one model m is measured by the traveltime RMS residual

δdRMS =

√
(dcomp − dobs)

T W (dcomp − dobs) /M, (43)

where dcomp are the traveltimes based on the obtained apparent velocities ṽi and
W is a weighting matrix. The values of the diagonal elements of W are adjusted
to the sign of the traveltime deviation dcomp − dobs. Whereas positive traveltime
deviations are weighted by Wii = 1, negative deviations are weighted by Wii < 1 in
order to down-weight the influence of first break picks occurring systematically too
late. The optimization problem assuming a fixed number of N refractors is solved
using a simplex algorithm [19], which is likely to converge slowly but does not require
the computation of a Fréchet matrix (compare with Sect. 4.2). The optimization is
conducted for a varying number of refractors. The model with the smallest traveltime
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RMS residual (Eq. 43) is used as solution LSCI. Based on the magnitude of traveltime
deviation dcomp−dobs, first break picks are accepted or rejected. First break picks not
coinciding with the optimized LSCI are rejected, if the traveltime deviation is large.

Fig. 5.8 illustrates the application of the LSCI quality appraisal to a synthetic
set of first break picks containing 20 % random and also systematic errors. The
traveltime data produced are based on a three-layer model (Fig. 5.8(a)). For a
specific set of phase transition offsets Xi, forward modeling using the LSCI method
is illustrated in Fig. 5.8(b). Here, the apparent velocity ṽ2 (red solid line) is smaller
than the apparent velocity ṽ1, which is prohibited for a LSCI. Hence, the refractor
corresponding to grey background is removed. Then, a fit for first break picks in
the range {X2, X4} is performed for finding a new apparent velocity which coincides
with a LSCI subsurface structure. Now, the model is characterized by only increasing
apparent velocities with offsets (Fig. 5.8(b), green solid lines). However, regarding
the traveltime RMS residual (Eq. 43), this model explains the first break picks worse.
Therefore, the phase transition offsets Xi are optimized for providing the smallest
traveltime RMS residual. The result of the optimization is depicted in Fig. 5.8(c).
Even though the number of 3 velocity layers in the input model (Fig. 5.8(a)) is
not recovered, the apparent velocities ṽi and phase transition offsets Xi are in good
agreement. A certain threshold for the traveltime deviation dcomp − dobs is defined
deciding whether first break picks are accepted (green dots) or rejected (red dots).
As shown in Fig. 5.8, the LSCI quality appraisal is sufficient for the synthetic data
set used: all random errors of first break picking as well as most of the systematically
occurring erroneous first break picks are removed. Since the synthetic data set (Fig.
5.8) is very similar to the first break picks obtained using the seismic data (see Sect.
6.2.2), a good applicability is expected here.
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6 Seismic data acquisition and processing

6.1 Experimental setup

In 2011 a seismic survey was conducted in the Thuringian Basin in the framework of
INFLUINS [28]. In order to investigate the prevailing geological structure of the basin,
three reflection seismic profiles (Fig. 6.1, thick black lines) were established in the
center of the basin near the city of Erfurt. At the crossing of two of the profiles, the
borehole FB-EF 1/2012 [1, 44] is located (Fig. 6.1, green circle). Using the reflection
profiles, the possibility of an extrapolation of the subsurface information acquired
at the drill location is achieved. Two reflection seismic profiles named P1 and P2
with lengths of 39 km and 16 km are orientated SW-NE and cross the major fault
zones, i.e. the Erfurt fault zone and the Gotha-Saalfeld-Eichenberg fault zone, almost
perpendicularly (Fig. 6.1(a)). This in-line arrangement (see Sect. 3.2.1) is promising
for imaging the structure strongly influenced by basin faulting. The profile P3 with
21 km length perpendicularly oriented with respect to the other profiles was designed
for investigating the basin structure hardly affected by the fault systems.

In total, the rectangularity of the experimental design with respect to expected
regional trends may provide a good image of the 3D basin structure, even though
the geometry of the reflection seismic experiment is 2D. However, as indicated on
the geological map (Fig. 6.1(a)), the Erfurt fault zone (see Sect. 2) might be more
complex in the investigation area for imaging its influence on the basin structure by
only using 2D cross-sections. Moreover, apart from investigating structural deforma-
tions of the geological units as a whole, of interest is the study of internal material
heterogeneitiy, e.g. porosity or mechanical defects, caused by the fault systems. In
order to obtain better assessment of the 3D structural as well as material properties,
the experimental setup was extended by an array of 10 seismic recording units (Fig.
6.1, yellow triangles) aiming for the registration of source signal refractions on the
profiles. Complementary to the in-line geometry provided by the reflection seismic
profiles, a broadside refraction setup (see Sect. 3.2.1) was achieved by the 3D seismic
array.

The acquisition parameters of the reflection seismic measurement were adapted
to obtain a reasonable data quality for the target depth of 1000 to 2000 m [41]. As
seismic source the vibrator vehicle Failing Y-2400 was used with a maximum force
of 218 kN at an energy point spacing of 30 m along each profile (see Sect. 3.2.2). At
each energy point, 6 linear sweeps of 12 s length were emitted in the frequency band
of 10 to 80 Hz. The one-component receiver geophones of 10 Hz eigenfrequency were
placed at a spacing of 10 m. For signal registration the Smart System (24 bit ADC)
were used with a sampling rate of 2 ms.

The complementary array of recording systems (Fig. 6.2) consisting of one-compo-
nent geophones with 4 Hz eigenfrequency and data recorders (DSS Cube data loggers
from GFZ Potsdam, Germany) was positioned between the profiles P1 and P2 to
the north and the south of the Erfurt fault zone (Fig. 6.1, yellow triangles). This
arrangement allows for a maximum number of total and linearly independent signal
recordings as it is surrounded by energy points. Here, a sampling rate of 2.5 ms at
continuous recording was used. The data recorders have GPS antennas implemented,
which provide Coordinate Universal Time (UTC) stamps for the recorded data. For
obtaining the global VibroSeis shot times, a trigger-box of equivalent architecture with
respect to the data recorders was deployed in the vibrator vehicle. A major challenge
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Figure 6.1: Investigation area of the seismic survey conducted. The reflection seismic profiles
P1, P2, and P3 are indicated by the thick black lines. The yellow triangles correspond to
the sites of the recording seismic array. The green circle denotes the location of the drilling
FB-EF 1/2012 [1, 44]. (a) Geological map [80] of the investigation area including the Erfurt
fault zone and the Gotha-Saalfeld-Eichenberg fault zone indicated by thin black lines. The
inset shows the location of the survey area in Thuringia. A figure legend is found in Fig.
2.1. (b) Satellite image of the investigation area illustrating the land use. The coordinates
correspond to Gauss-Krüger (zone 4) northing (vertical axis) and easting (horizontal axis).
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Figure 6.2: One seismic station being part of the 3D seismic array (Fig. 6.1, yellow tri-
angles). (a) Elements and (b) deployment of one seismic station. Each station consists of
a one-component geophone (A), the data recorder (B) and an external battery box (C) for
long-time power supply.

in the array positioning was to find suitable sites. As shown in Fig. 6.1(b), a great
part of the investigation area is located near the city of Erfurt and is expected to
face strong human infrastructure producing a large amount of seismic noise. In order
to keep the signal quality as good as possible, the recording systems were placed in
open areas more then 50 - 100 m away from significant infrastructure. However, the
recording systems to the south-west were placed in the suburbs of Erfurt, where no
open areas are present. Thus, we expected the data quality to be much worse in the
south-west than in the rest of the investigation area.

6.2 Processing of the reflection seismic data

6.2.1 Data processing steps

The .segy files supplied by the contractor are available in different completed pro-
cessing states of the reflection seismic data. However, in order to fully control the
state of the data, processing is started from the very beginning, i.e. using the raw
shot records. At first the geometry of the seismic survey, i.e. source and receiver
positions are transferred to the headers of the corresponding .segy files. For each of
the six sweeps emitted at each energy point one record is available.

For obtaining high quality seismic data for first break picking, only a few processing
steps are necessary. These processing steps are illustrated here on the example of one
record, i.e. record 3200 obtained on profile P2 (see Fig. 6.1). Fig. 6.3(a) shows
the raw data and its amplitude spectrum in the inset, respectively. The seismic data
is characterized by a high SNR for the near-offset records at low frequencies. The
SNR decreases with increasing offset and noise spikes become visible. The amplitude
spectrum reflects the large amount of low-frequencies (10 - 40 Hz) contained in the
data. For frequencies of 40 Hz to 80 Hz, the sweep signal is only marginally observed.
This is due to increasing attenuation of the source signal with increasing frequency.
The spectral amplitude of frequencies higher than 80 Hz, which only contain noise, is
comparatively low. Only at 120 Hz the spectral amplitude approaches the magnitude
of the high-frequency content of the signal. However, frequencies not contained in
the source signal, i.e. 0 - 10 Hz and > 80 Hz, are removed by applying a zero-phase
sine-squared tapered band-pass filter (Fig. 6.3(b), Sect. 3.2.4). Due to the low
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Figure 6.3: Illustration of data processing steps on the example of record 3200. (a) Each
fifth trace of the normalized raw record. (b) The normalized result of a 10 - 80 Hz band-pass
filtering of the data in (a). (c) The normalized result of stacking the six available band-pass
filtered records. (d) The normalized result of diversity stacking the six available band-pass
filtered records. The insets show the power normalized amplitude spectra in black. The blue
curves in the insets correspond to the power normalized amplitude spectra of the sweep from
the true reference record in the auxiliary traces.
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amount of noise for frequencies of 0 - 10 Hz and > 80 Hz in record 3200, the seismic
data as well as the amplitude spectra do not change significantly. Now stacking of
the six equivalent records available for the appropriate energy point is performed.
Simple stacking (Sect. 3.2.4) is used aiming for an improvement of the SNR (Fig.
6.3(c)). Here, non-coherent signals are suppressed leading to an increase of wanted
signal content in the data. However, signal stacking does not always lead to an
improvement of the data quality, e.g. in case of strong noise spikes contaminating
single records. Using diversity stacking (Sect. 3.2.4), the influence of such noise
spikes can be reduced, because this method allows for down-weighting traces, which
contain a high power in certain time windows. Thus, diversity stacking with a window
length of 50 ms is applied to the band-pass filtered data (Fig. 6.3(b)). Comparing
the amplitude spectra of the stacked (Fig. 6.3(c)) and diversity stacked (Fig. 6.3(d))
seismic data reveals clear differences in both results, even though at this point it is
hard to judge if diversity stacking leads to an improvement of data quality.

At this processing step, the correlation with the sweep is performed (see Sect.
3.2.2). Each record contains auxiliary traces in which the control signals of the vibrator
[41] are stored. This includes the true reference sweep signal excited by the vibrator,
which is used for the correlation. In Fig. 6.4 the result of the correlation is illustrated
on the example of record 3200. In order to highlight the improvements of band-pass
filtering (Fig. 6.3(b)), stacking (Fig. 6.3(c)) and diversity stacking (Fig. 6.3(d))
compared to the raw signal (Fig. 6.3(a)), the correlation is illustrated for data at the
appropriate processing steps. Already in the correlated raw data (Fig. 6.4(a)) in the
major parts of the shotgather the first breaks are well visible. However, the noise
level overlays the first breaks especially for long offsets. The band-pass filtering (Fig.
6.4(b)) shows no significant improvements of the first break visibility in record 3200.
The application of stacking (Fig. 6.4(c)) shows improvements of the first break quality
at near offsets, however, for large offsets no quality improvement of the first breaks
can be observed. As can be seen in Fig. 6.4(d)), the quality of first breaks for the
long offsets is significantly higher for the diversity stacked data then for the stacked
data. Thus, diversity stacking is a very important processing step for achieving first
breaks at long offsets holding information about deeper subsurface. The normalized
amplitude spectra of the correlated data at different processing steps (Figs. 6.4(b),
(d), (f), and (h)) more or the less match each other. Compared to the amplitude
spectrum of the Klauder wavelet (see Sect. 3.2.2), again the high frequency content
of the signal is decreased in the correlated data due to increasing attenuation with
increasing frequency (Figs. 6.4(b), (d), (f), and (h), blue lines). However, comparing
the amplitude spectra of the correlated data (Figs. 6.4(b), (d), (f), and (h)) with those
from the raw data (Fig. 6.3, insets) reveals an amplification of the high frequency
content in the correlated data.

The source wavelet of the data in this processing step corresponds to the Klauder
wavelet, i.e. the auto-correlated sweep. Consequently, the observed phases in the data
are zero-phase (see Sect. 3.2.2). Since times with maximum amplitudes in the data
coincide with arrival times of phases with the same polarity as the sweep, for the first
break picking the first dominant maximum amplitude has to be considered as signal
onset. As described in Sect. 3.2.3, the evaluation of the dominant maximum referred
to as first break is a challenging task and accidentally picking the wrong maximum
results in the determination of the wrong traveltime. In order to reduce such problems
in the first break picking process, a minimum-phase transform of the data (see Sect.
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Figure 6.4: Illustration of data at different processing steps correlated with the sweep on the
example of record 3200. (a) Each fifth trace of the normalized raw record correlated with the
sweep and (b) the corresponding power normalized amplitude spectrum in black. (c) The
normalized result of correlating the 10 - 80 Hz band-pass filtered data in Fig. 6.3(a) with the
sweep and (d) the corresponding power normalized amplitude spectrum. (e) The normalized
result of correlating the stacked band-pass filtered data in Fig. 6.3(c) with the sweep and
(f) the corresponding power normalized amplitude spectrum. (d) The normalized result of
correlating the diversity stacked band-pass filtered data in Fig. 6.3(d) with the sweep and
(f) the corresponding power normalized amplitude spectrum. The blue curves in (b), (d),
(e), and (f) correspond to the power normalized amplitude spectrum of the corresponding
Klauder wavelet (see Sect. 3.2.2).
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Figure 6.5: Illustration of the application of minimum-phase transform on the zero-phase
data on the example of record 2700. (a) Each fifth trace of the processed normalized zero-
phase data. (b) Each fifth trace of the minimum-phase equivalent of the zero-phase data in
(a). The yellow arrows highlight traces in which side lobe peaks of the Klauder wavelet are
visible in the zero-phase data. The red arrows highlight traces in the zero-phase data, where
the first break is overlapped by noise.

3.2.3) is performed. This transform causes the signal onset in the data to match the
arrival time of the refracted wave. To obtain the minimum-phase data, the correlation
of the zero-phase data with the inverse of the minimum-phase sweep (see Sect. 3.2.3)
is conducted. This wavelet is obtained using a Levinson’s recursion [30] using a time
window of 1 s and an amount of 1 · 10−5 white noise.

A comparison of zero-phase data and the appropriate minimum-phase equivalent
is illustrated for record 2700 for VibroSeis shots on profile P3 (Fig. 6.5). In the
zero-phase data (Fig. 6.5(a)), one can see the occurrence of side lobes of the Klauder
wavelet (yellow arrows), which strongly restrict picking of the correct phase. The red
arrows denote the occurrence of noise close to the signal onset being disadvantageous
for first break picking. After applying the minimum-phase transform (Fig. 6.5(b)),
the side lobes of the Klauder wavelet mostly disappeared. In contrast, the first break
is now visible by a comparatively strong negative deflection, which also holds for the
noisy data. The obtained signal onset quality is ideally suited for first break detection
using an automatic phase picker (see Sect. 3.2.3).

6.2.2 Data quality characterization regarding first break picking

Due to a good quality of signal onsets at the current processing step, no further
processing is required. However, inspecting the full data set reveals some difficulties for
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Figure 6.6: Examples illustrating difficulties for first break picking. (a) Near-offset part of
the processed record 3200 showing a bad data quality near the source. Whereas the solid
line indicates first breaks clearly visible, the dashed line highlights invisible first breaks. (b)
Each fifth trace of the processed record 3399. Here, it is difficult to identify the fastest phase
for certain offsets. The near-offset refraction is indicated by the light-blue line, the far-offset
refraction by the dark-blue line. A clear transition point regarding the fastest phase can not
be identified (dashed lines).

first break picking. For some records, the quality of the near-offset data is surprisingly
low. E.g. this effect can be observed for record 3200 on profile P2 (Fig. 6.6(a)). In
principle, one would expect that the amplitude of the wanted signal subsequently
decreases with source - receiver offset. In contrast, in Fig. 6.6(a) the amplitude of
the wanted signal at the near-offset is zero and increases for increasing offsets. For
an explanation of this effect, strong seismic noise is considered. A possible scenario
is, that the noise comes from the vibrator vehicle. Especially near the energy point,
the vibrator noise is likely to superimpose the wanted signal. However, the question
is, if the noise amplitude remains high enough for offsets of 200 m. Moreover, the low
quality of near-offset data does only occur in some records, while the vibrator produces
almost the same noise at each energy point. Thus, the low near-offset data quality
can not be fully explained by noise caused by the vibrator vehicle. Instead, the origin
of noise might be related to local infrastructure. Nevertheless, this interpretation has
a certain weakness: taking a close look at the raw data corresponding to record 3200
(see Fig. 6.3(a)), for the near-offset traces a quite significant onset of the sweep can
be observed, which is even better visible in the diversity stacked data (Fig. 6.3(d)).
In contrast, in the correlated zero-phase raw data corresponding to record 3200 (Fig.
6.4(a)) no significant maximum of the Klauder wavelet can be observed. Thus it
seems, that the decrease in data quality is connected to the correlation process, which
indicates that the sweep passing the subsurface is incoherent with the true reference
sweep signal.

An effect also observed in some records is related to vanishing amplitudes of the
fastest phase. The difficulty is illustrated on the example of record 3399 (Fig. 6.6(b)).
For short offsets, the fastest phase (light-blue) is clearly visible up to 700 m offsets.
Then the amplitude of this phase suddenly vanishes with increasing offsets. In con-
trast, for long offsets the fastest phase (dark-blue) corresponds to another, possibly
deeper, refraction. The relative amplitude of this phase does also vanish with de-

50



6 SEISMIC DATA ACQUISITION AND PROCESSING

creasing offset. Thus, a region of offsets (dashed lines) results, in which the first break
can not be clearly assigned to one of the phases. The kinematic description of wave
propagation by the ray approach (see Sect. 3.1.2) in such cases has a serious weak-
ness: given the subsurface velocity structure, the ray approach always provides the
traveltime of the first arrival phase, regardless of the corresponding amplitude. Thus,
the first arrival can even have zero amplitude and so it is not possible to determine an
appropriate traveltime using real seismic data, because the signal onset is invisible.
Using a manual phase picking procedure, traveltime determination in regions where
vanishing of amplitudes of the fastest phase occurs, should be omitted. However, this
study desires an automatic first break picking, which is sensitive for the amplitude
of a phase. Therefore, such regions must be identified automatically (see Sect. 5.2),
which is a challenging task as discussed in Sect. 6.2.3.

The reason for vanishing amplitudes of the fastest phase might be related to low-
velocity zones [67]. A potential low-velocity zone introduces a shadow zone for which
no refracted wave is observed. Since a low-velocity zone between two high-velocity
zones can act as a wave guide, seismic energy is trapped in this layer and consequently
energy is not propagated back to the surface. For such a scenario, the fastest refracted
wave observed at the surface still corresponds to a refraction above the low-velocity
zone. The energy associated with this refraction, however, is guided in the low-velocity
zone and the corresponding amplitude tends to zero. Consequently, a further increase
of P-velocity underneath the low-velocity zone results in a refraction at this layer. In
this case, the amplitude of the corresponding refracted wave passes the low-velocity
zone and an increase of amplitude occurs.

6.2.3 First break picking of the reflection seismic data

The processed VibroSeis data acquired on the reflection seismic profiles is character-
ized by more than 2500 records at individual energy points each containing 384 data
traces. In total, this results in allover number of almost 1 · 106 data traces for which
first break picking needs to be performed. A manual first break picking of the avail-
able data would be a considerable effort. Therefore, an automatic picking procedure
is desired. On the one hand, automatic first break picking drastically reduces the time
needed for obtaining traveltime data. On the other hand, the determination of a first
break is based on certain parameters and hence criteria for the detection of a signal
onset are always preserved. I.e. beside the low time costs compared to manual first
break picking, automatic picking also provides reproducible results.

For the automatic picking of the 2D reflection seismic data, a STA/LTA auto-
picker is used [87]. Using this method, the energy ratio er(n) corresponding to one
sample n is computed by dividing the signal power in a trailing window by the signal
power in a preceding window. However, this method did not work properly with the
available data. Instead, the energy ratio used here is

er(n) =

∑ n+Ns
i=n ∥ψ(ti)∥2∑

n
i=n−Nl

∥ψ(ti)∥2
, (44)

where ψ(ti) denotes the value of the ith time sample of one trace of the seismic
data, Ns is the length of a trailing short window and Nl the length of a preceding
long window with respect to the sample n. The first break is identified, when the
energy ratio er(n) (Eq. 44) at first exceeds a certain threshold erThres relative to the
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maximum value of er(n). Here, some tests showed that parameters Ns = 10 (20 ms),
Nl = 200 (400 ms) and erThres = 0.3 provided the best results.

The traveltimes provided by the automatic picking are illustrated using three
example records (Fig. 6.7). One observes, that most of the first break picks ob-
tained agree with the signal onset. Especially for seismic data with a high SNR, e.g.
record 1600 on profile P1 (Fig. 6.7(a)), the automatically obtained first breaks are of
high quality. However, a minor number of picks do not match the onset of the wanted
signal at all (Fig. 6.7, red dots). In traveltime tomography, these picks would strongly
influence the inversion result and therefore have to be removed. On the one hand,
this insufficiency is observed for very noisy traces, e.g. in record 3399 on profile P2
(Fig. 6.7(c), red dots to the right) for offsets greater than 500 m. On the other hand,
this also occurs for short offsets, e.g. in record 2820 on profile P3 (Fig. 6.7(b), red
dots). Possible reasons for bad data quality for near-offsets is discussed in Sect. 6.2.2.
In order to remove these serious outliers, at first an automatic quality pre-appraisal
is performed. Here, picks are subsequently removed

• showing unphysical or unrealistic traveltimes, i.e. t < 0 s or t > 1.2 s

• corresponding to offsets smaller than 50 m

• occurring in records with fewer than 30 picks

• showing a traveltime deviation larger than 50 ms with respect to second-order
fit of the remaining traveltimes T (x) with respect to the offset x. Here, the fit
is applied for negative and positive offsets separately.

The criteria used for the quality pre-appraisal are based on assuming certain travel-
time - offset relations, which prove to remove nearly all serious outliers, i.e. traveltime
deviations of 100 ms and more. Examples for the resulting first break picks after qua-
lity pre-appraisal are shown in Fig. 6.7 (yellow and green dots). Here, the erroneous
first break picks at the near-offset (Fig. 6.7(a), red dots) and (b)) and at large offsets
(Fig. 6.7(c), red dots to the right) are removed. However, due to a comparatively
high noise level in the long offset data, the pre-appraisal criteria also caused a removal
of potentially good quality first breaks (Fig. 6.7(c), red dots at 500 - 1000 m). Never-
theless, due to a large number of first break picks, the removal of some good quality
picks does not have a strong impact on the traveltime tomography. Moreover, it is
always preferable to remove good quality picks than taking into account low quality
picks.

The quality pre-appraisal (Fig. 6.7, yellow and green dots) reduces the major part
of low quality first break picks. However, the STA/LTA auto-picker also provides
erroneous picks for data showing vanishing amplitudes of the fastest refracted wave
(Fig. 6.7(c), yellow dots at −1000 m) as discussed in Section 6.2.2, which are not
removed by the quality pre-appraisal. Here, the relative amplitude for the first arrival
phase slowly decreases with respect to the second arrival phase. At a point where the
energy ratio for the first arrival does not reach the threshold enThres, the first break
is suddenly shifted to the traveltime of the second arrival. Since the corresponding
traveltimes do not deviate strongly from assumed traveltime - offset relations, the
detection of erroneous picks have to be detected by more sensitive criteria.

The LSCI quality appraisal introduced in Sect. 5.2 can be used to detect and
remove erroneous picks due to vanishing amplitudes of the fastest refracted phase.
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Figure 6.7: Example records showing the results from STA/LTA automatic first break
picking and quality control. (a) Each fifth trace of record 1600 on profile P1 with all first
break picks after different steps of quality appraisal. (b) Each fifth trace of record 2820 on
profile P3 with all first break picks after different steps of quality appraisal. (c) Each fifth
trace of record 3399 on profile P2 with all first break picks after different steps of quality
appraisal. Red dots denote raw first break picks provided by the STA/LTA autopicker,
yellow dots first break picks accepted by the data pre-appraisal and green dots first break
picks accepted by the LSCI appraisal (see Sect. 5.2). The traveltimes corresponding to the
green dots are used for the inversion.
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Traveltime curves in layered media with constant dip are characterized by increasing
apparent velocities with offset. Instead, traveltime curves showing a sudden travel-
time shift induced by the vanishing amplitude of the fastest phase hold a decreasing
apparent velocity at the traveltime shift. Hence, these shifts do not coincide with a
constant dipping layered subsurface and can be detected by a mismatch in traveltime
with respect to a modelled traveltime in a LSCI. For modeling an appropriate LSCI
that approximately represents the subsurface, the first break picks accepted by the
quality pre-appraisal are used. However, since the erroneous picks due to vanishing
amplitude of the fastest refracted wave are part of this data set, they would also
contribute to the LSCI making it difficult to detect them. Therefore, an asymmetric
residual dependent weighting function Wii(δt) is introduced (see Eq. 43). Here, tra-
veltime residuals −3 ms < δt < 15 ms are weighted by 1 and others do not contribute.
The minimization (see Sect. 5.2) is carried out for a maximum number of N = 4 lay-
ers. After terminating the minimization, only first breaks are accepted by the LSCI
quality appraisal with traveltime residuals −3 ms < δt < 15 ms with respect to the
modelled traveltimes.

As visible on the example of record 3399 (Fig. 6.7(c), green dots) most of the
erroneous first break picks due to a vanishing amplitude of the fastest refracted wave
are successfully removed. As visible in Fig. 6.7(a) and (b), the LSCI quality appraisal
does also remove first breaks, which are not related to vanishing amplitudes but with
traveltimes slightly larger then the average traveltimes. Hence, the traveltimes used
for traveltime tomography (Fig. 6.7, green dots) are expected to be systematically
shifted to smaller values (see Sect. 6.2.3). Therefore, it is important to estimate
the magnitude of this systematic shift in order to assess the affect on the velocities
provided by the traveltime tomography.

Finally, processing of the seismic data acquired on the 2D reflection seismic profiles
is completed by applying static corrections (see Sect. 3.2.5). Here, data corresponding
to source - receiver offsets of < 400 m are used for obtaining the local traveltimes τ
through the weathering layer, i.e. the intercept time of the appropriate refraction.
This procedure is conducted throughout the reflection seismic profiles to obtain the
full-range traveltime τ(x) with respect to the reference datum plane (Eq. 17). Selected
shotgathers acquired along the reflection seismic profiles including the first breaks
determined are shown in Appendix A.

6.2.4 First break accuracy and data distribution

Traveltime tomography aims for establishing a velocity model, which is based on the
observed traveltime data, i.e. the obtained first break picks in Sect. 6.2.3. The
velocity adjustment is conducted by fitting the computed traveltimes to the observed
traveltimes. Even though the major part of the erroneous first break picks is removed,
the set of observed traveltimes still contains errors. Thus, it does not make sense to
fit the computed traveltimes to the observed traveltimes to zero, because this leads
to a projection of the data errors into the velocity model. Instead, the inversion has
to be terminated, when the data misfit between computed and observed traveltimes
becomes less than the data error. Here, the data misfit is measured by a single number,
i.e. the data RMS residual (compare with Eq. 43)

δdRMS =

√
(dcomp − dobs)T (dcomp − dobs)

N
. (45)
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Figure 6.8: Distribution of residuals between automatically and manually determined first
break picks. (a) Histogram showing the distribution of absolute residuals. (b) Histogram
showing the distribution of relative residuals.

Here, dcomp − dobs is a vector containing the data RMS residuals between com-
puted traveltimes dcomp and the observed traveltimes dobs and N is the number of
observations.

The automatic first break picking does not provide a certain data error. To assess
an estimate of the data inaccuracy, a manual traveltime determination for a small
subset of source - receiver configurations holding an automatically determined first
break pick has been performed. Thereby, manual picking is conducted without the
knowledge of the automatically determined traveltime, which introduces a certain
incoherence between the manual and automatic picking procedure. In total 2935
manual first breaks for randomly chosen configurations are obtained for data acquired
on profile P2. This amounts approximately 0.4 % of the total number of 741585
automatically determined first break picks.

Fig. 6.8 shows the distribution of residuals dauto − dmanual between automatically
and manually determined first break picks. One observes, that most of the residuals
have an absolute value of less than 10 ms (Fig. 6.8(a)). The distribution of residuals
is non-symmetric with respect to zero, which is a result of the systematic shift of
traveltimes to smaller values by the first break quality appraisal (see Sect. 6.2.3).
However, the median value of the residuals dauto−dmanual of −4 ms indicates a rather
small shift between automatically and manually determined first breaks. The RMS
residual amounts 6.7 ms. When removing the mean values from the residuals, an even
smaller RMS residual of 5.4 ms results. The relative residuals (Fig. 6.8) are used to
estimate relative traveltime errors. Here, more than 98 % of the available observations
hold a relative residual smaller than 5 %. Also here the systematic traveltime shift is
visible in a median value of −1.9 %, which gives an estimate of the expected shift of
the velocities in the P-velocity models which is considered as acceptable.

The residuals between automatically and manually determined first break picks
are generally not equivalent to data errors, i.e. the differences between determined
and true traveltimes. The reason is, that the first break picks obtained with the
two different methods are both erroneous. However, the manual first break picking
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Figure 6.9: Distribution of first break picks over the reflection seismic profiles P1 (a), P2
(b), and P3 (see Fig. 6.1) with respect to the VibroSeis shot position on the profile (abscissa)
and source - receiver offset (ordinate). For better visualization, the first breaks of only 10 %
of all records are shown.

is performed without knowing the traveltime obtained by the STA/LTA auto-picker.
Moreover, the search strategy for finding a first break pick is totally different for
automatic and manual picking: while the STA/LTA picker assigns the first break
pick only based on one trace, a manual first break picking is performed by following
signal patterns across the record. Thus, it can be assumed, that the correlation of
data errors from the automatically and manual first break picking is small. In this
case, the residuals between automatically and manually determined first break picks
become a good measure of the data error. Therefore, the RMS residual value of 6.7
ms (Fig. 6.8(a), inset) is used as data error and referred to as target RMS residual
for the velocity model inversions (see Sect. 7).

The density and distribution of the first break picks obtained from the reflection
seismic data is illustrated in Fig. 6.9. The density of first breaks for profile P1
(Fig. 6.9(a)) and profile P3 (Fig. 6.9(c)) is almost homogeneous over the profiles for
the full range of offsets from 50 to 2000 m. In contrast, the density of first breaks
on profile P2 is strongly reduced in some part of the profile, especially for greater
source - receiver offsets. Since this profile runs directly through the city of Erfurt (see
Fig. 6.1), the data acquisition took place in the presence of strong noise. Thus, one
might expect many erroneous first breaks, which are removed by the picking quality
appraisal. Due to a very low data quality for the very near source - receiver offsets,
first break picks for offsets of less than 50m are also removed (Sect. 6.2.3). I.e. no first
break picks corresponding to smaller offsets are available (Fig. 6.9), which provide
information about the very shallow subsurface. However, due to the application of
static corrections (Sect. 3.2.5), the influence of near surface seismic velocity is removed
from the traveltime data (Sect. 6.2.3).

The traveltimes (Fig. 6.9, colored dots) show some anomalies over the profiles.
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Whereas in the very south-western part of profile P1 (Fig. 6.9(a)) traveltimes are very
large, in the center part very small traveltimes are observed. This indicates a strong
heterogeneity in the subsurface in this area. In the north-eastern part of profile P1
as well as on profile P2 (Fig. 6.9(b)) and profile P3 (Fig. 6.9(c)), also traveltimes
variations are observed, which are, however, rather small. It is noticeable, that the
traveltime variations occur smoothly, which is an indication for coinciding traveltime
values and therefore a reasonably small data error provided by the first break picking.

6.3 Processing of the seismic data acquired using the seismic
array

6.3.1 Data processing steps

In contrast to the data acquired along the reflection seismic profiles (Sect. 6.2.1), the
seismic data recorded using the seismic array are available as continuous time series
in .cube-format. Therefore, at first time windows have to be extracted containing
the VibroSeis signals. Since the UTC VibroSeis trigger signals are recorded using
a trigger-box (Sect. 6.1) in the VibroSeis vehicle, this information is, in principle,
available. However, scanning the log-file written by the trigger-box revealed, that the
number of time stamp entries is much larger than the total number of VibroSeis shots.
A comparison between the (UTC non-synchronized) VibroSeis shot times obtained
using the observer log-files from reflection seismic survey [41] with the UTC stamps
set by the trigger-box shows, that for some log-file entries written by the trigger-box
there is a constant time shift. Applying this shift to the VibroSeis shot times in the
observer log-files establishes their UTC synchronization. Subsequently, time stamps
set in the log-file written by the trigger-box, for which no corresponding time stamp
in the observer log-file is available, are treated as mis-triggers and removed.

Based on the UTC trigger times tT obtained, time windows tT − 1 s < t < tT +19
s are cut for each continuous time series, each corresponding to a specific VibroSeis
shot time, using the GIPPtools software (GFZ Potsdam, Germany). Then the data
in .cube-format are converted to the .segy-format and the source-receiver geometries
are transferred to the appropriate traces. At first band-pass filtering is applied to the
records (10 Hz < f < 80 Hz). Then, diversity stacking of traces corresponding to the
six sweeps emitted at one energy point is performed using a window length of 50 ms
(compare with Sect. 6.2.1).

Fig. 6.10 shows some examples of the seismic data after correlation with the sweep.
An example for data quality for a wide range of VibroSeis shots on profile P1 is given
by station STO (Figs. 6.10(a), 6.1). Here first breaks for source - receiver offsets of 4.8
km are observed. Also many reflections appear in this seismic section. The normalized
amplitude spectrum (Fig. 6.10) shows a similar behavior as for the observations along
the reflection seismic profiles (Fig. 6.4(b), (d), (f), and (h)): whereas frequencies of
10 - 40 Hz dominate the signal, an amplitude decrease with increasing frequency can
be observed for 40 - 80 Hz. The data quality for shots on profile P2 acquired at
station ROB (Figs. 6.10(c), 6.1) is slightly lower as first breaks can only be observed
for maximum offsets of 3.5 km. Since the station is located in the suburbs to the
north of Erfurt, the lower quality can be explained by an increased noise level. In
the appropriate amplitude spectrum (Fig. 6.10(d)) much lower frequencies than for
station STO (Fig. 6.10(b)) dominate. Thus, one can expect that the frequencies
contained in the noise are in the range of 10 to 20 Hz. This is verified by a similar
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Figure 6.10: Illustration of the data acquired using the seismic array after correlation with
the sweep. (a) VibroSeis shots on profile P1 acquired using station STO and (b) corresponding
power normalized amplitude spectrum in black. (c) VibroSeis shots on profile P2 acquired
using station ROB and (d) corresponding power normalized amplitude spectrum in black.
(e) VibroSeis shots on profile P2 acquired using station MAR and (f) corresponding power
normalized amplitude spectrum in black. (g) VibroSeis shots on profile P2 acquired using
station RIE and (h) corresponding power normalized amplitude spectrum in black. The
seismic data in (a), (c), (e), and (g) is normalized and gained. The blue lines in (b), (d), (f),
and (h) correspond to the power normalized amplitude spectra of the Klauder wavelet.

amplitude spectrum for VibroSeis shots on profile P2 acquired using station MAR (Fig.
6.10(f)). This station is located much closer to human infrastructure. Therefore, the
data quality (Fig. 6.10(e)) is very low and the first breaks can only be observed for
maximum offsets of 1.6 km. Station RIE (Fig. 6.1) is also recording in the city of
Erfurt as this is also reflected in visible first breaks for only maximum offset of 2 km
(Figs. 6.10(g)). However, here also short offset data is available, which can be used for
the inversion. Therefore, the amplitude spectrum shows a comparatively high content
of higher frequencies than 20 Hz (Fig. 6.10(h)).

In all seismic sections shown in Fig. 6.10, amplitudes corresponding to reflections
are clearly observed. In Fig. 6.10(a) and (c) reflected energy can even be observed
for much larger offsets than the refracted energy. E.g. reflections in the records of
station STO (Fig. 6.10(a)) are visible to offsets of 6 km. Hence the program simulr16
used for the inversion (see Sect. 7.1.1) allows for the inversion of traveltimes of
reflected waves, it would be desirable to pick these traveltimes. However, a large
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Figure 6.11: Illustration of the minimum-phase transformed data (a) from shots on profile
P1 acquired using station NOE, (b) from shots on profile P1 acquired using station SAL and
(c) from shots on profile P2 acquired using station MAR. The seismic data is normalized and
gained. The light blue (dark blue) lines in (a) and (b) denote the first arrival corresponding
to distinct refractions. The green line in (c) denotes the first arrival corresponding to a
refraction, that may not conform with the refractions in (a) and (b). For better visualization
only each second trace is imaged.

number of overlapping reflections are observed, which can not be clearly assigned to
certain reflectors as this is required by simulr16. Moreover, it is difficult to identify
corresponding reflections in different records. Therefore, a correlation of reflectors
would require a denser network of 3D seismic stations across the investigation area.
Thus, in this study, the inversion is only performed using first break traveltimes.

For first break picking, the seismic data correlated with the sweep are minimum-
phase transformed (compare with Sec. 6.2.1), which facilitates the first break picking.
The seismic station NOE is located almost on the VibroSeis profile P1 (Fig. 6.1). The
signal onset in the minimum-phase data (Fig. 6.11) shows two dominant refractions.
Whereas at short offsets, the signal onset corresponds to a low-velocity near-surface
refraction (light blue), at larger offsets a high-velocity refraction (dark blue) takes
place. Like for the minimum-phase transformed data along the reflection seismic pro-
files (see Fig. 6.5(b)) a clear transition from one to another refractor can not be
identified. Thus, in the data acquired using the seismic array vanishing amplitudes of
the fastest refracted waves are also present. For the data recorded using station SAL
(Fig. 6.11(b)) in the southern part of the investigation area (Fig. 6.1), the available
source - receiver offsets are rather large. Therefore, the low-velocity refraction (Fig.
6.11(a), light blue line) can not be observed here. Instead the signal onsets (Fig.
6.11(b), dark blue) only correspond to the high-velocity refraction in Fig. 6.11(a),
which is indicated by the high apparent velocity. Although the data quality is rea-
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sonable for this station, the amplitude corresponding to the signal onset are invisible
at comparatively short offsets of 2.5 km. In contrast to reflections clearly visible for
offsets of 4 km (not shown in Fig. 6.11(b), see Fig. B.7(top)), the amplitude of the
refracted content of the wave field (dark blue) vanishes to zero and a first break can
not be obtained for larger offsets. VibroSeis shots on profile P2 acquired using station
MAR (Figs. 6.11(c), 6.1) are only marginally imaged. On closer inspection a signal
onset (green line) can be identified for very small offsets. However, due to the low
data quality it can not be excluded, that the actual signal onset occurs earlier and is
hidden in seismic noise. Therefore, it is not clear if the refraction indicated with the
green line equals the high-velocity refraction in Fig. 6.11(a) and (b) indicated by dark
blue line. Including a first break into the inversion, which does not correspond to the
true signal onset can produce significant artifacts in the velocity model. However, for
station MAR only a few first breaks are obtained, the (possibly erroneous) traveltimes
are taken into account for the inversion. This is because in the inversion they might
be treated as outliers using the residual dependent weighting (see Sect. 7.1.1).

6.3.2 First break picking of the 3D seismic array data

In comparison to the seismic data acquired along the reflection seismic profiles (see
Sect. 6.2.3), the total number of source - receiver configurations available from the
3D seismic array is rather low. Since the data is provided by only 10 seismic stations,
there are only few crossing rays (see Sect. 3.2.1) for 3D subsurface characterization.
Therefore, it is necessary to obtain as many first break picks as possible using this
data set. The determination of first breaks from the 3D seismic array data is per-
formed using the semi-automatic multi-channel cross-correlation method depicted in
Sect. 5.1. As this method includes information about the signal associated with first
arrival phase, first break picking can be established even if the actual first break is
superimposed with seismic noise.

As discussed in Sect. 5.1, the multi-channel cross-correlation method requires some
parameters to be specified. For the cross-correlation, N = 11 traces corresponding to
neighboring source locations are used. The length of the time window amounts 100ms,
from which the first 30ms are before the actual first break pick. I.e. from the refracted
wave content, a maximum of 70 ms delay with respect to the first break are considered
for cross-correlation. Especially for the near-offset data, reflections already appear
within the time window specified. Therefore, corresponding traces have to be carefully
investigated for influence of these reflections on the traveltime shifts. However, in most
of the cases, where the time windows contain reflected wave contents, the amplitude
of the refracted wave is much higher and therefore the influence of reflections tend
to zero. The genetic algorithm (Sect. 5.1.3) is conducted for 50 iteration steps at a
population size of 50 individuals. The mutation rate is specified by 3 % at a maximum
amplitude of 20 ms of traveltime shift perturbations. Apparent velocities of −2 to
9 km/s at 5 individual segments are investigated for providing reasonable traveltime
shifts. For obtaining the absolute traveltimes, a reference traveltime is manually
picked at least for each 40th trace.

Fig. 6.12 shows the first break picks obtained using the multi-channel cross-
correlation method (Sect. 5.1) for two stations, NOE and MIT (Fig. 6.1), respectively.
As indicated by the red and green arrows (Fig. 6.12), first break picks are obtained for
data, where no signal onset is visible. As shown in Sect. 5.1.2 (Fig. 5.4(e) and (f)),
the method used is capable to determine the correct traveltime shifts of corresponding
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Figure 6.12: Illustration of traveltime picks obtained for the data acquired using the 3D
seismic array. (a) Traveltimes obtained for shots on profile P3 acquired using station MIT

and (b) traveltimes obtained for shots on profile P1 acquired using station NOE. The red and
green arrows highlights obtained traveltimes for which the first break is invisible. The blue
arrows show the occurrence of a change of the fastest phase. This type of phase transition
have to be detected manually to avoid errors in the automatic first break picking procedure
(see Sect. 5.1.3). For better visualization only each second trace is imaged.

phases at a very low SNR. This justifies the use of traveltimes obtained using data
with low SNR as in Fig. 6.12 (red and green arrows). However, as indicated in Sect.
5.1.3, the multi-channel cross-correlation method provides erroneous first break picks
if a transition in the first arrival phase occurs (Fig. 6.12(b), blue arrows, also see Fig.
6.11(a)). Data, in which such a transition occurs, has to be detected manually and
excluded from the process of traveltime shifting and first break determination (Sect.
5.1.3).

In the seismic data acquired using the 3D array, phase transitions occur for only
a few records. These records are characterized by a wide range of different source -
receiver offsets. For offsets between 1 km and 1.5 km, phase transitions as for station
NOE (Fig. 6.12(b), blue arrows) occur in these records. The data acquired using the
remaining stations corresponding to whether short or long source - receiver offsets,
are characterized by more or the less constant apparent velocities. E.g. the seismic
record using station MIT for shots on profile P3 (Fig. 6.12) only shows one specific
refraction for all offsets. Hence, for this type of data, no first arrival phase transition
takes place and first break picking algorithm can be applied fully automatically.

The last step of processing conducted for the data acquired using the 3D seismic
array includes static corrections (Sect. 3.2.5). However, for most of the stations of the
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3D seismic array, no near-offset sources are available. I.e. the procedure for applying
static corrections as discussed in Sect. 3.2.5 is not applicable here, because the turn-
ing points of the shallowest refractions observed using these stations are located much
deeper than directly underneath the weathering layer. Consequently, the traveltime
through the weathering layer can not be estimated from the intercept times of the ob-
served refractions. However, it is assumed here, that the thickness and velocity of the
weathering layer does not differ strongly in the investigation area, and the traveltime
with respect to the reference datum plane (Eq. 17) is interpolated from that obtained
along the 2D reflection seismic profiles (see Sect. 6.2.3). This procedure might result
in erroneous static corrections in some places, however, using the corrected traveltimes
for the traveltime inversion may always be preferable against using raw traveltimes.
All first break picks obtained using the stations from the 3D seismic array are shown
in Appendix B.

6.3.3 First break pick accuracy and data distribution

As for the traveltimes obtained from data acquired on the 2D reflection profiles, an
estimation of first break quality is desired for the data acquired using the 3D seismic
array (see Sect. 6.2.4). Therefore, first break quality is assessed using the same
procedure as in Sect. 6.2.4. Here, a subset of 2582 first break picks obtained using
the semi-automatic multi-channel cross-correlation method (Sect. 5.1.3) are manually
determined without knowing the appropriate semi-automatically obtained traveltime.
This amounts 91 % of the complete set of semi-automatically determined first break
picks. The remaining 9 % of this data set correspond to traveltimes for which the
first break is not clearly visible and therefore a manual first break picking is not
possible. However, the first break picks using the 3D seismic array data are obtained
in a semi-automatic procedure including manual first break specification (see Sect.
5.1.3) and quality control (see Sect. 6.3.2). Thus, the first-break picks obtained semi-
automatically and manually as described in Sect. 6.2.4 are expected to correlate to
a certain level. Nevertheless, the residuals between traveltimes obtained using the
different strategies might give a rough estimate of traveltime uncertainties.

Fig. 6.13(a) shows the distribution of residuals. As indicated by the total data
RMS residual of δdRMS = 5.8 ms (Fig. 6.13(a), upper right corner) the deviation
between semi-automatically and manually determined first break picks is smaller than
the deviation for the 2D seismic data of δdRMS = 6.7 ms (Fig. 6.8, upper right
corner). However, due to the coherence of methods used for the 3D data, this value
might underestimate the total first break picking error. The residuals are normally
distributed and no systematic residual shift is visible.

First break picks obtained here cover a wide range of source - receiver offsets.
Consequently, the quality of the corresponding seismic data differs strongly. Therefore,
it is reasonable to investigate the relation of residuals and source - receiver offsets. As
shown in Fig. 6.13(b), the RMS residuals significantly increase with source - receiver
offset. Whereas for offsets < 3000 m the RMS residual is smaller than 5 ms, for
offsets of 7000 m it approaches 20 ms, which is much greater than expected from the
total RMS residual of 5.8 ms (Fig. 6.13(a), upper right corner). I.e. for the inversion
it is recommended to apply an offset-dependent weighting to reduce the influence of
erroneous first breaks at large offsets (see Sect. 7.1.1). The offset-dependent data
weighting for the inversion of the data acquired using the 3D seismic array is adapted
to compensate for large data errors at long source - receiver offsets (see Sect. 7.4).
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Figure 6.13: Distribution of residuals between semi-automatically and manually determined
first break picks using the seismic data from the 3D seismic array. (a) Histogram showing
the distribution of absolute residuals. (b) Relation between RMS residual and offset of the
corresponding source - receiver configurations (black line). The histogram in the background
shows the number of observations with the appropriate source - receiver offset.

However, as suggested by the number of observations corresponding to certain ranges
of source - receiver offsets (Fig. 6.13(b), histogram in the background), the major
first breaks are obtained for offsets < 3000 m, where the RMS residuals are smaller
than 5 ms. Hence, the influence of erroneous first break picks corresponding to large
offsets on the inversion is rather small.

The resulting distribution of traveltime data from the 3D seismic array is shown
in Fig. 6.14. One observes, that first break picks obtained for most of the stations
correspond to source - receiver offsets larger than 2 km, which is the maximum offset
corresponding to the data acquired on the reflection seismic profiles (see Sect. 6.2.4).
For stations, MIT, ROB, STO and SWB available offsets even exceed 5 km. The largest
offsets are observed for station SWB with more than 7 km. However, the stations pro-
viding large offsets are located in the northern part of the investigation area (compare
Figs. 6.14 and 6.1). In the southern part, source - receiver offsets hardly exceed 3
km. Whereas in the northern part, a reasonable ray crossing can be expected due to
large offsets, in the southern part almost no ray crossing is available.

The color of markers (Fig. 6.14) highlighting the reduced traveltime of a wave tra-
velling from a source position on the profiles to the receiving station show a smooth
increase of traveltime with offset. This indicates, that traveltimes obtained for one
and the same station are consistent. It appears, that the reduced traveltimes in the
northern part are greater than 150 ms for all offsets > 1 km. In contrast, for sta-
tion SAL in the southern part, the reduced traveltimes do not exceed 120 ms even
though offsets of more than 3 km are available. From this observation one can con-
clude, that the average velocity in the southern part is significantly higher than in
the northern part. This supports the finding from investigating the distribution of 2D
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Figure 6.14: Reduced Traveltimes obtained using the 3D seismic array. Each traveltime
observed at an appropriate seismic station is mapped to the source position.

traveltimes (see Sect. 6.2.4), that great subsurface heterogeneity can be expected for
the subsurface velocities in the investigation area.

6.4 Frequency dependent resolution

Since the kinematic ray approach (Sect. 3.1.2) is only an approximation of seismic
wave propagation, the resolution of subsurface modelling using this approach is nat-
urally limited to the validity of ray theory. Given a dominant signal frequency, the
limit of resolution is often put into relation with the wavelength of the signal Λ = v/f
passing the subsurface. However, a more precise measure of resolution is given by
the radius of the 1st Fresnel zone (Fig. 6.15(a)) [18]. Physically, the 1st Fresnel zone
includes all points in the model, on which a scattered wave interferes constructively
with the unscattered wave. I.e. given a certain signal frequency f , it can not be
decided from the signal record whether scattering took place within the 1st Fresnel
zone or not. Hence, the frequency dependent 1st Fresnel zone limits the resolution
being theoretically achieved. Unfortunately, the range of sensitivity suggested by the
ray approximation is infinitely narrow (Sect. 3.1.2) and therefore subsurface velocity
modelling does not take into account the limit in resolution caused by the extension
of the 1st Fresnel zone (Fig. 6.15).

In this section, this frequency dependent limit in resolution is discussed for the
reflection seismic (Sect. 6.2) and 3D seismic array (Sect. 6.3) data. After [11], the
radius r of the 1st Fresnel zone of a signal containing a frequency f is here estimated
by

r(f) ≈

√
vmean |R− S|

4f
, (46)

where vmean is the average P-velocity corresponding to a certain source - receiver
configuration (Fig. 6.15(a)). Since a signal is characterized by limited band-width,
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Figure 6.15: Estimation of the Fresnel radii (Eq. 46) associated with traveltime data
determined in this study. (a) Schematic illustration of the 1st Fresnel zone (thick line)
corresponding to refracted wave from source (star) S to receiver (triangle) R after [11]. (a)
Fresnel radius over offset for traveltimes acquired along the reflection seismic profile. (b)
Fresnel radius over offset for traveltimes acquired using the 3D seismic array. Whereas the
red dots mark the maximum Fresnel radii using fmin = 10 Hz, the green dots mark the
minimum Fresnel radii using fmax = 80 Hz corresponding to the frequency content in the
seismic signals (see Figs. 6.4 and 6.10).

f in Eq. 46 is often described by an effective or dominant frequency content of the
signal. Instead, in this study a Fresnel radius is assigned to the maximum fmax and
minimum fmin frequencies contained in the data (Fig. 6.15(b) and (c)). Dependent
on the actual frequency content for a certain source - receiver configuration, which
is not studied in detain here, the Fresnel radius is located somewhere between the
maximum and minimum.

As shown in Figs. 6.4 and 6.10, for both the reflection seismic as well as the 3D
seismic array data, frequencies in the range fmin = 10 Hz and fmax = 80 Hz are
available. Fig. 6.15(b) shows the minimum (green) and maximum (red) radii over
the source - receiver offsets for all traveltimes determined along the reflection seismic
profiles (Sect. 6.2). One observes, that for small offsets < 250 m the Fresnel radius r is
between 50 and 100 m. Since the near-offset configurations dictate the inversion of P-
velocity at the near-surface, the limitation of vertical resolution is located within this
range. With increasing offset, also the Fresnel radii increase. Whereas for offsets of
1000 m, Fresnel radii of 100 to 300 m are observed, for offsets of 2000 m, Fresnel radii
of 150 to 400 m are estimated. In the range from minimum to maximum Fresnel radii,
the effective Fresnel radii characterizing the band-limited signal trend from minimum
to maximum radii with increasing offsets. The reason is, that with increasing offset,
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the frequency content in the data trends to lower frequencies since these suffer from
less attenuation in the subsurface. Hence, for the data acquired along the reflection
seismic profiles (Fig. 6.15(b)), a resolution of 50 m at the near-surface and 150− 400
m at greater depth depending on the high-frequency content in the data is expected.

The trend of r(f) for the traveltimes determined from the 3D seismic array (Sect.
6.3) is very similar to that obtained using the reflection data. The only difference
between both data sets are long offsets available for the data from the 3D seismic array.
Whereas for small offsets, the frequency-dependent limit for resolution is similar to
the data acquired along the reflection seismic profiles, at offsets of 7000 m resolution
ranges from 300 to 900 m. These very large magnitudes, approaching the magnitude
of penetration depth of the corresponding rays (see Sect. 7.4.2), demonstrate that
even assuming noise-free data the resolution potential of this data set is rather poor.
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7 The application of seismic traveltime tomography

7.1 The inversion framework

7.1.1 Structure and properties of the traveltime tomography software
simulr16

Seismic traveltime tomography is performed using the well-proven and wide-spread
software family simul [78]. Based on version simul3 [78, 76, 77], which was originally
designed for using only P-wave first arrival times from local earthquakes for inverting
the P-velocity structure, the extension simulps12 [23] allowed for the simultaneous
inversion of P- and S-wave arrival times of local earthquakes and explosions for P-
velocity, S-velocity and P-velocity/S-velocity. Based on simulps12 and simulps13q
[79], the version used here is simulr16 [11, 12], which extends the previous versions
by the opportunity of a simultaneous refraction and reflection traveltime tomography.
This version allows for modeling of reflectors, which can act as velocity discontinuities
or are independent of velocities. An alternative for forward modeling was provided
by an Eikonal solver [36]. During the development of the software family simul, op-
portunities for modeling ray propagation and velocity structure has become manifold.
Also the kinds of data sets used for the inversion continuously increased. However,
when describing this software, this section will focus only on features and methods,
which are used in this study and necessary to understand the process of construction
and the structure of the velocity models.

In simulr16 the basic parametrization of the velocity model (see Sect. 4.3.1) is
performed by adjusting velocity values to a discrete set of velocity nodes, referred
as the inversion grid in a local coordinate system (Fig. 7.1). In a 3D Cartesian
coordinate system, each node position (xi, yi, zi) is defined by an intersection of the
three planes x = xi, y = yi, and z = zi. The set of n·m·l velocity nodes is then defined
by the contribution of n planes {x = x1, . . . , x = xn}, m planes {y = y1, . . . , y = ym},
and l planes {z = z1, . . . , z = zl}, respectively, forming a rectangular grid. Each node
holds a specific rule dictating how the velocity assignment is performed and what
happens to the velocity value during an inversion. Inverted nodes represent the basis
of the model (Fig. 7.1, empty black circles). Here, the velocity is user-defined through
an input file and takes any perturbation proposed by an inversion step. The velocity
at a node holding an interpolation rule is assigned by the interpolation of values
from surrounding inverted nodes. Interpolation weights as well as distances are fully
flexible and can be provided by an input file. Using interpolation nodes can be useful
for reducing the effective parameter density in parts of the model, where the data
coverage is low. However, interpolation nodes are not used in this study, because
it is difficult to find a measure allowing to automatically judge whether to invert or
interpolate the velocity at a certain node. Another opportunity, which is also not used
here, is to fix velocities at nodes, e.g. where a priori velocity information is available
and no inversion necessary. In contrast to nodes with the previously described rules,
nodes which are linked to other nodes in one specific Cartesian direction are always
present (Fig. 7.1, filled black circles). The reason is, that simul prohibits nodes at
the boundary of the model to be inverted. These nodes must be directly or indirectly
linked to nodes not lying at the boundary. For the interpretation of a velocity model,
it is important to keep in mind, that the velocity at boundary nodes is not adjusted
to fit the data.
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Figure 7.1: Illustration of a 2D grid node arrangement in simulr16. The basic node grid
consists of inversion grid nodes (black dots) in the interior and linked grid nodes (filled black
circles) at the boundary of the model. The arrows connect linked nodes to the nodes they are
linked to. The velocities on the forward grid nodes (grey dots) are assigned by interpolating
the velocity values from the inversion grid.

The goal of a traveltime tomography is to obtain a continuous velocity model
rather than a model defined at discrete velocity nodes. In simulr16, a continuous 2D
or 3D velocity model representation is obtained by a bilinear or trilinear interpolation
of the velocity between the inversion grid nodes. The continuous velocity model is
represented by a 2D or 3D equidistant rectangular forward grid (Fig. 7.1, grey dots),
on which the Eikonal equation for traveltime computation is solved [36] (see Sect.
4.3.2). A disadvantage of the regular inversion node spacing is, that a complex surface
topography can not be represented. Therefore, a Digital Elevation Model (DEM) can
be provided, forcing all points on the forward grid above the surface to have the speed
of sound in the air. This adjustment prevents signals to travel above the surface.

In order to evaluate the Fréchet matrix G required for the inversion, ray tracing is
conducted (see Sect. 4.3.2). The traveltime computation using the Eikonal solver for
one source position provides a traveltime field T (x) for the whole model area. At each
point, the wavefront vector ∇T (x) points into the direction, at which a ray travels.
Consequently, starting at a receiver position and following −∇T (x) to the source
position traces the ray in opposite direction. This a posteriori ray tracing (see Sect.
4.3.2) is a very efficient way of ray computation, since it is straight forward at a high
numerical robustness. The Fréchet matrix entry Gij for the ray Γj with respect to the
ith velocity parameter mi is then computed by summing up weighted contributions of
ray path lengths divided by the negative square of the velocity at each point x along
the ray Γj. The weight in point x corresponds to the linear interpolation weight of
the velocity v(x) from the ith velocity node.

The inversion in simulr16 is performed by a DLS algorithm (see Sect. 4.3.4).
A smoothing term in the objective function is not provided (see Sect. 4.3.3). In
order to assess a reasonable damping parameter λ, a damping test series can be
performed. To account for the non-linearity of the problem, the L-Curve test performs
a complete inversion step including forward modeling for each parameter in the series
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and provides the resulting traveltime RMS residual and model perturbation RMS. The
a priori model covariance matrix Cm is set to 1 corresponding to equal uncertainties
associated with each model parameter. In contrast, the data covariance matrix Cd

can be adapted to two different data properties: on the one hand the data weighting
can be linked to the distance between source and receiver, which accounts for a usual
decrease of data quality with increasing distance. Therefore, three offset thresholds
can be given, at which data points are weighted by 100 %, 50 %, and 0 %. On the other
hand the influence of data points with large traveltime residuals on the inversion can
be depreciated. Given three residual thresholds, the data points are weighted by 100
%, 2 % and 0 %. Weighting of offsets and residuals between thresholds are linearly
interpolated. As an additional option to keep the perturbations small, a velocity
cutoff value can be specified, clipping all larger perturbations to the cutoff value. The
matrix inversion is conducted using a Lower Upper (LU) decomposition [55].

For the termination of the inversion, two criteria are used in this study. The
data RMS residual provides a measure of the average data fit. As the data RMS
residual falls below the estimated error of the traveltime data, this error is projected
into the velocity model. To avoid this, a reasonable termination criterion is to finish
the inversion when the data RMS residual and data error become similar. Another
criterion for terminating the inversion is to conduct the F-Test. Here, from one to the
next iteration, data variance is tested for significant changes [57, 76].

Once the inversion is terminated, one needs to evaluate the certainty of the ob-
tained model (see Sect. 4.3.5). In deterministic traveltime tomography, a complete
uncertainty measure can not be given due to the diversity of possible solutions, how-
ever, the Resolution matrix Diagonal Elements (RDE) provide information about
independence of model parameters in a linearized approximation [74, 46]. After each
inversion using simulr16, the RDE are exported and used for estimating the model
reliability in different subdomains of the model.

7.1.2 The inversion strategy

Inverse modeling is advantageous against trial-and-error modeling, i.e manually ad-
justing model perturbations to fit measured and modelled data, since the inversion
process can be controlled by a small set of parameters, it is deterministic and there-
fore reproducible. However, the solution of inverse modeling does often not satisfy
expectations or a priori knowledge. In this case, a statement about the reliability of
the obtained model is requested. In fact, the deterministic approach used here for
obtaining a minimum of the objective function S(m) (see Sect. 4.3.3) referred to as
the result of inverse modeling does not allow for a complete certainty statement. The
reason is, that this method does not examine the entire model space and hence does
not gain information about a solution manifold. Thus, the approach can not answer
the question of which parameters to change in the current model m to obtain a similar
misfit S(m), i.e. a model of similar quality, or in other words, which parameters are
uncertain. Since the reliability of a solution model can not be fully guaranteed, the
quality of the solution is always connected to the question, if it is reasonable.

An input, which strongly governs the inversion process is the initial model (see
Sect. 4.3.4). For each iteration step, the model perturbation δm is predicted from
the local gradient of the non-linear objective function with respect to the model pa-
rameters. Depending on the initial point m0 in the model space, the course of model
perturbations δm through the model space can be very different, resulting in different
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Figure 7.2: Illustration of the general inversion strategy applied in this study.

solutions of the inversion. In this context, the requirement for a reasonable solution
might have the necessary condition of a reasonable initial model.

In seismic traveltime tomography, a reasonable initial model can be a geological
reference model, which is a first order approximation of the subsurface structure.
Here, the inversion provides the connection between expected and available geological
features, making the interpretation of the solution a rewarding task. Another strategy
for constructing a reasonable initial model is to require its simplicity. Especially if
no reference information is available, this requirement is mandatory, since there is no
justification for favoring a complex model against a simple model. The concept made
use of here dates back to the framework of Occam’s principle [17]. In the context of
an inversion, Occam’s principle can be expressed as follows: out of a set of models
explaining a data set equally well, the simplest must be chosen. In this study, the
simplest model is referred as the model with fewest parameters describing it.

The demand for satisfying Occam’s principle does not only affect the initial model
but the model during the complete inversion process. Therefore, the inversion is not
performed in one step, but divided into sequences. Fig. 7.2 illustrates the general
inversion framework applied in this study. The initialization of a velocity model is per-
formed by setting up the model geometry (see Sect. 7.3.1 and 7.4.1) and constructing
an initial model. The initial model for the 2.5D as well as the 3D velocity model inver-
sion is based on a Constant Gradient Velocity Model (CGM) (see Sect. 7.2.1). This
model is characterized by only two parameters constrained by the data and therefore
the simplest model, that can be constructed from the data. In oder to reduce the data
RMS residual at a minimum of structure introduced into the model, the first inversion
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steps are performed using a coarse velocity model (see Sect. 7.3.2 and 7.4.2), i.e. a
model underparametrized with respect to the resolution potential of the data. Then,
using the result of the coarse structure inversion, a node spacing test (see Sect. 7.3.3
and 7.4.3) is performed for finding an optimum model parametrization with respect to
the available data. In particular, this is realized by testing the influence of inversion
node densities in horizontal and vertical directions on the data RMS residual of the
final model. Here, in accordance with Occam’s principle, the parametrization with
minimum parameters with a data RMS residual not exceeding the estimated data er-
ror (see Sect. 6.2.4 and 6.3.3) is referred as an optimum parametrization. Using this
optimized parametrization, the final inversion is performed until the target data RMS
residual, i.e. the desired data fit, is reached (see Sect. 7.3.4 and 7.4.4). The amount
of regularization (see Sect. 4.3.3) used for each sequence of inversion is justified by
the results of the L-curve tests conducted using the input model of the appropriate
inversion sequence.

In order to quantify the reliability of the inversion result, a model quality assess-
ment is required (Fig. 7.2). Here, at first the Resolution matrix Diagonal Elements
(RDE) (see Sect. 4.3.5) are investigated for assessing the degree of independence of
the model parameters. Also a Checkerboard test (see Sect. 4.3.5) is conducted for
obtaining the model areas resolved by the data. This test does also provide infor-
mation about the amplitude of velocities anomalies in the inversion result, that are
theoretically resolvable by the data. However, the RDE values and the Checkerboard
test only give insight in the stability of the solution in a linearized approximation of
the inverse problem (see Sect. 7.3.5 and 7.4.5). In order to assess the global quality
of the solution, a model recovery test (see Sect. 7.3.6 and 7.4.6) has to be performed
by using a different initial model (Fig. 7.2). For the 2.5D models, a Geological Ref-
erence Model (GRM) (see Sect. 7.2.2) serves as initial model. In contrast, the initial
velocity model of the 3D model is constructed from the results of the 2.5D model
inversion (Sect. 7.3.4). For both the 2.5D and 3D models, the initial model is directly
projected on the inversion grid with optimum node spacing and the inversion is per-
formed. Subsequently, the final model obtained from the recovery test is compared
with the result of the original inversion. The differences in the final models are of
special importance, since they highlight model uncertainties due to the non-linearity
of the inverse problem. Hence, these differences in the inversion results have to be
treated with caution in the model interpretation, but also give hints for alternative
interpretations (see Sect. 7.3.6).

The strategy discussed here is fundamental for all inversion conducted in this study.
One the one hand, the inversion framework always coincides with the requirements
of Occam’s principle as the model structure is only introduced to the level of the
data errors. One the other hand, the solution quality assessment allows for detailed
information about the reliability of the solution in order to avoid the interpretation
of artifacts introduced by data errors and uncertainties.

71



7 THE APPLICATION OF SEISMIC TRAVELTIME TOMOGRAPHY

7.2 Initial model construction

7.2.1 Constant Gradient Velocity Model (CGM)

The inversion of data for a velocity model without taking into account any reference
information regarding the subsurface structure should generally be the first choice.
Even though a priori subsurface information is available, it is often difficult to estimate
the certainty of the reference data. Moreover, accurate subsurface reference data can
only be obtained from boreholes. Here, the acquired data is reliable only in a local
environment around the drill site and can not be thoughtlessly adapted over a certain
distance. In this section, a strategy is illustrated, that allows for the construction of
an initial model, which is based only on the data itself and fully satisfies Occam’s
principle [17] (also see Sect. 7.1.2).

The initial task of model establishment is to specify a suitable model depth. To
clarify this, an estimate of the maximum depth of sensitivity of the data, i.e. the
turning point of the appropriate ray, has to be found. If one thinks of the simplest
subsurface model possible, in which a ray with both ends at the surface has a non-
vanishing penetration depth, then this model is defined by exactly two parameters,
e.g. a velocity at the surface v0 and a non-zero velocity increase with depth gz. Both
the parameters v0 and gz defining this Constant Gradient Velocity Model (CGM) of
the form

v(x) = v(z) = v0 + gz · z. (47)

can be optimized for fitting the data set at best. This model preconditioning is
used here for providing a first order estimate of the maximum depth of data sensitivity
and subsurface P-velocity. A great advantage of a CGM is, that the forward modeling
can be carried out analytically. For the traveltime T and the turning depth H of a ray
corresponding to an offset x between source and receiver at the surface, the relations

T = g([v0, gz]
T ) =

2

gz
ln

(
1 +

√
1− v20p

2

v0p

)
(48)

H = H([v0, gz]
T ) =

1− v0p

gzp
(49)

with the ray parameter

p =
2√

x2g2z + 4v20
(50)

hold (after [71]). The optimum parameters m = [v0, gz]
T are obtained follow-

ing the DLS approach discussed in Sect. 4.3.4. Since the amount of data is large
compared to only two parameters to be inverted, the system of equations is strongly
overdetermined. I.e. the damping is only needed to prevent the parameters from
becoming unphysical, e.g. negative, and therefore λ can be chosen almost arbitrarily
(see Sect. 4.3.3). The Fréchet matrix G (see Sect. 4.3.2) needed for the inversion
of the parameters is estimated by explicitly forward modeling g(m + [δv0, 0]

T ) and
g(m+ [0, δgz]

T ) using Eq. 48 and computing
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G ≈

[
g(m+ [δv0, 0]

T )− g (m)

δv0
,
g(m+ [0, δgz]

T )− g (m)

δgz

]
(51)

with small perturbations δv0 = 0.01 · v0 and δgz = 0.01 · gz.
The procedure described here is conducted to construct initial models as well

for the 2.5D and the 3D inversion. Each initial model is not only based on one
CGM but on a series of CGMs in different regions of the model. Thereby, the model
is divided into bins, each with one characteristic CGM. For the optimization of the
parametersm for one bin, all data points with a midpoint within the bin are taken into
account. As the optimum parameters are found for each bin, the resulting CGMs are
transferred to the appropriate velocity nodes (see Sect. 7.1.1, Fig. 7.1) to perform the
actual inversion using simulr16. Even though the model is divided into regions with
different CGMs and therefore the model is not strictly 1D, the lateral bin extension
is large compared to available source - receiver configurations. Therefore, the CGM
initial model is close to 1D for each data point.

7.2.2 Geological Reference Model (GRM)

As pointed out in Sect. 7.1.2 a reasonable initial model for the inversion can also
be constructed from a priori geological reference data. In the case of this study, the
geological reference model is build from combining two reference data sets: a struc-
tural geological model and P-velocity data. The structural geological model provided
by the Thüringer Landesanstalt für Umwelt und Geologie (TLUG) [60] includes
the layer depths of the strata (see Fig. 2) present in the Thuringian Basin. Since the
P-velocity is not part of this model, for the velocity assignment additional information
is required.

Mainly in the context of natural gas exploration, many drillings were conducted
in the Thuringian Basin in the sixties and seventies of the 20th century including
geophysical measurements [61]. Among them, vertical seismic profiling (VSP) mea-
surements were carried out. Here, predominantly vertical traveltimes were measured
allowing for the determination of P-velocities at certain depths, which, in combination
with the strata present at these depths, form the basis for a P-velocity assignment
for the units in the GRM. For the P-velocity assignment, eight borehole seismic mea-
surements [61]1 at drill sites near the investigation area are considered (Fig. 7.3). Be-
sides VSP measurements available at mentioned drill sites, at drill site FB-EF 1/2012
[1, 44, 51] (Fig. 7.3, green circle) P-velocity information from a sonic log is available
(also see Sect. 8.1.1). However, there is a good reason for using VSP measurements
rather than sonic log information for GRM construction: whereas a sonic log provides
a much higher resolution of the subsurface velocity than tomography presented in
this study, resolution from VSP measurements is similar to tomography. Therefore,
VSP measurements are more suitable for construction of a GRM for comparison with
tomography than a sonic log.

1The reports associated with the drillings, where these measurements were conducted, revealed
an inconformity regarding the naming after [61]. Here, Sprötau 3/64, Neudietendorf 3/68,
Tennstedt 2/71, Straußfurt 4/68, and Straußfurt 5/68 after [61] may refer to Sprötau 3/63,
Neudietendorf 3/62, Tennstedt 2/70, Straußfurt 4/65, and Straußfurt 5/65, respectively.
However, the naming after [61] is retained, because most of the data used in this study is obtained
from this reference.
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Table 2: Average P-velocities in km/s in the strata obtained from selected VSP measure-
ments in the Thuringian Basin [61]. Drill site labeling: I) Sprötau 3/64, II) Neudietendorf
3/68, III) Tennstedt 2/71, IV) Straußfurt 4/68, V) Straußfurt 5/68, VI) Straußfurt

8/70, VII) Döllstedt 1/70, VIII) Kirchheiligen 31/68. Question marks indicate velocity
values not available and questionable (in parenthesis), respectively. Hyphens indicate strata
not available or drilled through at the appropriate sites.

Drilling site
Unit I) II) III) IV) V) VI) VII) VIII)

km – – – – – – – –
ku – – – – – 2.4 ? –
mo – 2.7 (?) – 2.9 3.2 ? 2.7 ?
mm 2.8 4.5 3.9 3.8 4.0 4.3 3.6 2.9 (?)
mu 5.3 5.4 5.0 5.2 5.0 5.1 5.4 5.3
soP 3.7 3.7 3.6 3.6 3.6 3.6 3.7 3.7
soS ? 5.1 4.5 4.4 4.3 4.5 4.3 4.5
sm 3.9 3.7 4.0 3.8 3.8 3.8 3.9 3.9
su 4.7 4.1 4.2 – – 4.2 4.1 4.0
z3-7 6.1 5.4 4.9 – – 4.4 5.0 4.8
z1-2 4.7 4.5 – – – – – –
r 4.9 – – – – – – –

74



7 THE APPLICATION OF SEISMIC TRAVELTIME TOMOGRAPHY

Figure 7.3: Overview of drill sites with VSP measurements (blue circles) used for the
construction of the GRM after [61] over the geological map [80]. A figure legend is found
in Fig. 2.1. Drill site labeling: I) Sprötau 3/64, II) Neudietendorf 3/68, III) Tennstedt
2/71, IV) Straußfurt 4/68, V) Straußfurt 5/68, VI) Straußfurt 8/70, VII) Döllstedt
1/70, VIII) Kirchheiligen 31/68. At drill site FB-EF 1/2012 (green circle) only a sonic
log is available, which is not taken into account for the construction of the GRM (see text
in Sect. 7.2.2 for details).

Tab. 2 and Fig. 7.4(b) show the average P-velocities of the strata from VSP
measurements taken into account for the P-velocity assignment in the GRM.2 P-
velocities down to the Rotliegend (r) are used, whose top is located more than 1.2
km below ground for each borehole. For some strata, Tab. 2 shows a strong variation
in P-velocity obtained from different VSP measurements. E.g. the P-velocity values
for the mm ranges from 2.8 km/s to 4.3 km/s for borehole locations 40 km away
from each other. There is no clear correlation of the P-velocity and the depth of the
strata, which could explain the variation due to different lithostatic pressures acting
on the rocks for different depths. Unfortunately, there is also no information about
the accuracy of the P-velocity. Therefore, it is not clear if the velocity variations are
realistic or included in the error range of the data.

Nonetheless, there is no doubt that since the composition of rocks within one strata
can differ strongly, also P-velocity differs. For some VSP measurements, a fine spacing
of measurement points indicates velocity contrasts even within the Muschelkalk and
the Buntsandstein (Fig. 7.4(a), interval velocities). E.g. at the site Straußfurt
4/68 (Fig. 7.4(a)), within the mm and mu layers, potential high P-velocity layers can
be observed (yellow arrows). If these velocity values are reliable, it is conceivable that

2The units soP and soS are combined to the unit so in the structural geological model. Thus,
the P-velocity assignment for so is carried out by averaging the velocities of soP and soS from the
VSP data.
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these layers strongly govern ray propagation, because high velocity layers are highly
sensitive refractors. Consequently, for the construction of the initial velocity model, it
would be desirable to take into account the available velocity contrasts. However, the
available structural geological model does not contain information about the depths
of the appropriate subunits of the strata. Moreover, the strong velocity variation
measured at different borehole sites (see Tab. 2 and Fig. 7.4(b), especially mm, soS,
and z3-7) suggests, that it is not possible to sufficiently extrapolate a P-velocity
from a set of selective VSP measurements to the structural geological model for an
increased level of detail.

Figure 7.4: (a) Interval and average layer P-velocities for the near-surface strata at the
drill site Straußfurt 4/68 after [61]. The yellow arrows highlight the occurrence of po-
tential high velocity layers. (b) Average P-velocities from VSP seismic measurements at 8
selected drill sites from [61] and the resulting P-velocity assigned to the strata of the GRM.
Since in the structural geological model the units soP and soS are combined to so, the P-
velocities of soP and soS are averaged to the P-velocity of so in the GRM. Drill site labeling:
I) Sprötau 3/64, II) Neudietendorf 3/68, III) Tennstedt 2/71, IV) Straußfurt 4/68,
V) Straußfurt 5/68, VI) Straußfurt 8/70, VII) Döllstedt 1/70, VIII) Kirchheiligen

31/68.

Finally, the P-velocity assignment for each strata is performed by taking the me-
dian value of the average P-velocities from all VSP measurements. An exception
is the km, for which no P-velocity information is available from the measurements.
Here, a velocity of 2 km/s is assigned, which corresponds to the median velocity at
the near-surface in all VSP measurements. A justification for this treatment is, that
the km does mostly appear at the near-surface in the study area. Moreover, for the
near-surface strata of the velocity model, the data density is high and thus one can
expect, that a potentially insufficient velocity at the near-surface is corrected by the
inversion.

The resulting GRM (Fig. 7.4(b), black line), which serves as the initial model
for the recovery test of the 2.5D traveltime tomography (see Sect. 7.3.6) and the
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comparison with the interpretation of the 3D velocity model (see Sect. 8.2.2) is a good
compromise between using the maximum consistent velocity information available and
keeping the velocity model simple. However, it can be seen in Fig. 7.4(b), that the high
P-velocity of mu acts as a barrier for the rays because the velocity does not increase
at greater depths. Even when using the GRM as initial model and performing an
inversion, the rays will never penetrate deeper than the current depth of the mu unless
its P-velocity is not drastically reduced. The reason is, that the rays are not sensitive
to deeper layers and consequently no perturbations are applied to the deeper regions
of the model. However, most of the VSP measurements identify the mu as the unit
with highest P-velocity (Fig. 7.4(b)), so the model is in agreement with the available
data. Nonetheless, it is important to mention, that the P-velocity of a certain strata
is not necessarily constant throughout the basin. Even though from the P-velocities
in Tab. 2 there is no clear evidence, the P-velocity of a geological unit is likely to
decrease as it approaches the surface due to decreasing lithostatic pressure.

The implementation of the GRM is a challenging task. simulr16 defines the ve-
locity model by a linear interpolation between a set of discrete nodes on a rectangular
grid (see Sect. 7.1.1). Since the GRM is characterized by sharp P-velocity contrasts at
the layer boundaries, the realization would require a large number of discrete inversion
nodes and therefore inversion parameters. Thus, the GRM can not be represented
on the inversion grid exactly, however, the basic P-velocity structure of the GRM is
retained (see Sect. 7.2.2).

7.3 The construction of 2.5D velocity models

7.3.1 Establishing the model geometry

Whereas the 3D data acquired using the seismic array (see Fig. 6.1) are taken into
account for the inversion of the 3D velocity model (see Sect. 7.4), the 2.5D velocity
models are constructed by only using the data acquired along the reflection seismic
profiles. The reason is, that the data density of both data sets is very different.
While dense 2D information is available from the reflection seismic data allowing for
a high-resolution subsurface information along the profiles, the limited number of
array stations in 3D only provides a comparatively poor resolution.

Before an initial model can be constructed, a proper model geometry must be
considered. This regards the horizontal as well as the vertical extension of one model,
but also the dimension of the model. Even when talking about only the data acquired
on the profiles, one could in principle use the traveltimes obtained on all profiles
together for the inversion of a 3D velocity model. However, since the rays passing
the velocity model are directed along each of the profiles, the data sensitivity for
subsurface information would be high directly on the profiles and zero elsewhere. To
account for this disparity, the model sampling had to be very dense close to the profiles
and very sparse apart from them, which is a model parametrization hard to realize.
Another issue is efficiency: the computation time needed for the forward modeling is
approximately proportional to the product of extension of the model in each Cartesian
direction. Hence, it is computationally more expensive than setting up 2D velocity
models for each of the profiles.

Fig. 7.5 shows the geometry of the 2.5D models constructed. For each of the
VibroSeis profiles P2 and P3 (see Fig. 6.1) one 2.5D model is arranged, whereas profile
P1 is divided into two models, P1-1 and P1-2. Since the maximum offset between

77



7 THE APPLICATION OF SEISMIC TRAVELTIME TOMOGRAPHY

Figure 7.5: Geometry of the 2.5D velocity models P1-1, P1-2, P2, and P3 over the geological
map [80]. The black crosses denote the position of the inversion nodes in horizontal direction
of the final model obtained by the node spacing test (see Sect. 7.3.3). The gray boxes
correspond to the geometry of the forward grid related to each of the 2.5D models. The
yellow circles show the locations of the VibroSeis shots taken into account for the inversion.
A figure legend is found in Fig. 2.1.

source and receiver is limited to 2 km, forward modeling of each shot is in principle
only required for such a range. However, this information can not be transferred to the
inversion software simulr16 (see Sect. 7.1.1), so the forward modeling is performed
for the whole model area, producing a lot of unnecessary computational costs. Hence
the subdivision of profile P1 is done in order to save forward modeling computation
time due to smaller model extensions. Since there is an area of 7 km, where both
models, P1-1 and P1-2 overlap, no information is lost by this procedure.

For infrastructural reasons, the VibroSeis profiles are not straight lines. When a
complete 2D modeling is desired, the curved geometry is needed to be projected onto a
straight line, e.g. by a linear fit. In this case, however, geometric errors are introduced
because the offsets between source and receivers are not preserved. In order to not
facing geometric errors, in this study a 3D forward modeling is performed allowing for
conserving the 3D coordinates of each source or receiver location. Nonetheless, each
velocity model is 2D here, because it is parametrized by 2D inversion nodes (Fig. 7.5,
black crosses). The extension of the 2D velocity models to 2.5D velocity models (Fig.
7.5, gray boxes) is established by the linked nodes required by simulr16 (see Sect.

78



7 THE APPLICATION OF SEISMIC TRAVELTIME TOMOGRAPHY

7.1.1) at the model boundary in each Cartesian direction. The horizontal extension in
profile direction and the perpendicular direction is adjusted for containing all source
and receiver points at a minimum area plus an offset of 100 m in each direction for
forward modeling stability reasons. The vertical extension of each of the 2.5D velocity
models ranges from 410 m above sea level to 500 m below sea level. Here, 380 m above
sea level is the maximum elevation of surface topography within all 2.5D models and
470 m below sea level is the deepest penetration of a ray from all CGM initial models
(see Sect. 7.2.1) computed by Eq. 49. Information about surface topography is
provided with a structural geological model [60] used as reference model (see Sect.
7.2.2). For forward modeling stability reasons, a vertical offset of 30 m is added.

The question left to be answered deals with the inversion node spacing in horizon-
tal and vertical direction. Although the horizontal inversion nodes of the final 2.5D
velocity models are already illustrated in Fig. 7.5 (black crosses), the optimum hori-
zontal and vertical inversion node distance is still unknown and has to be determined
by the node spacing test decribed in Sect. 7.3.3. The initial model node spacing is
much larger (see Sect. 7.3.2) and does only roughly reflect the subsurface structure.

7.3.2 Inversion of the coarse velocity structure

In accordance with Occam’s principle (see Sect. 7.1.2), the 2.5D velocity model in-
version aims for reducing the data RMS residual to the target data RMS residual (see
Sect. 6.2.4) at a minimum of structure introduced into the model. Therefore, the
strategy applied here is to initially invert for the coarse velocity structure. The basis
of the coarse velocity model is the CGM (see Sect. 7.2.1). Along the profile direction
of each 2.5D model, each 2 km a sectionwise common midpoint (CMP) binning is
performed. Then for all source-receiver configurations within one bin, the parameters
v0 and gz in Eq. 47 are inverted. The resulting velocity information is transferred
to the inversion grid of the coarse velocity model (Fig. 7.7(a)). The coarse model is
characterized by a horizontal node spacing of 2 km and a vertical node spacing from
150 m to 300 m at a linear increase with depth. The forward grid spacing is set to
20 m, as the computed traveltimes using this spacing showed no significant difference
(RMS residual ≈ 0.1 ms) with respect to a smaller spacing of 10 m. For the inversion,
all picked observations of 20 % of all VibroSeis shots are taken into account. This re-
duction is justified by a certain redundancy in the traveltime data: using a larger data
set does not reveal differences in the inversion results. Since the computational costs
for forward modeling increases approximately linearly with the number of sources,
this procedure reduces the time required for forward modeling to 20 % at no loss in
resolution. The offset dependent weighting as well the residual dependent weighting
(see Sect. 7.1.1) is set to 1 for each data point. In order to determine an optimum
damping parameter λ (see Sect. 4.3.3), an L-curve test is conducted (Fig. 7.6(a)).
For all 2.5D models, λ = 5 shows to be the optimum damping parameter for the
inversion. However, a stronger regularization of λ = 20 is applied for all 2.5D models
to additionally slow down the introduction of structures at a decreasing data RMS
residual. After 10 iteration steps, the inversion processes are terminated, because no
significant data RMS residual decrease is obtained.

In the following, the inversion process is illustrated using the example of model
P1-2 (Fig. 7.7). The comparatively small data RMS residual of 12.5 ms for the initial
model of model P1-2 (Fig. 7.7(a), inset) indicates, that using a CGM as initial model
proves to be successful for the available data set, since the data RMS residual has less
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Figure 7.6: L-curve tests for finding an optimum damping parameter λ (see Sect. 4.3.3)
on the example of model P1-2 (Fig. 7.5). (a) L-curve test for the model parametrization
of the coarse inversion. (b) L-curve test for the model parametrization of the refined coarse
inversion. The yellow arrow indicates the damping value of λ = 20 used for both inversions.

than the double value of the target data RMS residual of 6.7 ms (see Sect. 6.2.4).
Whereas the traveltime residuals in the north-eastern part of the model P1-2 (Fig.
7.7(b)) hardly exceed an absolute error of 25 ms, in the south-western part values
of +25 ms and −25 ms, i.e. a underestimation and overestimation of the observed
traveltimes by the initial model dominates. This indicates a strong structural variation
in the south-western part of model P1-2. The final coarse velocity model shows an
only slightly reduced data RMS residual of 10 ms (Fig. 7.7(c), inset), which indicates,
that the current inversion node spacing might not be sufficiently small for representing
the subsurface structure resolvable by the data. The model perturbation with respect
to the initial model is primarily characterized by a decrease of the velocity at the
shallow subsurface in the south-western part of model P1-2 (Fig. 7.7(c)). This can be
also observed in the overall decrease of the traveltime residuals in the south-western
part of the model (Fig. 7.7(d)). In the north-eastern part of the model, a decrease
of the absolute values of the traveltime residuals is visible (Fig. 7.7(b)), however, no
significant velocity perturbation can be observed in the final coarse velocity model
(Fig. 7.7(c)).

As the coarse velocity model is not capable to reduce the data RMS residual to
the desired level, a model refinement is performed by reducing the horizontal node
distance to 1 km and vertical node distance to 100 m to 200 m at a linear increase
with depth. The final coarse velocity model (Fig. 7.7(c)) serves as initial model for
this refined coarse velocity model. Again, the L-curve test is performed (Fig. 7.6(b))
and a damping value of λ = 20 is chosen.

Fig. 7.7(e) shows the final velocity model P1-2 of the refined coarse inversion.
The use of the refinement is demonstrated by the data RMS residual of 7.6 ms,
which almost approaches the target RMS residual of 6.7 ms (Fig. 7.7(e), inset).
Although in the north-eastern part of the model P1-2 again the model perturbation
with respect to the initial model (Fig. 7.7(c)) is not clearly visible, the reduction
of the absolute values of the traveltime residuals can be observed by comparing Fig.
7.7(d) and Fig. 7.7(f). The model improvement becomes even clearer when taking
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Figure 7.7: Velocity model and traveltime residual variation of the coarse and refined coarse
velocity structure inversion on the example of model P1-2 (see Fig. 7.5). (a) CGM initial
velocity model and (b) corresponding traveltime residuals over profile direction and source
- receiver offset. (c) Final coarse velocity model and (b) corresponding traveltime residuals
over profile direction and source - receiver offset. (e) Final refined coarse velocity model
and (f) corresponding traveltime residuals over profile direction and source - receiver offset.
The inset in (a), (c), and (e) show the data RMS residual of the velocity model. The black
dots denote the inversion nodes. Whitened areas in the velocity models correspond to areas
of RDE values of less than 0.1 and are interpreted as poor resolved (see Sect. 4.3.5). The
vertical exaggeration of the velocity models (a), (c), and (e) is four-fold.
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Table 3: Data and model perturbation RMS residual of coarse and refined coarse subsurface
structure inversion of the 2.5D models P1-1, P1-2, P2, and P3.

Data RMS Residual [ms] Model perturbation RMS [km/s]
Model P1-1 P1-2 P2 P3 P1-1 P1-2 P2 P3

CGM Initial
model 18.1 12.5 12.6 9.5 0 0 0 0

Final coarse
model 12.5 10.0 10.4 8.2 0.451 0.255 0.284 0.222

Final refined
coarse model 8.7 7.6 8.2 6.8 0.528 0.307 0.356 0.302

a look at the traveltime residuals in the south-western part of the model. In this
region, also the refined coarse velocity model (Fig. 7.7(e)) is considerably perturbed.
Starting with an almost horizontal velocity structure in the south-west in Fig. 7.7(a),
a significant horizontal velocity variation is observed in the refined coarse velocity
model in Fig. 7.7(e). Nonetheless, the traveltime residuals (Fig. 7.7(f)) suggest, that
further structural information is contained in the data, which can be assessed by an
additional model refinement.

In this section, the construction of the coarse velocity model was illustrated using
the example of model P1-2. The procedure conducted for the remaining 2.5D models
P1-1, P2, and P3, is not discussed in detail here. The reason is, that the behavior of
the velocity model during the coarse structure inversion is similar to that discussed
using model P1-2. Nonetheless, velocity models and traveltime residuals are shown
in Appendix C. Furthermore, the inversion results are summarized in Tab. 3. This
shows, that the data RMS residual and model perturbation RMS of model P2 behaves
similar like for model P1-2. This can be explained in terms of the underlying geological
structure: as can be seen in Fig. 7.5 both the model orientations are perpendicular to
the Erfurt fault zone and one expects similar geological features in the subsurface. In
contrast, the results in Tab. 3 suggest a much more complicated subsurface structure
for model P1-1 as the data RMS residual of the final refined coarse model is rather
large. The strong model perturbation from the initial model to the final refined
coarse model for model P1-1 is moreover reflected in the large model perturbation
RMS (Tab. 3). From this result, one can conclude, that whereas the CGM initial
model is not capable to represent the subsurface structure, the final refined coarse
model does comparatively well. The smallest data RMS residuals are observed for
model P3. Here, the final refined coarse model parametrization is almost sufficient
for representing the subsurface structure as the data RMS residual of 6.8 ms is very
close to the target value of 6.7 ms. This indicates an almost horizontally layering of
for model P3.

7.3.3 Node spacing tests

As for all final 2.5D refined coarse velocity models in Sect. 7.3.2, the target data RMS
residual has not been reached using the assigned refined coarse node spacing. Hence,
the models are underparametrized with respect to the resolution potential of the data.
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The question addressed in the section is how to find an optimum parameter density
for the final 2.5D velocity models. Regarding Occam’s principle (see Sect. 7.1.2)
an optimum parameter density is characterized to be minimal for reaching the target
data fit. Since the data density as well as the data quality is likely to differ in different
regions of one model, an optimum parameter density may also vary throughout the
model. However, although the software simulr16 used for the inversion allows for
the effective reduction of the parameter density by introducing interpolation nodes
(see Sect. 7.1.1), an optimum distribution of interpolation nodes is a very complex
problem to deal with. At the current state of research, parameter-free algorithms
for adjusting an optimum parameter distribution are not available for deterministic
traveltime tomography. Therefore, the problem of an optimum parameter density is
here simplified to a problem of optimum node spacing in each Cartesian direction.
The dimensionality of the problem of optimum density is thereby scaled down to only
few parameters to optimize.

In particular, node spacing in the horizontal directions is kept constant throughout
one model. In the vertical direction a linear increase of node spacing by a factor of
two from the top to the bottom of the model is applied, which compensates for
decreasing data density with increasing depth. So in total, two parameters have to be
optimized for obtaining the desired parametrization. The optimization is performed by
conducting inversions for several combinations of node distances in x- and z-direction
(Fig.7.8) on the example of model P2 (see Fig. 7.5). Similar to the inversion of the
coarse velocity structure (see Sect. 7.3.2), 20 % of all VibroSeis shots are taken into
account for the inversion. In order to suppress the impact of outliers on the inversion
result, a residual dependent weighting (see Sect. 7.1.1) is applied. While residuals
of less than 30 ms are weighted by 100 %, a residual of 50 ms only contributes by 2
% and larger residuals than 100 ms are omitted. In order to investigate the impact
of regualization applied during on inversions, with λ = 50, λ = 10, and λ = 2 three
different damping values are used. The inversion is terminated after 10 iterations.

The results of the node spacing test are shown in Fig. 7.8. The test is performed
for horizontal node distances from 0.1 to 1.6 km and vertical node distances from
40 - 80 m to 120 - 240 m from the top to the bottom. Although the impact of
different damping parameters λ is visible in the magnitude of data RMS residuals
reached, the trend of the data RMS residual is not affected: moving from large to
small node distances, at first the data RMS residual of the inverted model decreases
due to more detailed perturbations that can be applied to fit the data. At very small
node distances, the data RMS residual of the inverted model increases again. Here,
the density of nodes approaches a size, where data inconsistencies become significant
and the damping ensures that no data inconsistencies are projected into the model
by keeping the model perturbations small. That is why the data fit becomes worse,
i.e. the data RMS residual increases again.

Although the course of the data RMS residual for horizontal and vertical node
distance variations is similar, it is noticeable, that the data RMS residual is much
more affected by the horizontal than by vertical node distance variations. For each
horizontal node distance and damping used, the inversions using different vertical node
distances show a deviation of data RMS residuals of less than 0.5 ms. In contrast,
variations of more than 3 ms are visible for the varying horizontal node distances.
From this one can conclude, that the traveltime tomography allows for a comparatively
low vertical but good horizontal resolution of the underlying elastic properties.
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Figure 7.8: Data RMS residuals corresponding to the inversion results for different hori-
zontal and vertical node spacings and damping values using model P2. The parametrization
used for the final inversion is highlighted by a grey background.

Outgoing from the target RMS residual of 6.7 ms, the optimum node spacing is
found to be 0.6 km in horizontal direction and 70−140m in vertical direction (Fig. 7.8,
grey bar). Coinciding with Occam’s principle, for λ = 2 the model is characterized by
the fewest parameters reaching the target RMS residual. The use of smaller horizontal
node distances of 0.4 or 0.2 km would lead to an over-interpretation of the data, since
the data fit falls below the data error. In case of λ = 50 and λ = 10, the chosen node
spacing does not reach the target data RMS. Here, a horizontal node spacing of 0.4
km appears superior to 0.6 km, because of a smaller data RMS residual. However, as
the L-curve test for the final inversion (Fig. 7.9) shows optimum damping values of
λ = 1, the data RMS residuals using λ = 2 gives a better representation of optimum
damping inversions.

In Sect. 6.4 the limit for theoretically resolvable structures is estimated from com-
puting the Fresnel zone radii. Here, the resolution limit for the data obtained along
the reflection profiles amounts 50 m at the near-surface and 150 − 400 m at greater
depth. Comparing these results with the results from the node spacing test shows,
that the near-surface vertical node spacing of 70 m does not fall below the Fresnel
zone resolution limit. The node spacing of 140 m at greater depth is comparable with
the minimum Fresnel zone radius of 150 m (see Fig. 6.15) and therefore also valid.
However, minimum Fresnel radius resolution is not expected for greater depths since
this limit requires the highest signal frequencies to be available in the appropriate
long-offset observations. High signal frequencies face stronger attanuation for longer
ray paths and the signal therefore contains lower frequencies leading to an increase of
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the effective Fresnel radii. Hence it is surprising, that the node spacing test results in
140 m vertical resolution for greater depths.

The node spacing test was only applied on model P2. In principle, it must be
conducted for the other models as well, because the optimum node spacing might also
depend on the varying subsurface structure. However, the data density and accuracy
used for the inversions of the models P1-1, P1-2, and P3 can be expected to be at
least as good as for model P2. On the one hand, the experimental geometry used
is the same for all models, so the data density might not be that different. On the
other hand, the data quality on profile P2 might be worse than on the other profiles,
because in parts it runs directly through the city of Erfurt (Fig. 6.1(b)). Hence, using
the optimum node density obtained for model P2 might represent a lower estimate of
the optimum node density for the remaining models. Moreover, conducting the node
spacing test for each model is computationally very expensive, so the node spacing
obtained using model P2 is assumed to be sufficient also for the models P1-1, P1-2,
and P3.

7.3.4 Final model inversions

Figure 7.9: L-curve tests for finding optimum damping parameters λ (see Sect. 4.3.3) for
the inversion of the final 2.5D velocity models (Fig. 7.5). (a) L-Curve test for model P1-1.
(b) L-Curve test for model P1-2. (c) L-Curve test for model P2. (d) L-Curve test for model
P3. The yellow arrow indicates the damping value of λ = 1 used for all inversions.

To obtain the final 2.5D velocity models P1-1, P1-2, P2, and P3, the refined coarse
velocity models (see Sect. 7.3.2) serve as initial models. Again, 20 % of all VibroSeis
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shots are taken into account for the inversion. The residual dependent weighting is
applied with 100 % weighting for residuals of less than 30 ms, 2 % for residuals less
than 50 ms and omitting residuals larger than 100 ms. The inversion is terminated,
when the target data RMS residual of 6.7 ms (see Sect. 6.2.4) is reached. The L-curve
tests (Fig. 7.9) show similar results for all 2.5D models. In contrast to the coarse
velocity structure inversion (see Sect. 7.3.2), where a strong damping is applied, now
the optimum damping parameter of λ = 1 is chosen (see Sect. 4.3.3).

Figure 7.10: Final 2.5D velocity models. (a) Final model P1-1 and (b) corresponding travel-
time residuals. (c) Final model P1-2 and (d) corresponding traveltime residuals. Whitened
areas in the velocity models correspond to areas of RDE values of less than 0.1 and are
interpreted as poor resolved. The vertical exaggeration of the velocity models (a) and (c) is
four-fold.

The final 2.5D velocity models and corresponding traveltime residuals are shown
in Figs. 7.10 and 7.11. Comparing the 2.5D velocity models, a consistent image of the
subsurface velocity structure is visible. Obviously, the deepest refraction obtained for
each model occurs at a velocity of about 5.5 to 6 km/s at different depths. For most
parts of the models, the velocity decreases monotonously when moving towards the
surface. A surface velocity of 3 km/s dominates, whereas in some parts the velocity
decreases to 2.5 km/s. The significant structural variations are found in the areas of
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Figure 7.11: Final 2.5D velocity models. (a) Final model P2 and (b) corresponding tra-
veltime residuals. (c) Final model P3 and (d) corresponding traveltime residuals. Whitened
areas in the velocity models correspond to areas of RDE values of less than 0.1 and are
interpreted as poor resolved. The vertical exaggeration of the velocity models (a) and (c) is
four-fold.

the fault zones (see Fig. 7.5). In Fig. 7.10(a) the Gotha-Saalfeld-Eichenberg fault
zone is imaged as a low-velocity zone between 2 and 6 km. The area of the Erfurt
fault zone (see Fig. 7.10(c)) at 7 to 9 km and Fig. 7.11(a) at 3 to 5 km) is indicated
by a velocity decrease in NE direction. In contrast, model P3 (Fig. 7.11(c) shows only
a slight velocity decrease from SE to NW and here no significantly dipping structure
can be observed from 0 to 13 km. Further geological interpretation of structures will
not be performed here, but reference is made to Sect. 8.

The data RMS residual for each model has reached 6.7 km, however, in some areas
the traveltime residuals with amplitudes with more than 30 ms are rather frequent.
Especially in the areas of the fault zones (Fig. 7.10(b) at 2−6 km, Fig. 7.10(d) at 6−9
km, and Fig. 7.11(b) at 4− 6 km) large traveltime residuals are present. The small-
scale changing signs of the traveltime residuals indicate data inconsistencies rather
than a more structured subsurface not represented by the final velocity model. These
inconsistencies are, however, not given between observations of one and the same
VibroSeis shot, because here, a changing sign of the traveltime residual is not observed.
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This does also exclude random picking errors as responsible for the inconsistencies.
Furthermore, an error in the static corrections can not be identified as the reason for
the inconsistencies, since the near-offset traveltimes are not affected to the level of
these traveltime deviations. Apparently, one reason for the large traveltime residuals
is the 3D structure, that can not be represented by the 2D velocity model. The 3D
subsurface structure becomes especially important, if additionally the source-receiver
orientation is not directed in profile direction, e.g. if the VibroSeis profile is not a
straight line. Nonetheless, the 3D structure might not be sufficient to explain the
high amplitude of traveltime residuals. As indicated in Sect. 6.2.4, systematic errors
occurred during the traveltime determination. Therefore, it is possible, that the large
traveltime residuals are a result of systematically shifted first break picks for some
of the data traces. The fit of observed and computed traveltimes for the final 2.5D
velocity models for selected shotgathers can be found in Appendix A.

At this point, the effect of using a sequential inversion (see Sect. 7.1.2) on the
resulting model is discussed. Therefore, on the example of model P2 (Fig. 7.5) an
inversion is conducted in one step and the result is compared with the result based on
a sequential inversion (Fig. 7.12, left hand side). The resulting model P2 produced
in this section is based on the CGM initial model (Sect. 7.2.1). From the initial
model with a coarse inversion node spacing a coarse velocity model is constructed
(Sect. 7.3.2). Then two model refinements are performed to obtain a refined coarse
model and the final model, whereas the grid spacing for the final inversion obtained
from a node spacing test (Sect. 7.3.3) is the optimum node spacing related to the
available traveltime data. The initial model for the inversion in one step (Fig. 7.12,
right hand side) is also the CGM initial model, however, the inversion grid applied
is similar to the inversion grid of the final inversion in the sequential framework.
An L-curve test is conducted and the optimum damping parameter is used for the
inversion in one step (Fig. 7.12, right hand side). The data taken into account for
this inversion is the same as for the sequential inversion. The inversion is terminated,
when a data RMS residual of 6.7 ms is obtained. Hence, the data fit for both inversion
results is the same. The comparison of the final models (Fig. 7.12, bottom) based
on both inversion strategies shows some important differences. Whereas the result
of the one-step inversion shows a lot of small-scale velocity variations, the result of
the sequential inversion is rather smooth. Even though the data fit for both results
is equal, the result from the sequential inversion is clearly preferable, because the
resulting velocity model is more simple and therefore in coincidence with Occam’s
principle (Sect. 7.1.2). Consequently, the result of the one-step inversion does not
satisfy Occam’s principle because it is not the simplest model, that can be derived
from the traveltime data used. Hence, if in the framework of this study only the
inversion in one step was conducted, it would not have been observed, that using a
different inversion strategy like this presented here (Sect. 7.1.2) results in simpler
velocity model. From the findings one can conclude, that conducting the inversion in
a sequential framework is mandatory to obtain a simple velocity model in agreement
with Occam’s principle.

7.3.5 Model resolution assessment

The node spacing test performed in Sect. 7.3.3 determined an optimum inversion node
spacing with respect to the resolution potential of the data. However, the unique node
spacing applied does not satisfy a data resolution potential in each region of a model.

88



7 THE APPLICATION OF SEISMIC TRAVELTIME TOMOGRAPHY

Figure 7.12: Inversion result using a sequential inversion strategy (left hand side) as depicted
in Sect. 7.1.2 in comparison with an inversion conducted in one step (right hand side) on
the example of model P2 (Fig. 7.5). The results are based on the same CGM initial model
(Sect. 7.2.1) and optimum regularization applied (Sect. 4.3.3). Both the inversion results
show the same data RMS residual of 6.7 ms.

Although the spatial distribution of data points is nearly uniform, the amplitude of
traveltime residuals of the final 2.5D velocity models (see Fig. 7.10(b) and (d), Fig.
7.11(b) and (d)) and therefore data quality is non-uniform. Thus, the node spacing
obtained from the node spacing test (Sect. 7.3.3) more or the less reflects the average
resolution potential throughout the model. Consequently, also areas exist, where the
model is overparametrized with respect to the data. Therefore, this section aims
for detecting poorly resolved areas of the model, that must be excluded from being
interpreted.

The resolution matrix diagonal elements (RDE) (see Sect. 4.3.5) give insight
about how constrained the model parameters are. By mapping the RDE onto the
node position of the corresponding model parameters (Fig. 7.13), a certainty measure
for the model at the appropriate node positions is obtained. In most parts of the 2.5D
models, the RDE exceeds a value of 0.2, which is referred to as sufficiently resolved.
In each model, the RDE falls below the value of 0.1 at a certain depth. This depth
coincides which the maximum penetration depth of the rays, which obviously limits
the data sensitivity and so justifies a vanishing resolution. However, in contrast to
the velocity structure of the 2.5D velocity models (Figs. 7.10(a) and (c), 7.11(a) and
(c)), where in most parts the velocity showed an almost constant increase with depth,
the distribution of the RDE is rather patchy.

Moreover, more or the less horizontally oriented channels of high RDE are visible
(Fig. 7.13, limited by red and yellow arrows). Since the highest data sensitivity
is given at the turning points of the corresponding rays, the channels of high RDE
values might coincide with dominant subsurface refractors. In the 2.5D models, two
refractors are visible. The refractor indicated by the red arrows in Fig. 7.13(a)-(d),
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Figure 7.13: Resolution matrix diagonal elements (RDE) mapped onto the node positions
of the corresponding parameters for the final 2.5D velocity models. (a) RDE of model P1-1,
(b) RDE of model P1-2, (c) RDE of model P2, and (d) RDE of model P3. The vertical
exaggeration for all models is four-fold. The channels of high RDE values indicated by the
red and yellow arrows are interpreted as the major refractors in the model area.

which is at least partially observed in each model, is located at the near-surface.
In model P1-1 (Fig. 7.13(a)) this near-surface refractor even clearly outcrops as
indicated by the red arrows. The second refractor indicated by the yellow arrows is
clearly identified only in the models P1-1 and P1-2 (Fig. 7.13(a) and (b)). As this
refractor mostly occurs directly above areas of vanishing RDE values, one may infer
that it holds a comparatively high velocity and therefore limits the penetration depth
of the rays.

Besides well resolved areas, the RDE also shows worse resolved model areas with
values of < 0.2 in intermediate depths (Fig. 7.13). Using the same argumentation
as for the interpretation of the channels of high RDE values, one expects that ray
turning points only rarely occur in these areas, indicating small velocity gradients or
low-velocity layers. Thus, the data sensitivity is comparatively low for these areas,
causing a naturally vanishing resolution. At this point, one can conclude, that the
illustration of the RDE does not only help to judge the model resolution, but can also
reveal comparatively sharp structures, whereas this information is not available from
the velocity model itself.

Another opportunity to estimate the resolution of a velocity model is the Checker-
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Figure 7.14: Results of the Checkerboard test for the final 2.5D velocity models using a
relative velocity perturbation of ±10 %. (a) Checkerboard test for model P1-1, (b) Checker-
board test for model P1-2, (c) Checkerboard test for model P2, and (d) Checkerboard test
for model P3. The vertical exaggeration for all models is four-fold.

board test (see Sect. 4.3.5). In the case of the models P1-1, P1-2, P2, and P3 at
first strong velocity heterogeneity are reduced via a slight Gaussian smoothing of the
velocity models. Then, a Checkerboard pattern with a relative amplitude of ±10 % of
the respective velocity is applied to each model. The recovered Checkerboard pattern
is shown in Fig. 7.14. The Checkerboard test turns out to be very successful. Except
for the boundary areas and depths not covered by rays (compare with areas of low
RDE values in Fig. 7.13), the initial sign of the perturbation is recovered in any model
regions, indicating that the applied node spacing is sufficient.

The amplitude of the perturbation is at best recovered at the surface. Here, a
recovery of nearly 100 % of the amplitude of the initial perturbation dominates. At
greater depths, a recovery of 50 % is visible in most cases. However, the amplitude
recovery in models P2 and P3 (Fig. 7.14(c) and (d)) at depth of about 500 − 600
m below surface is comparatively low. Here, in some areas the amplitude recovery
falls below 20 %. In these areas, also a slight vertical velocity smearing is present.
Thus, the velocity model in these areas has to be interpreted with caution, since
the data appears not to be capable to resolve vertical structures to the length of
two vertically neighboring nodes. Nevertheless, the overall horizontal Checkerboard
recovery is very satisfactory. For all 2.5D velocity models, no significant horizontal
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Table 4: Data and model perturbation RMS residual of the model recovery test for the 2.5D
models P1-1, P1-2, P2, and P3 using the GRM initial model.

Data RMS Residual [ms] Model perturbation RMS [km/s]
Model P1-1 P1-2 P2 P3 P1-1 P1-2 P2 P3

GRM initial
model 54.4 72.1 84.1 73.8 0 0 0 0

After three
inversion steps 8.7 7.9 8.0 8.0 0.469 0.497 0.565 0.483

Final model 7.0 6.7 6.7 6.7 0.632 0.680 0.781 0.663

velocity smearing can be observed. From this result, one can conclude that horizontal
velocity gradients of at least 10 % in the final 2.5D velocity models are reliable and
represent the geological situation.

7.3.6 Model recovery test using the GRM initial model

Due to the non-linearity of the inversion problem to solve (see Sect. 4.2), the solution
model is non-unique. An essential affect on the path through the model space during
the inversion is governed by the starting point in model space, i.e. the initial velocity
model. In order to check the robustness of a solution obtained based on one initial
model, it is necessary to try to recover the solution using another initial model, which
is located at some euclidean distance to the first initial model (see Sect. 4.3.4).
Therefore, the GRM constructed from structural geological [60] as well as velocity
information from the Thuringian Basin (see Sect. 7.2.2) is used as an initial model.
The GRM is shown for model P1-1 in Fig. 7.15(a).

To use this model for the inversion, the layered velocity information needs to be
transferred to the inversion grid required by the software simulr16 (Fig. 7.15(b)).
From the node spacing test described in Sect. 7.3.3 the optimum node spacing was
obtained at a horizontal node distance of 600 m and a vertical node distance of
70 − 140 m from the top to the bottom of the model. This parametrization is also
applied here. It is visible (Fig. 7.15(b)) that, although the layered structure of the
GRM (Fig. 7.15(a)) can not preserved for technical reasons, the change in velocity
structure is not significant. The respective traveltime residuals for this model are
shown in Fig. 7.15(c). Obviously, the traveltimes obtained based on the GRM are not
in accordance with the measured traveltimes at a data RMS residual of 54.4 ms (Fig.
7.15(b), inset). Whereas in the north-eastern part of model P1-1 traveltime residuals
of −30 to −50 ms dominate, in the south-western part of the model, where the Gotha-
Saalfeld-Eichenberg fault zone is located (Fig. 7.5), the traveltime residuals increase
to −100 ms and more. The sign of the traveltime residuals is predominantly negative,
which represents an overestimation of the observed traveltimes by the computed tra-
veltimes. Thus, one expects that the velocity of the GRM significantly underestimates
subsurface velocities.

The recovery test inversions for the 2.5D models P1-1, P1-2, P2, and P3 are
carried out by using all observations of 20 % of all VibroSeis shots as data. The offset
dependent weighting (see Sect. 7.1.1) is set to 1 for each data point. A damping
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Figure 7.15: The 2.5D velocity model recovery test using the GRM illustrated on the
example of model P1-1 (see Fig. 7.5). (a) Original layered GRM with P-velocities applied
to the appropriate strata (see Sect. 7.2.2). (b) GRM transferred to the simulr16 inversion
grid (see Sect. 7.1.1) and (c) the corresponding traveltime residuals. (d) Final model of the
recovery test using the GRM as initial model and (e) the corresponding traveltime residuals.
The insets in (b) and (d) show the data RMS residual obtained for the appropriate velocity
model. Whitened areas in the velocity models correspond to areas of RDE values of less than
0.1 and are interpreted as poor resolved. The vertical exaggeration of the velocity models is
four-fold.
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parameter of λ = 2 is applied for the first inversion steps, which is identified as
optimum damping value using the L-curve test (see Fig. C.1). Since the data RMS
residual for the GRM is very large, a residual dependent weighting is not useful to
be applied initially. Therefore, at first, three inversion steps with residual dependent
weighting of 1 are performed in order reduce the data RMS residual and obtain a
model, which better explains the observed traveltimes. Afterwards, 10 iteration steps
with the residual dependent weighting are conducted to exclude outliers from the
inversion. Here, again residuals of less than 30 ms are weighted by 100 %, a residual
of 50 ms only contributes by 2 % and larger residuals than 100 ms are omitted.
Another L-curve test provides an optimum damping value of λ = 1 for the models
P1-1, P1-2, and P3 and λ = 0.5 for model P2, which is applied for the inversion.

The final model of the recovery test for model P1-1 (Fig. 7.15(d)) shows some
major perturbations with respect to the GRM initial model (Fig. 7.15(a)). Especially
at 2 − 5 km, a significant increase in velocity is visible. Whereas at the near-surface
the velocity increases from 2 to more than 3 km/s, at greater depth the velocity
increases from 5.3 to 6 km/s. This perturbation is also reflected by the decrease of
amplitude of the traveltime residuals (Fig. 7.15(e)). A clear model improvement is
also observed in the traveltime residuals in the north-eastern part of the model (Fig.
7.15(e), 10−20 km), whereas the perturbations are not that significant in the velocity
model (Fig. 7.15(d)). Here, again the increase in velocity governs the amplitude
decrease of the traveltime residuals. Although the distribution and amplitudes of the
traveltime residuals of the result based on the GRM initial model are similar to the
traveltime residuals based on the CGM initial model (Fig. 7.10(b)), the overall data
fit of the model obtained from the recovery test is worse for model P1-1. This is
indicated by the data RMS residual of 7.0 ms (see Fig. 7.15(d), inset) reached in
contrast to the target data RMS residual of 6.7 ms (see Sect. 6.2.4). Apart from
strong velocity perturbations during the recovery test, the principle structure of the
velocity model (compare Fig. 7.15(a) and (d)) does not change strongly. This is a
clear evidence, that the structural geological information [60] used for the construction
of the GRM is in agreement with the available data.

The detailed description of the recovery test as for model P1-1 is not given for
the other 2.5D models P1-2, P2, and P3 here. However, the characteristics of these
inversions are summarized in Tab. 4. Obviously, the GRM initial models strongly
overestimates the picked traveltimes for all 2.5D models, which is indicated by large
initial data RMS residuals. The first three inversion steps are responsible for the
major reduction of the data RMS residuals and greatest model perturbations applied.
In contrast to the final data RMS residual corresponding to model P1-1, where the
target data RMS residual of 6.7 ms is not reached, the other models fit the data to
the level of the traveltime picking accuracy. I.e. the quality of the inversion result
based on the GRM initial model is similar to that using the CGM initial model. The
model perturbations applied to the final models based on the GRM initial model
obviously have the double amplitude with respect to the coarse model inversions (see
Tab. 3). Thus, although large perturbations are applied to the 2.5D models during
the inversion, one is still capable to achieve a similar solution quality measured by
the data RMS residual.

The aim of a recovery test is to compare the solutions of the inversion based on
different initial models (see Sect. 4.3.5). The maximum penetration depth of the rays
is more or the less recovered in the very south-western part of model P1-1 (compare
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Fig. 7.16(a) and (c)). In contrast, towards the north all models based on the GRM
initial models show a significantly lowered maximum penetration depth of about 100
m (Figs. 7.16(c) and (f), 7.17(c) and (f), gray arrows). During the inversion using
the GRM initial model, the depth of the high velocity layer with a P-velocity of 5.3
km/s, which is responsible for the limitation of the penetration depth, is preserved (see
Figs. 7.16(b) and (d), 7.17(b) and (d)). This might indicate the origin of the apparent
discrepancy in ray penetration depth between the inversion results using the CGM
and the GRM initial model. In fact, the initial penetration depth of a ray defines the
depth sensitivity limit of the corresponding data points. If no ray reaches a certain
depth, the sensitivity for this depth is zero. Consequently, no model perturbation is
applied to this depth increasing the current velocity and causing the rays to penetrate
deeper. Hence, a penetration depth increase by using the constructed GRM as initial
model can not be expected. Therefore, the high-velocity layer with 5.3 km/s in the
GRM acts as a barrier for ray penetration depth (compare with Sect. 7.2.2).

Besides the insufficient reproduction of the penetration depth, the P-velocities in
both the inversion results using the CGM and the GRM as initial models are in good
agreement (compare Fig. 7.16(a) and (c), Fig. 7.16(d) and (f), Fig. 7.17(a) and (d),
and Fig. 7.17(d) and (f)). Especially horizontal velocity trends are recovered well.
Nonetheless, some small-scale differences in the inversion results are visible. E.g. in
the final model P3 based on the CGM initial model (Fig. 7.17(d)) at 15 − 17 km, a
low velocity zone is visible with a velocity decrease from 3 to 2.5 km/s, which appears
only at the surface. In contrast, in the final model based on the GRM initial model,
this low velocity zone more or the less forms a dipping low velocity layer as it seems to
continue at 14 km below the surface (Fig. 7.17(f), yellow arrow). Another difference
can be observed in model P2: in the inversion result based on the GRM initial model
at 6 and 11.5 km (Fig. 7.17(c), yellow arrows), the velocity increases and forms a high
velocity anomaly. The respective structure in the inversion result based on the CGM
initial model (Fig. 7.17(a)) rather appears as an uplifting structure. Thus, although
the velocity in both models is almost identical, the interpretation might be different.
More difficult is the assessment of arising structures indicated by the yellow arrows in
Figs. 7.16(c) and (f). E.g. in the final model P1-2 based on the CGM initial model
(Fig. 7.16(d)) from 8 to 10 km the structure of the deepest refraction with 6 km/s
is flat. In contrast, the final model based on the GRM initial model (Fig. 7.16(f))
reveals a syncline structure with the same velocity covered by a low velocity anomaly,
which is characterized by low RDE values due to no rays passing this area. The same
holds for the high velocity layer in the final model P1-1 based on the GRM initial
model, which is covered by the large low velocity zone (Fig. 7.16(c), yellow arrow). In
contrast, a smooth velocity increase with depth in the final model based on the CGM
initial model (Fig. 7.16(a)) is observed. The latter two cases show, that starting from
different regions in model space, the data can be interpreted different. Hence, it is
important to discuss these differences regarding the model interpretation. On the one
hand, structures not clearly recovered should be interpreted with caution, because
they can obviously explain the data to the similar level and are therefore uncertain.
On the other hand, they also give a new insight into the subsurface structure and
provide additional scenarios for an interpretation.

Even though both the P-velocity models based on the CGM and GRM initial
models are of similar quality measured by the data RMS residual, the interpretation
is only based on the 2.5D P-velocity models using the CGM as initial model (Sect.
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Figure 7.16: Results of the recovery test for the models P1-1 and P1-2 (see Fig. 7.5).
Comparison of the 2.5D final models using different initial velocity models. (a) Final velocity
model P1-1 of the initial inversion based on the CGM initial model. (b) Original layered
GRM for model P1-1 with P-velocities applied to the appropriate strata (see Sect. 7.2.2).
(c) Final velocity model P1-1 of the recovery test based on the GRM initial model. (d) Final
velocity model P1-2 of the initial inversion based on the CGM initial model. (b) Original
layered GRM for model P1-2 with P-velocities applied to the appropriate strata (see Sect.
7.2.2). (c) Final velocity model P1-2 of the recovery test based on the GRM initial model.
Whitened areas in the velocity models correspond to areas of RDE values of less than 0.1
and are interpreted as poor resolved. The vertical exaggeration of the velocity models is
four-fold.
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Figure 7.17: Results of the recovery test for the models P2 and P3 (see Fig. 7.5). Comparison
of the 2.5D final models using different initial velocity models (a) Final velocity model P2 of
the initial inversion based on the CGM initial model. (b) Original layered GRM for model
P2 with P-velocities applied to the appropriate strata (see Sect. 7.2.2). (c) Final velocity
model P2 of the recovery test based on the GRM initial model. (d) Final velocity model
P3 of the initial inversion based on the CGM initial model. (b) Original layered GRM for
model P3 with P-velocities applied to the appropriate strata (see Sect. 7.2.2). (c) Final
velocity model P3 of the recovery test based on the GRM initial model. Whitened areas in
the velocity models correspond to areas of RDE values of less than 0.1 and are interpreted
as poor resolved. The vertical exaggeration of the velocity models is four-fold.
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Figure 7.18: Seismic data, traveltimes, and ray path visualization of a shot at 5.8 km on
profile P1 corresponding to the final model P1-1. (a) Seismic record 1202 with observed
traveltimes (blue) and computed traveltimes (orange). (b) Ray paths corresponding to 20 %
of all observations of the shot through the final model P1-1 corresponding to the computed
data. The colored arrows correspond to refractions referred to in the text. For better
visualization of the seismic data, only one of every three observations is plotted. The vertical
exaggeration of the velocity model is 1.25.

7.3.4). The reason is, that the results based on the CGM are less structured. Hence,
in accordance with Occam’s principle (Sect. 7.1.2) these models explain the model
to the similar level as the models based on the GRM initial model but contain less
small-scale anomalies.

7.3.7 Interpretation of seismic data and ray paths

For interpreting refractions visible in the seismic data (see Sect. 6.2), a ray path in
the final model can be assigned to each data point. From the ray path, the depth
and velocity of the refraction can be obtained and therefore gives further information
about the subsurface structure beyond the velocity model. Moreover, a comparison
between observed and computed traveltimes can be performed to judge the data fit.

Fig. 7.18(a) shows seismic data acquired on profile P1 (see Fig. 6.1). The VibroSeis
shot conducted at 5.8 km in the model P1-1 (see Fig. 7.5) is located in the area of the
Gotha-Saalfeld-Eichenberg fault zone. It can be seen in the seismic data (Fig. 7.18(a))
acquired by geophones to the north-east of the shot location, that two refractions at
different refractors are identified (Fig. 7.18(a), red and yellow arrows). It is visible
that whereas the observed traveltimes (Fig. 7.18(a), blue dots) properly follow the
first break refractions, the computed data (Fig. 7.18(a), orange dots) overestimate
the first break at about +750 m offset, leading to a more or the less smooth transition
from one to the other refractor. This also results in a smooth transition of the ray
penetration depths in Fig. 7.18(b) (observations marked by red and yellow arrows).
I.e. the final model P1-1 is not capable to establish two separable refractors in the
model region corresponding to the clear observation made in the seismic data (Fig.
7.18(a)). The reason for this might be the limited vertical resolution in the velocity
model.
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The influence of the Gotha-Saalfeld-Eichenberg fault zone is clearly imaged in the
asymmetry of the seismic data with respect to the offset to the north-east and the
south-west of the shot location (Fig. 7.18(a)). From −1000 to −700 m offsets from
the shot location (Fig. 7.18(a), limited by the green arrows) a kink is visible in the
traveltime curve. While the slope of the traveltime curve and therefore the apparent
velocity is similar to shorter as well as to greater offsets, the offsets marked by the
green arrows are characterized by a initial apparent velocity increase and decrease
again. The corresponding rays (Fig. 7.18(b), observations marked by the green ar-
rows) indicate, that the wave here indeed passes a high velocity zone responsible for
the increase of the apparent velocity. However, the model resolution might not be
sufficient to clearly identify the origin of this high velocity zone.

In contrast to the vanishing resolution of two refractors in Fig. 7.18(a) (indicated
by the red and yellow arrows), a comparatively good refractor resolution is obtained
for a shot at 8.5 km in the final model P1-2 (Fig. 7.19). In Fig. 7.19(a), again the
red arrows limit a near-surface refraction and the yellow arrows a deeper refraction.
As visualized in Fig. 7.19(b), the corresponding ray turning points do not merge into
each other. However, the refraction denoted by the yellow arrows does not take place
in a certain depth but is smeared over more than 300 m in vertical direction, which
may be due to decreasing resolution with depth. A further remarkable observation in
the seismic data (Fig. 7.19(a)) is highlighted by the green arrows. Here, at −700 m
offset the apparent velocity at first increases and subsequently decreases again from
−1000 to −1200 m offset, so there is a similar situation like illustrated in Fig. 7.18(a)
(limited by the green arrows). However, the corresponding rays (Fig. 7.19(b)) do not
pass a high velocity zone like in Fig. 7.18(b) and also the computed data (Fig. 7.19(a),
orange dots) does not match the observed traveltime data very well. Moreover, the
hyperbolic shape of the apparent phase picked rather corresponds to a reflection or
diffraction than a refraction. Because the kinematic description of a reflection or
diffraction is very different from a refraction, the observed traveltime data does not
fit to the velocity structure obtained.

At this point, a comparison of the data match as well as the ray paths between
the final model and the model obtained from the recovery test is given (compare Fig.
7.19(a) and (b) with Fig. 7.19(c) and (d)). The figures show the identical data set of
picked traveltimes and the appropriate computed traveltimes corresponding to both
the models. Obviously, there is hardly any difference in the computed traveltimes for
the final model and the model obtained from the recovery test (Fig. 7.19(a) and (c),
orange dots). So, it is remarkable, that both the velocity models near the Erfurt-fault
zone are very different though (compare Fig. 7.19(b) and (d)). This difference is also
imaged in the ray paths: as visible in Fig. 7.19(d), the rays are much more constrained
to sharp refractors in the model obtained based on the GRM initial model than in
the model based on the CGM initial model (Fig. 7.19(b)). Thus, from this one can
conclude, that the data in this area can be explained by both the models to the same
level and therefore significant model uncertainties are present.

From investigating the seismic data acquired on profile P2 (see Fig. 6.1), again two
major refractions are observed (Fig. 7.20(a), limited by the red and yellow arrows).
Again, the depth of the refractions rather merge into each other and a clear separation
can not be obtained (Fig. 7.20(b), limited by the red and yellow arrows). Obviously,
the negative offsets (Fig. 7.20(a), limited by the green arrows) do not show a similar
transition from one to another refractor. Here, the apparent velocity is almost con-
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Figure 7.19: Comparison of seismic data, traveltimes, and ray paths of a shot at 8.5 km on
profile P1 between the final model P1-2 based on the CGM initial model and the GRM initial
model. (a) Seismic record 1776 with observed traveltimes (blue) and computed traveltimes
(orange) using the final model based on the CGM initial model. (b) Ray paths corresponding
to 20 % of all observations of the shot through the final model P1-2 based on the CGM
initial model corresponding to the computed data. (c) Seismic record 1776 with observed
traveltimes (blue) and computed traveltimes (orange) using the final model based on the
GRM initial model. (d) Ray paths corresponding to 20 % of all observations of the shot
through the final model P1-2 based on the GRM initial model corresponding to the computed
data. The colored arrows correspond to refractions referred to in the text. For better
visualization of the seismic data, only one of every three observations is plotted. The vertical
exaggeration of the velocity models is 1.25.
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Figure 7.20: Seismic data, traveltimes, and ray path visualization of a shot at 5.4 km
on profile P2 corresponding to the final model P2. (a) Seismic record 3381 with observed
traveltimes (blue) and computed traveltimes (orange). (b) Ray paths corresponding to 20 %
of all observations of the shot through the final model P2 corresponding to the computed data.
The colored arrows correspond to refractions referred to in the text. For better visualization
of the seismic data, only one of every three observations is plotted. The vertical exaggeration
of the velocity model is 1.25.

stant from short to long offsets. As indicated by the ray paths (Fig. 7.20(b)), the
asymmetry of the traveltime curves can be explained by the uplifting high-velocity
refractor at approximately 5.8 km. While in the south-west no refraction occurs at
this refractor because it is located deeper, in the north-east the rays are refracted
on the dipping layer with a velocity of about 6 km/s. Hence, the seismic data gives
evidence for the existence of such a dipping high-velocity layer.

From comparing the seismic data (Figs. 7.18(a), 7.19(a), and 7.20(a)) in different
regions of the model area, some significant differences arise as indicated by the green
arrows. However, in each record imaged, two significant refractors appear. Whereas
the the red arrows mark refractions located more or the less at the near surface
(see Figs. 7.18(b), 7.19(b), and 7.20(b)), the refraction marked by the yellow arrows
denotes refractions occurring at greater depth. This observation is in good agreement
with the channels of high RDE values as discussed in Sect. 7.3.5 (see Fig. 7.13).
These channels, one at the near-surface and one at greater depth, are interpreted
by accumulations of ray turning points. Since the properties of specific rocks in the
investigation area are not expected to vary strongly, it can be moreover assumed,
that the red and yellow marked refractors correspond to equal geological units. The
refractions marked by the yellow arrows occur at a P-velocity of 5.5− 6 km/s. Hence,
the velocity as well as the depth where the ray turning points appear, give indications
that this refractor is associated with the mu (see Sect. 7.2.2). Hence, as suggested in
Sect. 7.2.2, this strata might in fact lead to a limitation of the ray penetration depth.

101



7 THE APPLICATION OF SEISMIC TRAVELTIME TOMOGRAPHY

7.4 The construction of the 3D velocity model

7.4.1 Establishing the model geometry

Figure 7.21: Geometry of the 3D velocity model over the geological map [80]. The black
crosses denote the position of the inversion nodes in horizontal direction in the final model
obtained by the node spacing test (see Sect. 7.4.3). The yellow circles correspond to the
locations of the VibroSeis shots taken into account for the inversion. The yellow triangles
indicate the positions of the stations of the 3D seismic array. A figure legend is found in Fig.
2.1.

The basis of the 3D inversion lies in the inversion of traveltimes obtained using 3D
seismic array (Fig. 6.1, Sect. 6.3). Whereas the traveltimes acquired along the reflec-
tion seismic profiles only give insight about the subsurface structure along the profiles,
the seismic waves observed using the 3D seismic array hold a different directionality
of propagation and therefore carry information about the off-profile subsurface struc-
ture. However, compared to the data density of the traveltimes available along the
profiles (see Sect. 6.2), the data density of the 3D seismic array is rather poor. Thus,
the traveltimes acquired using the 3D seismic array are not sufficient to provide a
standalone 3D velocity model. In order to overcome this, the traveltimes used for the
inversion of the 2.5D velocity model are also taken into account for the 3D inversion.
Nevertheless, due to a poor data density in the off-profile direction of the velocity
model, the resolution of the 3D velocity model will be much lower compared to the
2.5D velocity models (Sect. 7.3).
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Fig. 7.21 shows the geometry of the 3D velocity model. The model area is adjusted
to include each station of the 3D seismic array. Since the software simulr16 requires
the model to be parametrized on intersections of grid planes in the Cartesian directions
(see Sect. 7.1.1), the geometry of the model has to be adjusted with caution to meet
the underlying geological structure sufficiently. As it can be observed in Fig. 7.21,
the orientation of the y-direction is parallel to the Erfurt fault zone, where only minor
structural variations are obtained from the 2.5D inversion (see Sect. 7.3.4). This is
advantageous, because as indicated by the inversion node spacing in y-direction (Fig.
7.21, black crosses) of 2.6 km determined by the node spacing test (see Sect. 7.4.3),
the resolution in y-direction is comparatively low and therefore in accordance with
the direction of minor structural variation. In contrast, the resolution length of less
than 0.9 km in x-direction, i.e. perpendicular to the Erfurt fault zone, is three times
shorter, so major structural variations expected here can be resolved much better.
The resolution of the final model ranges from 90 m to 180 m at a linear increase with
depth from 410 m above to 600 m below sea level (see Sect. 7.4.3).

7.4.2 Inversion of the coarse velocity structure and ray penetration depth
investigation

A significant difference of the data acquired using the 3D seismic array compared to the
data acquired along the reflection seismic profiles is, that larger offsets between sources
and receivers of up to 7 km are available (see Sect. 6.3.3). Thus, one would generally
expect greater penetration depths of the corresponding rays due to an increasing P-
velocity with depth. The GRM (see Sect. 7.2.2) does not contain information about
structures deeper than the Rotliegend, which is, however, not reached by any ray
during the inversion of the 2.5D velocity models. The reason is, that due to smaller
P-velocities of a shallower unit, ray penetration depth is limited to this unit (see Sect.
7.3.7). Nevertheless, it can not be guaranteed, that there is a velocity increase in
deeper geological units, e.g. the Zechstein, causing the rays to penetration deeper.
Therefore, based on the CGM (see Sect. 7.2.1) initial model a coarse velocity model
is constructed from both the data acquired using the 3D seismic array (Sect. 6.3) as
well as the data acquired along the reflection seismic profiles (Sect. 6.2) to obtain a
first order approximation of the ray penetration depth beyond the GRM.

Like for the inversion of the 2.5D velocity models (see Sect. 7.3.2), the coarse
structure inversion corresponding to the 3D model is based on a 2 km sectionwise
CMP binning in x-direction and the inversion of the parameters v0 and gz (see Sect.
7.2.1) in Eq. 47. In the y-direction, the initial model is assumed to be invariant at
first. The velocity information from the CGM is transferred to the inversion grid of
the coarse velocity model with an inversion node distance of 2 km in x-direction and
5.3 km in y-direction. As the rays penetrate to a depth of 1.8 km below sea level in
the CGM initial model (see Fig. 7.22(a)), the model is extended to 1.8 km depth at
a vertical node distance of 300 m to 600 m from the top to the bottom of the model
at a linear increase of node distance with depth. In total, this results in an coarse
inversion grid size of 8 × 3 × 6 inversion grid nodes for the model extension shown
in Fig. 7.21. Like in the inversion of the 2.5D velocity models (see Sect. 7.3.2), the
forward grid spacing is set to 20 m.

Fig. 7.22(a) shows the plane y = 0 km (see Fig. 7.21) of the CGM initial model
and the ray geometry corresponding to 50 % of the traveltimes acquired using all
seismic stations from the 3D seismic array. One observes, that the rays in the center
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of the model (Fig. 7.22, black lines from 6 − 11 km) penetrate to depths of 1.4 km,
which is significantly greater than the penetration depth of rays in the 2.5D models
(see Sect. 7.3.7). Moreover, data acquired using seismic station SWB are characterized
by rays with maximum penetrations depths of 1.8 km (Fig. 7.22(a), grey lines).
Hence, the rays in the 3D CGM initial model penetrate to much deeper regions than
in the 2.5D models. However, the data RMS residual of 25.5 ms indicates, that there
is an insufficient data fit for this model. Thus, the CGM initial velocity model and
therefore the ray geometry may not reflect the real penetration depths of the rays.

As mentioned in Sect. 7.4.1, the data density along the reflection seismic profiles
is much larger than that of the 3D seismic array. It is of importance for the inversion
to approximately adjust the two different data density to each other, in order to have
a comparable influence of both data sets on the inversion result. Thus, the data
density along the reflection seismic profiles is adapted to the limited density of the
data acquired using the 3D seismic array by taking into account all observations of
only 5 % of all shots on profile P1 and P2, and 1.5 % of all shots on profile P3 (Fig.
7.5). This reduction of traveltime data used for the inversion is also necessary for
efficiency reasons: since the forward modeling is performed for a 3D velocity model,
the forward modeling time for each shot strongly increases with respect to the 2.5D
case (Sec. 7.3). In contrast, all observations of shots along the reflection seismic
profiles observed at the stations of the 3D seismic array are used for the inversion
(Fig. 6.1). The residual dependent weighting (see Sect. 7.1.1) is initially set to 1 for
each data point. To account for the increased picking error of the large offset data
from the 3D seismic array (see Sect. 6.3.3), the offset dependent weighting is set to
100 % for offsets smaller than 2 km, 50 % for offsets of 4 km, and 0 % for larger offsets
than 10 km. The L-curve test (see Sect. 4.3.3) provides on optimum value of λ = 5,
which is used for the coarse structure inversion (see Fig. D.1(a)). The inversion is
terminated after 10 inversion steps, where no significant decrease of the data RMS
residual is obtained.

The data RMS residual of 11.0 ms in the coarse velocity model (Fig. 7.22(b))
strongly reduced during the coarse structure inversion, which indicates the application
of large perturbations. In fact, the velocities in the north-eastern part of the coarse
velocity model (Fig. 7.22(b), 6 − 13 km) deeper than 400 m below sea level are
significantly decreased. This is also reflected in the penetration depth of the rays in
this area: the rays penetrating to 1.4 km in the CGM initial model (Fig. 7.22(a), black
lines indicated by the grey arrows) do not exceed 500 m below sea level in the coarse
velocity model. Even the rays corresponding to data acquired at the station SWB of
the 3D seismic array (Fig. 7.22(b), grey lines) do not penetrate deeper. Here, the rays
reach a depth of around 400 m below sea level at a source - receiver offset of 0.5 km.
An increase in source - receiver offset does not lead to an increase of penetration depth
to the largest offsets of 7 km. This indicates that although larger offsets are available
from the data acquired using the 3D seismic array, an increase in penetration depth
with respect to the final 2.5D velocity models is not observed at least in the north-
eastern part of the 3D velocity model. Here, the data sensitivity might also be limited
to the refraction at the high-velocity layer with velocities of 5.5 to 6 km/s like in the
final 2.5D velocity models (Sect. 7.3.4). In contrast, the rays corresponding to data
obtained using the station SAL (Fig. 7.22(b), grey lines indicated by the red arrow)
are more or the less conserved. This suggests, that the rays penetrate deeper than the
high-velocity layer indicated in the 2.5D velocity models (Sect. 7.3.4). However, the
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Figure 7.22: 3D coarse structure inversion including the investigation of ray penetration
depths. (a) Illustration of the plane y = 0 (see Fig. 7.21) for the CGM (Sect. 7.2.1) initial
model including the ray geometry corresponding to 50 % of the data acquired using the
3D seismic array. (b) Illustration of the plane y = 0 (see Fig. 7.21) for the final coarse
model including the ray geometry corresponding to 50 % of the data acquired using the
3D seismic array. The black dots denote the inversion grid. The yellow triangles indicate
the x - coordinates of the stations of the 3D seismic array. The grey highlighted rays
correspond to the data obtained using stations SAL and SWB (Fig. 6.1). Whereas the grey
arrows indicate decreasing ray penetration depths during the inversion process, the red arrow
denotes conserved penetration depths. Whitened areas in the velocity models correspond
to areas of RDE values of less than 0.1 and are interpreted as poor resolved. The vertical
exaggeration is four-fold.

105



7 THE APPLICATION OF SEISMIC TRAVELTIME TOMOGRAPHY

Figure 7.23: Data RMS residual of the inversion result for different numbers of inversion
nodes Nx, Ny, and Nz in x-, y-, and z-direction, respectively. The parametrization used for
the final inversion is highlighted by a red circle.

conservation of ray penetration depth could also be based on a poor data sensitivity
in this region. Since only the data acquired using station SAL reaches deeper areas
than 0 m below sea level in the south-eastern part of the model, the sensitivity may
not be sufficient to introduce large perturbation to the velocity model like this is the
case to the north-east of the Erfurt fault zone (Fig. 7.22(b), grey arrows). Thus, the
rays are not forced to a penetration depth decrease. Consequently, penetration depths
of the rays according to data acquired using station SAL are not necessarily reliable.
The low data sensitivity is also indicated by a RDE value of less than 0.1 below 300
m below sea level (Fig. 7.22(b), whitened area).

Since there is no significant difference in the structure of the 3D coarse velocity
model (Fig. 7.22(b)) with respect to the coarse velocity structure of the 2.5D velocity
models (see Sect. 7.3.2), a characterization of the velocity model and the correspond-
ing traveltime residuals is not performed here. However, the 3D coarse velocity model
and additional material is shown in Appendix D.

7.4.3 Node spacing tests

In order to obtain the resolution lengths in x-, y-, and z-direction for the inversion
using traveltime data acquired along the reflection seismic profiles and the 3D seismic
stations, a node spacing test (see Sect. 7.1.2) is conducted. Like in the case of the
2.5D velocity models (Sect. 7.3.3), this investigation is limited to a constant grid
spacing in horizontal direction and a constant increase of node distance in vertical
direction. However, since for the 3D velocity model also a node spacing in y-direction
needs to be optimized, which is additionally time consuming, the node spacing test is
performed for only one damping value of λ = 1, which equals the order of magnitude
of damping for the final inversion (see Sect. 7.4.4). Whereas the horizontal extension
is already fixed (see Sect. 7.4.1), an adjustment of the vertical model extension to the
maximum ray penetration depth (Fig. 7.22(b)) is desired in order to reduce the size
of the forward grid and therefore save computation time. Thus, the vertical model
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extension is limited to 600 m below sea level, i.e. the deepest penetration of rays in
the 3D coarse velocity model.

For the inversion tests, 10 inversion steps are performed. The offset dependent
weighting is set to 100 % for source - receiver offsets smaller than 2 km, 50 % for
source - receiver offsets of 4 km, and 0 % for larger source - receiver offsets than 10
km, respectively. In order to suppress the impact of outliers on the inversion result,
a residual dependent weighting is also introduced. Here, traveltime residuals smaller
than 30 ms are weighted by 100 %, residuals of 50 ms by 2 % and residuals larger
than 100 ms are omitted.

The result of the node spacing test is illustrated in Fig. 7.23. For each Carte-
sian direction, test inversions are conducted for different numbers of nodes Nx in
x-direction, Ny in y-direction, and Nz in z-direction. For each value of Ny, the data
RMS residuals qualitatively show the same shape as for the node spacing test for
the 2.5D velocity models (Sect. 7.3.3). E.g. when increasing the number of parame-
ters Nx in x-direction or Ny in y-direction, at first the data RMS residual decreases
because a larger number of parameters allow for more structure introduced into the
model. Then, a subsequent saturation of the data RMS residual occurs due to a lim-
ited heterogeneity of the subsurface and data inconsistencies. Fixing Nx and Ny and
investigating the change of the data RMS residual with Nz shows the same behavior,
however, there is no data RMS residual decrease for a larger number of nodes than
Nz = 10 to Nz = 14. I.e. the data used for the 3D inversion holds a very low res-
olution in vertical direction. The expected low resolution in y-direction (Fig. 7.21),
i.e. perpendicular to the profiles P1 and P3, is reflected in a very small decrease of
the data RMS residual with increasing Ny. Here, between Ny = 3 and Ny = 7 a
difference of 1 ms is observed for all Nx and Nz.

The final inversion grid (Fig. 7.23, red circle) is characterized by 18 inversion nodes
in x-direction, 5 inversion nodes in y-direction and 8 inversion nodes in z-direction.
This results in inversion node distances of 0.9 km in x-direction, 2.6 km in y-direction
and 90 m to 180 m in z-direction from the top to the bottom at a linear node distance
increase. The data RMS residual of 6.8ms for this parametrization contains the fewest
parameters of all models in the series (Fig. 7.23), which approximately reaches the
target data RMS residual of 6.7 ms (see Sect. 6.3.3), and is therefore in accordance
with Occam’s principle (see Sect. 7.1.2).

The frequency dependent Fresnel zone radii (see Sect. 6.4) limiting the resolution
theoretically available at the near-surface conform well with the vertical node spacing
of 90 m at that depth. The vertical node spacing at greater depth of 180 m is smaller
than Fresnel radii for source - receiver offsets of 4000 m available for the traveltimes
acquired using the seismic array with more than 200 ms. Hence, the resolution po-
tential of the data from the seismic array is overestimated by the node spacing test.
However, as already observed in Sect. 7.4.2, the long-offset rays corresponding to
this type of data do not show an increase of penetration depth. Hence, the velocity
model at maximum depth is also constrained by the traveltime data acquired along
the reflection seismic profiles with minimum Fresnel radii of 150 m for 2000 m offset.
Therefore one can conclude, that the vertical node spacing obtained is still in the limit
of the frequency dependent Fresnel zone resolution.
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Figure 7.24: Illustration of the initial model of the 3D final inversion (Fig. 7.21). (a)
Different y-planes of the initial velocity model. Whitened areas in the velocity models
correspond to areas of RDE values of less than 0.1 and are interpreted as poor resolved.
The vertical exaggeration of the velocity model is four-fold. (b) Initial model traveltime
residuals of the data obtained along the reflection seismic profiles for source - receiver pairs
with CMPs lying in the area y < 0 km (left) and y > 0 km (right). (c) Initial model traveltime
residuals for each station of the 3D seismic array. The traveltime residuals are projected onto
the local coordinates of the VibroSeis source signal observed at the appropriate station. In
the lower left corner, the station related data RMS residual is shown.
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7.4.4 Final model inversion

For the final inversion of the 3D velocity model, the result from the coarse structure
inversion (see Sect. 7.4.2) is used as initial model. Already in the initial model (Fig.
7.24(a)) a heterogeneity in y-direction is observed. This indicates, that the available
data contains 3D structural information, justifying the inversion processes illustrated
here. Whereas the traveltime residuals corresponding to the data acquired along the
reflection seismic profiles (Fig. 7.24(b)) show similar results as for the 2.5D initial
velocity models (Fig. 7.10(d)) and are therefore not discussed here, the focus here is
the investigation of the traveltime residuals acquired using the 3D seismic array data
(Fig. 7.24(c)). In the southern part of the model (Fig. 7.21) the stations SAL, MAR,
RIE, and GIS are located. Here, the traveltime residuals (Fig. 7.24(c)) show a less
coherent image along the profiles compared to the stations to the north, especially
MIT and ROB. Thus, the data in the southern part of the model is assumed to be
more affected by random picking errors then in the northern part. The station MAR is
characterized by a comparatively large data RMS residual of 15.8 ms (Fig. 7.24(c),
left lower corner corresponding to the station MAR), which may arise from significant
picking errors due to a low quality of seismic data (compare with Fig. 6.12(c)). As
indicated in Sect. 6.3.2, the determined first break picks might not correspond to the
signal onset, which is possibly superimposed with seismic noise. For the stations MIT
and ROB (Fig. 7.24(c)) one observes large traveltime residuals accumulating in large
data RMS residuals of 13.2 ms and 16.8 ms, respectively. However, in contrast to the
station MAR, these traveltime residuals show a strong coherence over the profiles and are
therefore assumed to be based on an insufficiency in the initial velocity model. Hence,
it is likely that these data RMS residuals tend to decrease in amplitude throughout
the final inversion.

The data used for the final inversion is the same as for the coarse structure inversion
(Sect. 7.4.2). I.e. all observations of only 5% of all shots on profiles P1 and P2, and 1.5
% of all shots on profile P3 as well as all observations of all stations of the 3D seismic
array are taken into account. The offset dependent weighting (see Sect. 7.1.1) is set to
100 % for source - receiver offsets smaller than 2 km, 50 % for source - receiver offsets
of 4 km, and 0 % for source - receiver offsets larger than 10 km, respectively. The
residual dependent weighting is adjusted to 100 % for traveltime residuals smaller
than 30 ms and 50 % for residuals of 50 ms. Traveltime residuals larger than 100
ms are omitted. The L-curve test is conducted for obtaining an optimum damping
parameter λ = 0.5 (see Fig. D.1(b)). The inversion is terminated when the weighted
target data RMS of 6.7 ms (Sect. 6.3.2) is reached.

The final 3D velocity model is shown in Fig. 7.25(a). The large amount of whitened
areas in the velocity model indicate, that many parts of the model are not sufficiently
resolved. Especially the plane y = −5.4 km (Fig. 7.25(a)) in the western part of the
model area (Fig. 7.21) is hardly resolved due to data only available on profile P3 at
x = 6 km to x = 7 km and acquired using the station WAL. Like in the final 2.5D
inversion results (Sect. 7.3.4), one observes the deepest refractions at velocities of 5.5
to 6 km/s. Moving to the surface, the velocity decreases to 2 − 3 km/s, which also
coincides with the final 2.5D velocity models to the north of the Erfurt fault zone
(Fig. 7.5). Thus, one can conclude, that the major subsurface trends for the 2.5D
and 3D velocity models are in good agreement. A clear merit of the 3D inversion
becomes visible in the plane y = 2.7 km (Fig. 7.25(a)) in the range of x = 6 km to
x = 11 km. Here, the deepest refraction seems to occur about 100 m deeper than in
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Figure 7.25: Illustration of the 3D final inversion result (Fig. 7.21). (a) Illustration of the
3D final model. (a) Different y-planes of the final velocity model. Whitened areas in the
velocity models correspond to areas of RDE values of less than 0.1 and are interpreted as
poor resolved. The vertical exaggeration of the velocity model is four-fold. (b) Final model
traveltime residuals of the data obtained along the reflection seismic profiles for source -
receiver pairs with CMPs lying in the area y < 0 km (left) and y > 0 km (right). (c)
Final model traveltime residuals for each station of the 3D seismic array. The traveltime
residuals are projected onto the local coordinates of the VibroSeis source signal observed at
the appropriate station. The insets in the lower left corner show the station related data
RMS residual.
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the neighboring planes y = 0 km and y = 5.4 km. This syncline structure continues
up to the surface, where comparatively low velocities of 2 km/s may be found. This
information about the subsurface structure is only obtained by taking into account the
data from the 3D seismic array. The traveltime residuals corresponding to the data
acquired using the reflection seismic profiles (Fig. 7.25(b)) are reduced with respect
to the initial model (Fig. 7.24(b)). In contrast to comparatively large traveltime
residuals in the area of the Erfurt fault zone for the 2.5D inversion of model P1-2
(Fig. 7.10(d), 6 - 9 km), the corresponding traveltime residuals in the final 3D model
are rather small (Fig. 7.25(b), y < 0 km at x = 3 km to x = 7 km). For the
explanation of the larger traveltime residuals in the 2.5D inversion, the 3D subsurface
structure not being represented sufficiently in the 2.5D models has been considered
(see Sect. 7.3.4). Obviously, in fact the 3D subsurface structure in the area of the
Erfurt fault zone (Fig. 7.25(a), y = −2.7 km and y = 0 km, range x = 5 km to x = 7
km) might be too complex for the 2.5D model to account for and responsible for the
larger amplitudes of the traveltime residuals in some areas of the 2.5D final models
(Fig. 7.10(d)). For all stations of the 3D seismic array (Fig. 7.25(c)), the station
related data RMS residual decreased. The largest data RMS residual is visible for the
station MAR, which confirms the assumption, that the data acquired at this station
might correspond to the wrong phase (see Sect. 6.3.1). In contrast, the amplitude of
the traveltime residuals for the stations MIT and ROB significantly decreased compared
to the initial traveltime residuals (Fig. 7.24(c)). This is also reflected in the station
related data RMS residuals from 13.2 to 6.4 ms for MIT and from 16.8 to 6.6 ms for
ROB, respectively. The decrease in computed traveltimes for the station ROB located
at x = 8.2 km and y = 2.7 km is thereby responsible for the occurrence of the low
velocity zone at the near-surface in this area (Fig. 7.25).

7.4.5 Model resolution assessment

In order to assess the quality of the final 3D velocity model, at first the RDE values
(see Sect. 4.3.5) are investigated (Fig. 7.26). As already observed in the final 3D
velocity model (Fig. 7.25(a)), many parts of the model are not covered by rays and
therefore a resolution of structures can not be obtained here. These areas can be
identified by RDE values of less than 0.1 (Fig. 7.26). In the other parts of the model,
where rays are available, the RDE values mostly exceed 0.2. Thus, all these areas can
be treated as well resolved (see Sect. 4.3.5). In the investigation of the 2.5D velocity
model resolution (see Sect. 7.3.5), the RDE maps showed channels of high RDE
values (Fig. 7.13, indicated by the red and yellow arrows), which were interpreted
as refractors, where accumulation of ray turning points occurred. In the RDE maps
corresponding to the 3D velocity model, these channels are also identified (Fig. 7.26,
red and yellow arrows). The depth localization of the refractions is rather poor in
the 3D inversion due to an increased vertical node distance with respect to the 2.5D
velocity models (Sect. 7.4.3).

For the Checkerboard test on the final 3D velocity model, a relative perturbation of
15 % is used (Fig. 7.27) in contrast to 10 % perturbation for the 2.5D velocity models
(see Sect. 7.3.5). This adjustment is necessary, because for relative perturbation
of 10 % the Checkerboard pattern is not recovered sufficiently. The Gaussian noise
applied to the data emulating picking errors is adjusted to the offset dependence of
the picking errors obtained (see Sect. 6.3.3). Here, the RMS of the Gaussian noise is
6.7 ms of offsets smaller than 2 km and increases linearly to 20 ms at offsets of 7 km.
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Figure 7.26: Resolution matrix diagonal elements (RDE) mapped onto the node positions
corresponding to different planes of the final 3D velocity model. The red and yellow arrows
highlight channels of high sensitivity (compare with Fig. 7.26). The vertical exaggeration is
four-fold.

Figure 7.27: Results of the Checkerboard test for different planes through the final 3D
velocity model using a relative velocity perturbation of ±15 %. The vertical exaggeration is
four-fold.
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Obviously, the Checkerboard pattern is not recovered in areas of the model, where no
rays are present, i.e. the RDE value is smaller than 0.1 (Fig. 7.26). In parts of the
model where higher RDE values are observed, mostly the sign of the Checkerboard
perturbation is recovered, however, the amplitude recovery is poor in many parts.
This indicates, that the resolution of the 3D velocity model (Fig. 7.25(a)) is not only
poor in terms of resolution length compared to the 2.5D velocity model (Figs. 7.14),
but also in absolute velocity values.

7.4.6 Model recovery test

In order to investigate the reliability of the final 3D velocity model, a model recovery
test is conducted by using a different initial model (see Sect. 7.1.2). For the recovery
test of the 2.5D velocity models (see Sect. 7.3.6) the GRM (see Sect. 7.2.2) was
used as initial model. However, this model limits the penetration depth of the rays
to the mu with the highest velocities and thus prevents refractions from penetrating
deeper. Since the aim of the recovery test for the 3D velocity model especially lies in
the investigation of the ray penetration depth recovery with respect to the inversion
result (see Sect. 7.4.4), the GRM is not suited. Therefore, the initial model for
the recovery test is based on an interpolation using the final 2.5D velocity models
(Sect. 7.3.4). Since the 2.5D models are limited to 470 m below sea level, but the 3D
velocity models extend to 600 m below sea level, the 2.5D models have to be extended
to greater depth. Here, for each of the 2.5D models, the vertical velocity gradient
at the deepest refraction is transferred to greater depth subsequently, which provides
velocities to 600 m below sea level for the interpolation.

For the recovery test inversion, all observations of only 5 % of all shots on profile
P1 and P2, and 1.5 % of all shots on profile P3 and all observations corresponding
to the stations of the 3D seismic array are taken into account. The offset dependent
weighting is set to 100 % for source - receiver offsets smaller than 2 km, 50 % for
source - receiver offsets of 4 km, and 0 % for source - receiver offsets greater than 10
km, respectively. For the first three inversion steps, no residual dependent weighting is
performed. This is because the initial model shows an unweighted data RMS residual
of 32.5 ms. If the same residual dependent weighting would be applied as in the
original inversion (Sect. 7.4.4), many data points available for the inversion were not
taken into account. The L-curve test using the initial model provides an optimum
damping value of λ = 0.5 which is used for the first three inversion steps. After
three inversion steps, the unweighted data RMS residual decreased to 8.9 ms, hence
a residual dependent weighting can be used. It is adjusted to 100 % for traveltime
residuals smaller than 30 ms and 50 % for residuals of 50 ms and 0 % for residuals larger
than 100 ms. Again, an L-curve test is performed, showing an optimum damping value
of λ = 0.2, which is applied for the inversion. The inversion is terminated, when the
weighted data RMS residual reaches the target data RMS residual of 6.7 ms. Since
the velocity models and traveltime residuals produced during the inversion steps do
not reveal significant differences to the previously shown illustrations (Sect. 7.4.4),
they are not discussed here. The discussion of the recovered velocity model is only
focused on a comparison with the 3D inversion result (Sect. 7.4.4) here.

Fig. 7.28 shows a comparison of both velocity models based on the CGM initial
model (see Sect. 7.2.1) and the 2.5D velocity model interpolation. It can be seen, that
the velocity model based on the initial model from 2.5D velocity model interpolation
(Fig. 7.28(a)) is very similar to the 3D velocity model based on the CGM initial model
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Figure 7.28: Comparison between 3D velocity models (Fig. 7.21) obtained using the CGM
and the interpolation of the final 2.5D velocity models as initial model. (a) Different y-planes
of the recovery test inversion result of the 3D velocity model based on initial model from
2.5D velocity model interpolation and (b) the corresponding planes of the inversion result
using the CGM initial model (Fig. 7.25). Whitened areas in the velocity models correspond
to areas of RDE values of less than 0.1 and are interpreted as poor resolved. The vertical
exaggeration is four-fold.

114



7 THE APPLICATION OF SEISMIC TRAVELTIME TOMOGRAPHY

(Fig. 7.28(b)). There are some difference in the surface velocity at y = -5.4 km and at
the deepest refraction at y = 5.4 km, however, these differences do not lead to different
interpretations, like this was the case during the 2.5D recovery test (see Sect. 7.3.6).
A reason for the sufficient model recovery with respect to the 2.5D recovery test (see
Sect. 7.3.6) might be based on the initial model of the 3D recovery test: the initial
model for the recovery test is based on the interpolation of the 2.5D final models, which
are based on CGM initial models (see Sect. 7.2.1). Hence, both inversions might start
from close points in the model space. Therefore, the perturbations applied, point into
similar directions in model space in each inversion step, which may lead to similar
inversion results. However, the interpolation of the 2.5D models providing the initial
model for the 3D recovery test might lead to a displacement of the model vector m
with respect to the inversion based on the CGM initial model (see Sect. 7.4.4), which
is indicated by the large data RMS residual of 32.5 ms for the initial model used for
the recovery test. Therefore, the locations of the starting points in model space might
not be too close to each other throughout the inversion processes. Consequently, from
the 3D recovery test, one can conclude, that the 3D velocity model (Fig. 7.25) is very
robust against model perturbations and therefore the inverted velocity structure is
reliable. The reason might be a comparatively low number of inversion parameters
for this model: since the number of inversion parameters defines the dimension of the
model space, this model space is kept small throughout the inversion. Therefore, a
strong overdetermination of the problem is achieved and a lot of data points contribute
to a specific parameter. On the one hand, inconsistencies in the data points cancel. On
the other hand, the number of local minima reduces exponentially with the number of
inversion parameters. Hence, the convergence into the same minimum of the objective
function S(m) (Eq. 27) becomes more probable.

7.4.7 Interpretation of seismic data and ray paths

The analysis of the seismic data using the ray paths through the 3D final velocity
model is described in this section. Thereby, the data and ray path interpretation
focuses only on the data acquired using the 3D seismic array. At first a comparison
between two different stations of the 3D seismic array is performed. Fig. 7.29 shows
the comparison of data acquired using station MIT (Fig. 7.29(a) and (b)) and station
ROB (Fig. 7.29(c)-(f)). Both the stations are located in the center of the velocity model
(Fig. 7.21) to the north of the Erfurt fault zone. The seismic data acquired using
station MIT (Fig. 7.29(a)) only includes distances to the source from 1.7 to 4.7 km.
For VibroSeis shots performed to the north-west of the seismic station, the traveltime
curve does not show a significant curvature, so it can be assumed that the velocity
at which the refractions occur is constant. In fact, the appropriate refractions (Fig.
7.29(b), rays indicated by the grey arrows to the north-west of the station location.)
occur at a more or the less constant depths at which the velocity model shows constant
P-velocity. For shots to the south-east of the station MIT a certain velocity increase
is visible in the seismic data (Fig. 7.29(a), at about y = 3000 m). Here, the slope
of the traveltime curve decreases. This velocity increase can also be observed in the
velocity model (Fig. 7.29(b), rays indicated by the grey arrows to the south-east of
the station location). The corresponding refractions occur at higher velocities with
increasing offsets.

Figs. 7.29(c) and (e) show the seismic data for VibroSeis shots performed on
profile P2 and P3, respectively, acquired using station ROB. For shorter offsets than
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Figure 7.29: Seismic data, traveltimes, and ray path visualization of shots acquired using
stations MIT and ROB. (a) Seismic record of 50 % of all shots on profile P3 for station MIT with
observed traveltimes (blue) and computed traveltimes (orange). (b) Ray paths corresponding
to the computed traveltimes shown in (a) projected onto the plane x = 8.6 km in the final
3D velocity model. (c) Seismic record of 50 % of all shots on profile P3 for station ROB with
observed traveltimes (blue) and computed traveltimes (orange). (d) Ray paths corresponding
to the computed traveltimes shown in (c) projected onto the plane x = 8.6 km in the final
3D velocity model. (e) Seismic record of 50 % of all shots on profile P2 for station ROB with
observed traveltimes (blue) and computed traveltimes (orange). (f) Ray paths corresponding
to the computed traveltimes shown in (e) projected onto the plane y = 2.7 km in the final
3D velocity model. The blue numbers in (a), (c) and (e) indicate the offset corresponding to
the appropriate trace in m. The yellow arrows mark offsets of 2 km. The grey arrows in (b)
highlight the deepest refractions occurring for shots on profile P3 acquired using station MIT.
The yellow triangles in (b), (d), and (f) show the location of the seismic stations. Whitened
areas in the velocity models correspond to areas of RDE values of less than 0.1 and are
interpreted as poorly resolved. A double vertical exaggeration is applied.
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Figure 7.30: Seismic data, traveltimes, and ray path visualization of shots acquired using
station STO. (a) Seismic record of 50 % of all shots on profile P1 for station STO with observed
traveltimes (blue) and computed traveltimes (orange). (b) Ray paths corresponding to the
computed traveltimes shown in (a) projected onto the plane y = 0 km in the final 3D velocity
model. The yellow arrows highlight indications for a low-velocity zone both in the seismic
data as well as the velocity model. The grey arrows in (b) highlight the deepest refractions
occurring for shots on profile P1 acquired using station STO. The yellow triangle in (b) shows
the location of the seismic station. Whitened areas in the velocity models correspond to
areas of RDE values of less than 0.1 and are interpreted as poor resolved. A double vertical
exaggeration is applied.

1 km (Fig. 7.29(c)), a lower apparent velocity can be observed in the seismic data,
which corresponds to refractions at shallower depths than the refractions at maximum
penetration depths. However, increasing the offset to 1 km and more, the refraction
occurs at velocities of 5 to 6 km/s like for the station MIT (Fig. 7.29(a)) with greater
penetration depths (Fig. 7.29(d)). The same does also hold for VibroSeis shots
performed on profile P2 acquired using station ROB (Fig. 7.29(e)). Here, a similar
traveltime curve emerges only showing refractions at 5 to 6 km/s (Fig. 7.29(f)) for
offsets from 1.5 to 4.1 km. I.e. as already shown in Sect. 7.4.2, the rays do not
penetrate deeper than rays corresponding to the 2 km offset traveltimes acquired
along the reflection profiles, where velocities of less than 6 km/s are visible (compare
with Sect. 7.3.7). This is also validated by the depth of the turning points of the rays
for stations MIT and ROB (Figs. 7.29(b), (d), and (f)). From this one can conclude, that
it is not possible to obtain velocity information corresponding to deeper structures
from the available acquisition geometry.

Nevertheless, a clear difference in the seismic data acquired using stations MIT and
ROB is observed. If one focuses on the offsets of 2 km (Fig. 7.29, yellow arrows in all
figures), it is visible, that such a VibroSeis signal arrives approximately 50 ms earlier
at the station MIT (Fig. 7.29(a), yellow arrow) than at the station ROB (Figs. 7.29(c)
and (e)) independent from the shot location on profile P2 or P3. The reason for this
is shown at the near-surface of the velocity model near the station ROB (Figs. 7.29(d)
and (f), yellow triangle): as already discussed in Sect. 7.4.4, a low velocity zone with
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2 km/s is imaged at y = 2.7 km and x = 8.6 km in the final 3D velocity model (Fig.
7.25). Thus, this low velocity zone is located directly beneath the station ROB causing
comparatively large traveltimes to this station.

Another example of seismic data and corresponding ray shape in the final 3D
velocity model is shown in Fig. 7.30. Here, to the south-west of the station STO
the traveltime curve shows a similar trend like for the stations MIT and ROB (Figs.
7.29(a) and (c), respectively). Also the corresponding rays (Fig. 7.30(b), grey arrows)
penetrate to the depth where a P-velocity of 6 km/s is observed and refractions remain
at this depth with increasing offsets of almost 5 km. To the north-east of the station
STO, however, the traveltime curve behaves rather different than in the other parts of
the model (Fig. 7.30(a), yellow arrow). Here, the observed traveltimes (Fig. 7.30(a),
blue dots) suggest a sudden traveltime increase in a comparatively short range of
offsets. The computed traveltimes (Fig. 7.30(a), orange dots) do not match the
observed data well here, however, a low velocity zone is observed in the velocity
model (Fig. 7.30(b), yellow arrow) that expresses the sudden increase of traveltimes.

From the investigation of the seismic data and ray paths using the stations MIT,
ROB, and STO one can conclude, that most of the data acquired using the 3D seismic
array image the mu layer (see Sect. 7.2.2). As already shown in Sect. 7.4.2 and
validated in this section, the rays do not penetrate deeper than the mu with velocities
of less than 6 km/s. I.e. the investigation of deeper structures in the basin using
first arrival refraction seismics would require larger offsets of sources and receivers.
Nevertheless, since most of the data acquired using the stations of the 3D seismic
array do also have the highest sensitivity at the mu, the data helps to constrain its
shape throughout the model.
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8 Geological Interpretation
In this section, an interpretation of the results from 2.5D (Sect. 7.3) and 3D (Sect.
7.4) traveltime tomography is given. The interpretation of the velocity models aims
for the analysis of the elastic properties of sediments in the Thuringian Basin. Here,
especially the P-velocity heterogeneity of certain strata throughout the model is stud-
ied to reveal changes in the elastic behavior of the sedimentary rocks. Of course,
this investigation requires the stratigraphic structure of the basin to be available.
Therefore, an estimation of strata depths in the investigation area is conducted.

Velocity models constructed in this study predominantly show two subsurface
refractions occurring at different depths (Sect. 7.3.5 and Sect. 7.4.5). The occurrence
of only two refractions indicate, that there are predominantly two geological units, that
govern the refracted wave propagation at the near-surface of the basin. Consequently,
the sequence of layers in the GRM (see e.g. Tab. 2) can not be resolved by traveltime
tomography, because the seismic data is not sensitive for each strata transition. In
order to give an estimation of the depth of strata though, additional geophysical and
geological information is taken into account for the interpretation. At first, in this
section additional geophysical data is used to evaluate the quality of the P-velocity
models. This correlation also helps to understand the capability of tomography to
image geological layers characterized by a low or high seismic velocity and gives first
indications about structures imaged by tomography.

8.1 Correlation of tomography results with alternative geo-
physical data

8.1.1 Correlation of P-velocity with velocity-depth models at local drill
locations

Valuable information about the quality of the constructed velocity models and their
informative value about strata transitions is given by down-hole refraction seismic
measurements (also see Sect. 7.2.2). For the correlation with velocity models, seismic
measurements at two drill sites located directly on the reflection seismic profiles are
considered (Fig. 8.1(a)).

At drill site Neudietendorf 3/68, VSP measurements were carried out [61]. Fig.
8.1(b) shows the schematic setup of such a measurement. At a certain distance, an
active source emits seismic signals, which are observed by recorders in the borehole.
From the measured traveltimes, a velocity-depth relation can be extracted. For the
VSP measurements at drill site Neudietendorf 3/68, the distance between source
and drill location was 149 m. The spacing between receivers along the vertical seismic
profile was between 25 and 50 m. The seismic interval velocities based on the travel-
times from the VSP measurement [61] are shown in Fig. 8.1(c) as a black line. For
depths ≥ 100 m (≥ −205 m below sea level) velocity variation ranges from 3.2 km/s
in the mm to 5.5 km/s in the mu. A comparison with the velocity-depth relation from
2.5D traveltime tomography (Sect. 7.3) at the drill location in model P1-1 (see Fig.
7.10) shows, that velocities at the depth of mu are in good agreement (Fig. 8.1(c), blue
line). I.e. as already indicated (e.g. see Sect. 7.2.2, Sect. 7.3.7 and Sect. 7.4.7), there
is now clear evidence, that the high velocity of 5.5 to 6 km/s in the velocity models
from tomography corresponds to the mu. Moreover, the interval velocities from VSP
measurements show a decrease of P-velocity in the so, which demonstrates, that the
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Figure 8.1: Correlation of results from the 2.5D tomography (Sect. 7.3) with seismic
measurements at two borehole locations in the vicinity of the reflection seismic profiles (Fig.
7.5). (a) Geological map [80] with 2.5D model arrangements and borehole locations (blue
and green circles). A figure legend is found in Fig. 2.1. (b) Schematic setup of the VSP
measurement. (c) Velocity-depth relation from the 2.5D tomography (blue line) at the drill
site Neudietendorf 3/68. Interval velocities based on VSP measurement [61] at drill site
Neudietendorf 3/68 (black line) and inverted velocities based to the VSP traveltimes using
simulr16 (Sect. 7.1.1) (grey line) are shown. The depths of strata shown here corresponds
to borehole Neudientendorf 3/62. (c) Schematic setup of a sonic log measurement. (d)
Velocity-depth relation from 2.5D tomography (blue line) and low-pass filtered (Λ ≈ 10 m)
sonic log (black line) at drill site FB-EF 1/2012 [1, 44, 51]. In (c) and (e) the depths of
geological layers at the borehole locations are imaged.
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mu acts as a barrier for ray penetration depth (also see Sect. 7.2.2). This is also illus-
trated in the velocity model from tomography (Fig. 8.1(c), blue line) as information
about structures deeper than the mu is not available. One observes, that P-velocity
from tomography at the depth of ku is lower than obtained from the VSP measure-
ments, which are, however, not reliable due to tabular shafts [61] (Fig. 8.1(c), dashed
black line). In mo this is also observed, even though the velocity difference is not
significant. However, an important observation is (Fig. 8.1(c)), that the P-velocity
decrease in the interval velocities in the mm can not be identified in the velocity model
from tomography. Imaging low velocities is generally a problem in traveltime to-
mography, since in coincidence with Fermat’s principle (Sect. 3.1.2) the rays avoid
low-velocity zones and data sensitivity tends to zero. Hence, a proper imaging of low
velocities using tomography can not be expected. Even though low-velocity zones can
not be identified by traveltimes, the corresponding seismic data clearly indicates their
existence: as pointed out in Sect. 6.2.2, shadow zones are observed in the seismic
data. The occurrence of these shadow zones is characteristic for low-velocity layers.
The P-velocity provided by both data sets at the depth of mu is in good agreement.
The reason is, that in contrast to vanishing sensitivity of tomography for low-velocity
layers, the sensitivity for high-velocity layers is high.

Subsurface parametrization is different for the velocity-depth models from the
VSP measurement and 2.5D traveltime tomography. Whereas the first uses constant
interval velocities, the latter method uses linear interpolation between certain node
positions (see Sect. 7.1.1), which might result in different velocity models. In order
to study the effect of different parametrizations, down-hole traveltimes from the VSP
measurement are evaluated using the same velocity parametrization as used for travel-
time tomography. Therefore, the traveltimes are inverted for a linearly interpolated
velocity model using the software simulr16 (see Sect. 7.1.1). The inversion is termi-
nated, when a data RMS residual of 1 ms is achieved, which is the minimum picking
error for this data set [61]. For the initial model construction, the interval velocities
(Fig. 8.1(c), black line) are mapped to the inversion nodes. The result is shown in
Fig. 8.1(c) (grey line). Surprisingly, the reproduction of interval velocities (black line)
is not achieved for all depths. In the inverted result, velocity in the ku increased by
more than 1 km/s compared to the initial interval velocity. The low-velocity zone in
the mm does not appear and the velocity at the boundary between mm and mu is over-
estimated. Obviously, the information contained in the down-hole traveltimes might
not coincide with the interval velocities (black line) obtained from the report [61].
However, from ku to mm the inverted velocities using down-hole traveltimes match the
velocities from tomography (blue line) very well. Only in the mu, velocity from in-
verting the down-hole traveltimes is higher. Hence, similar velocity models using the
same subsurface parametrization suggest, that the velocity-depth relations obtained
from the VSP measurement and traveltime tomography are in good agreement.

Another seismic measurement was conducted at the drill site FB-EF 1/2012 [1,
44] (Fig. 8.1(a)). In contrast to drill site Neudietendorf 3/68, here a sonic log
measurement (Fig. 8.1(d)) in the framework of borehole geophysical measurements is
available [51]. For this type of measurement, a sensor including source and receiver is
moved across the borehole length. Here, traveltimes between source and receiver are
determined continuously with a high sampling rate of 2 cm, which allows for high-
resolution velocity-depth information. In Fig. 8.1(e) the low-pass filtered sonic log
at drill site FB-EF 1/2012 [1, 44, 51] is shown (black line). The cutoff wavelength is

121



8 GEOLOGICAL INTERPRETATION

approximately Λ = 10 m. This small wavelength is chosen to illustrate the complexity
of the subsurface seismic velocity variation in comparison with the velocity-depth
resolution of tomography.

Obviously, the prevailing trends in the velocity-depth relation from sonic log mea-
surements and 2.5D tomography are in good agreement (Fig. 8.1(e), black and blue
line). As shown in Fig. 8.1(e), the high seismic velocity in the mu is imaged in both
data sets. The seismic velocity from the sonic log indicates low-velocity zones in the
km and ku, which are not visible in the velocity model from tomography. Again, this
might be related to the vanishing sensitivity of tomography for low seismic velocities.
However, the high velocity in the lower km at 0 m below sea level is reproduced by
tomography. This might indicate, that a refraction occurs at this high-velocity layer
and a high seismic sensitivity results, even though this refraction is not clearly visible
in the RDE map (Fig. 7.13(c)).

A comparison between P-velocity from sonic log measurements and 2.5D tomo-
graphy in the range mo - mu reveals, that the velocity from tomography is systema-
tically shifted to smaller values (Fig. 8.1(e)). Whereas the velocity deviation in
the mu is rather small, velocities of 5.0 − 5.8 km/s in the mo and mm are underes-
timated by tomography. The reason for the systematic velocity underestimation in
the Muschelkalk might be the insufficient low-velocity representation in shallower re-
gions. The modelled traveltimes of rays passing the km and ku are too small compared
to the observed traveltimes. In order to minimize the deviation between observed and
modelled traveltimes for rays turning in the mu, an overestimation of traveltimes for
passing deeper layers than km and ku is required. Consequently, inversion results in
an underestimation of P-velocities in the Muschelkalk. An important statement de-
rived from this observation is, that inadequate velocity imaging at the near-surface
does also result in insufficient velocity imaging in deeper regions. Seismic traveltime
tomography is often characterized by providing a smoothed image of the real sub-
surface seismic velocity. The smoothing is well imaged in Fig. 8.1(e). However, the
filter establishing the connection between real and modelled velocity is much more
complex than a simple low-pass filter, which is visible in the mentioned dependencies
of velocities at the near-surface and at greater depths. Therefore, increasing low-pass
filtering of the velocity-depth relation provided by the sonic log (Fig. 8.1(e)) will not
lead to a replication of the velocity-depth relation from tomography.

Nevertheless, the P-velocity of 5.7 − 6.2 km/s in the mu from the sonic log (Fig.
8.1(e), black line) is only slightly underestimated by the P-velocity from tomography
(Fig. 8.1(e), blue line). However, it is surprising, that the high velocity of 5.8 km/s in
the mm observed in the sonic log is not visible by a sudden velocity increase in the P-
velocity model from tomography. One would expect, that in the mm refractions occur,
which are also visible in the seismic data (Sect. 6.2.3) and the RDE map (Sect. 7.3.5),
which is not the case. Apparently, this high-velocity layer does not lead to a clear
turning of rays for any source - receiver offset available. Instead, turning of rays takes
place at the base of mu with P-velocity of 6.2 km/s in the sonic log. This velocity,
slightly higher than the velocity of 5.8 km/s in the mm, causes the rays to pass the mm.
Even though the turning points of the rays in the final 2.5D P-velocity models (see
Sect. 7.3.7 and Sect. 7.4.7) do also occur between a near-surface refractor and the
mu as the deepest refractor, there is a more or the less smooth increase in ray turning
depth, which does not indicate a dominant high-velocity layer in the mm. This example
reveals the sensitivity of refracted wave propagation on small velocity variations: a
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slightly higher velocity in the mu than the mm causes greater ray penetration depth
but also vanishing resolution in the mm.

The comparison of the P-velocity from 2.5D traveltime tomography (Sect. 7.3)
with P-velocities from borehole seismic measurements shows, that tomography is ca-
pable to image the major velocity-depth trends sufficiently. Comparing P-velocity
from tomography with P-velocity from a VSP measurement reveals, that the image
of the subsurface velocity is strongly influenced by the model parametrization. The
resolution depth of tomography is limited to the base of mu, which acts as a barrier
for ray penetration due to its high P-velocity. The depth of this high-velocity layer
in the P-velocity model is in very good agreement with depth of the mu at the drill
sites, where the borehole seismic measurements were conducted. Hence, tomography
is capable to give a good estimation of the depth of mu. However, this does not hold
for the strata located above the mu. Therefore, the estimation of depth of strata con-
tained in the GRM (Sect. 7.2.2) is not possible using the information provided by the
2.5D velocity models. Moreover, it is shown here, that tomography does not image
low-velocity layers properly, which does also affect the P-velocity imaging at greater
depth. I.e. systematic velocity shifts to lower values at greater depths may occur.
As illustrated on the example of the mm, also high-velocity layers may not be im-
aged properly by tomography. These observations show an insufficiency in subsurface
imaging using traveltime tomography, which has to be considered when interpreting
the velocity models.

8.1.2 Correlation with reflection seismic data

A very suitable data set supporting the estimation of strata depth is the reflection
seismic data set acquired along the profiles (Sect. 6.1) [28]. Here, transitions between
geological layers are visible as reflections if the appropriate units are characterized by
significant acoustic impedance contrasts [75].

The assignment of reflections to geological layer transitions requires the knowledge
about the acoustic impedance of geological units in the subsurface. In the framework
of the borehole FB-EF 1/2012 (see Fig. 8.1(a)) borehole geophysical measurements
have been conducted in 2013 [51]. Among them, sonic (also see Fig. 8.1(e)) and
density logs were acquired. From this data, the impedance of geological layers can
be computed. Fig. 8.2(a) shows the low-pass filtered (Λ ≈ 5 m) acoustic impedance
obtained by multiplying P-velocity and density information. One observes, that the
transition from mu to so is characterized by a strong negative contrast in the acous-
tic impedance (blue arrow). However, it can be seen, that significant changes in
impedance are not necessarily connected to a change in stratigraphy. This is not a
surprise, as Keuper, Muschelkalk and Buntsandstein contain several petrologically
different layers (also see Sect. 2). E.g. a strong decrease in the acoustic impedance
is found within the mm (Fig. 8.2(a), green arrow), which may be related to a transi-
tion from rock salt to deeper anhydrite and dolomite [1, 44]. This is supported by
the characteristic P-velocities and densities for these units [61]. Even though strata
transitions can not be directly identified by high impedance contrasts in the basin,
the position of strong reflections in the reflection seismic data (Fig. 8.2(b)) can be
correlated with high impedance contrasts from the borehole seismic measurements
(Fig. 8.2(a)). The assignment of high impedance contrasts to certain geological units
allows for the estimation of strata transitions, because the location of these geological
units within the strata are approximately known [51].
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Figure 8.2: Estimation of strata transitions taking into account the acoustic impedance from
borehole measurements [51]. (a) Low-pass filtered (Λ ≈ 5 m) acoustic impedance computed
from P-velocity and density logs at drill site FB-EF 1/2012 (see Fig. 8.1(a)) and strata from
km to so [1, 44, 51]. (b) Close-up of the depth-migrated reflection seismic data acquired on
profiles P2 and P3 (Fig. 6.1) in the vicinity of drill site FB-EF 1/2012 with estimated depths
of strata based on the occurrence of significant reflections [28]. Reflections associated with
dominant impedance contrasts are connected by colored arrows. The drill site FB-EF 1/2012

is indicated by a green circle.

Fig. 8.2(b) shows the depth-migrated reflection seismic data acquired along pro-
files P2 and P3 [40, 28] close to the location of the borehole FB-EF 1/2012 (see Fig.
8.1(a)) [51]. As denoted by the colored arrows, significant reflections observed in
the reflection data can be associated with contrasts in the acoustic impedance from
borehole geophysical measurements at drill site FB-EF 1/2012 (Fig. 8.2(a)). The
transition from mu to so is visible as strong reflection with negative polarity (blue ar-
row). Also significant is the reflection with positive polarity, which is associated with
the strong increase in the acoustic impedance in the mm (green arrow). At the near-
surface also a rather weak reflection (red arrow) can be observed, which is assigned
to an increase in impedance in the lower km (Fig. 8.2(a)). Based on this correlation,
the depths of strata are estimated (Fig. 8.2(b)).

A comparison of true (Fig. 8.2(a)) [51] and interpreted (Fig. 8.2(b)) depths and
thicknesses of strata reveals some differences. These differences might be related
to insufficient velocities used for the near-surface depth-migration of the reflection
seismic data [40]. One observes, that e.g. the thicknesses of the km and the ku are
underestimated by the interpretation. The velocity used for the depth-migration is
given by 2.05 km/s at the surface and a linear increase of 2.4 m/s per ms [40]. A
comparison with the P-velocity of > 3 km/s from the sonic log at drill site FB-EF
1/2012 (see Fig. 8.1(e), black line) [51] indicates, that the velocity used for depth-
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migration might be too low. Consequently, the thickness of the Keuper appears smaller
in the interpreted result (Fig. 8.2(b)). In contrast, the interpreted thickness of the
Muschelkalk is in good agreement with the findings at drill site FB-EF 1/2012 [1, 44].
The depth-migration for the Muschelkalk is conducted using a constant velocity of
5.3 km/s, which is close to the average velocity of 5.2 km/s computed from the sonic
log (Fig. 8.1(e), black line). Due to the underestimation of the thickness of the
Keuper, the depths of the base of ku and mu are underestimated. In the framework
of this study, the underestimation of the depth of the base of mu by a bit less than 50
m is especially disadvantageous. Using a proper depth-migrated reflection at the mu
- so transition would have been ideally suited to test the sufficiency of tomographic
imaging the mu strata as high-velocity layer throughout the profiles.

From the correlation of interpreted strata transitions (Fig. 8.2(b)) with the find-
ings at drill site FB-EF 1/2012 (Fig. 8.2(a)) one can conclude, that the depths of
Keuper and the Muschelkalk are less than 50 m underestimated. This is a reasonable
result taking into account that the target depth of the reflection survey is specified
with 1− 2 km below surface [41] rather than maximum 800 m as in this study. How-
ever, this study aims for investigating the elastic properties of certain strata. For
the geological units mo, mm, and mu a mismatch of 50 m in depth amounts almost
50 % of the thickness of these units. Consider a P-velocity variation is observed in
the velocity models at a certain depth. In order to give a clear statement about the
strata for which this velocity variation is observed, an even better depth localization of
strata transitions than obtained here would be required. Therefore, the stratigraphic
interpretation based on the depth-migrated reflection data is revised using additional
information (see Sect. 8.2.1). However, the interpretation of signatures in the reflec-
tion seismic data (Fig. 8.2(b)) is transferred across the reflection seismic profiles (Fig.
6.1) for imaging structural trends rather than correct depths of strata in this section.

Fig. 8.3 shows the interpreted strata with depth-migrated reflection seismic data
over the final 2.5D velocity models (see Sect. 7.3.4). Whereas to the north of the
Erfurt fault zone (Fig. 8.3(b), (c), and (d)) all strata in the subsurface from km to
mu are at least partially identified, to the south only the mu is visible. Here, reflectors
corresponding to shallower units are located above the reference level of the reflection
seismic processing of −150 m below surface and are therefore not imaged [40]. In the
region of the Erfurt fault zone (Fig. 8.3(b) and (c)) and the Gotha-Saalfeld-Eichenberg
fault zone (Fig. 8.3(a)), identification of reflectors in the reflection seismic data is
hardly possible at the depths between km - mu. Moreover, the interpretation of the
architecture of the fault zones can not be performed for shallow depths investigated
in the framework of this study. In both fault zones, however, the strong reflector
in the mm (see Fig. 8.2(b), green arrow) is identified allowing for an estimation of
the depth of the mm. Comparing lateral trends of the interpreted strata with velocity
trends in 2.5D velocity models (Fig. 8.3) show, that there is a good correlation. E.g.
the trending of the mu indicated by a P-velocity of 5.5− 6 km/s (orange to yellow) is
reproduced very well by the interpreted strata.

Analysing the depth of interpreted strata with strata depths obtained at local drill
sites (Fig. 8.4) shows, that here slight differences exist. For both drill sites, E-Ndi
3/68 [61] and FB-EF 1/2012 [1, 44] (Fig. 8.1(a)), respectively, the interpreted depth
of the mu - so transition is located about 50 m too shallow. Whereas at drill site E-Ndi
3/68 only an interpretation of the mu - so transition can be given, at drill site FB-EF
1/2012 an interpretation of the complete sequence of strata from km to mu is given.
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Figure 8.3: Interpretation of strata with depth-migrated reflection seismic data [28] over
the final 2.5D velocity models (Sect. 7.3.4). (a) Model P1-1, (b) model P1-2, (c) model
P2 and (d) model P3. In (a) the location of the borehole E-Ndi 3/68 (Fig. 8.1(a)) and in
(c) and (d) the location of the borehole FB-EF 1/2012 (Figs. 8.1(a), 8.2) is indicated. The
vertical exaggeration is six-fold.
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Figure 8.4: Close-up view on the strata interpretation (Fig. 8.3) and depths of strata at
drill sites (a) E-Ndi 3/68 and (b) FB-EF 1/2012 [1, 44]. The depths of strata shown in (a)
corresponds to borehole Neudientendorf 3/62. The vertical exaggeration is six-fold.

Here one observes, that the mismatch of strata depths relative to their thicknesses
is significant for all the units and a correction of the stratigraphic interpretation is
important for assigning potential P-velocity contrasts to distinct stratigraphic units.

8.2 Estimation of strata depths using geological information
and P-velocity interpretation

As indicated in Sect. 8.1.2, information obtained from reflection seismic data is not
sufficient for an accurate determination of strata depths. Additionally to the reflection
seismic data and velocity information (Sect. 8.1.1), geological information is available.
Based on the geological map [80], thicknesses of geological layers and depths of these
layers at local borehole sites (see Fig. 7.3 and Fig. 8.1(a)), the estimation of strata
depths discussed in Sect. 8.1.2 is revised. Of course, also the structural geological
model [60] used for the construction of the GRM (see Sect. 7.2.2) could be included,
however, as shown by the recovery test of the 2.5D velocity models (Sect. 7.3.6) the
velocity models based on the GRM and CGM are not strictly compatible making an
interpretation difficult. A comparison of strata depths based on the 3D velocity model
with the GRM is conducted at the end of this section. Moreover, using the corrected
interpretation of strata depths, this section aims for a characterization of P-velocity
variations within certain stratigraphic units.

8.2.1 Interpretation of the 2.5D velocity models

Due to a large amount of supporting information, the interpretation of the strati-
graphic structure for the 2.5D velocity models (Fig. 7.3.4) is conducted for almost
the full length of the profiles. In Fig. 8.5 the interpretation for all models is shown.
Here, the strata depths from the km to the mu are obtained. One observes, that in ma-
jor parts of the 2.5D velocity models geological units are characterized by more or the
less constant P-velocities. An exception is observed at the south-western boundary of

127



8 GEOLOGICAL INTERPRETATION

Figure 8.5: Estimation of strata depths using reflection seismic data, the geological map
[80] and thicknesses of stratigraphic units from local boreholes and the 2.5D velocity models
(Sect. 7.3.4). A close-up of the interpretation in the fault zone regions for models P1-1 and
P1-2 is given in Fig. 8.6. (a) Model P1-1, (b) model P1-2, (c) model P2 and (d) model P3.
In (a) the location of the borehole E-Ndi 3/68 (Fig. 8.1(a)) and in (c) and (d) the location
of the borehole FB-EF 1/2012 (Figs. 8.1(a), 8.2) is indicated. The colored arrows highlight
details discussed in the text (Sect. 8.2.1). The vertical exaggeration is six-fold.
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model P1-1 (Fig. 8.5(a)), which might be related to boundary effects (see parameter
linking in Sect. 7.1.1) and poor ray-coverage. Therefore, this observation is treated
as artifact. As suggested previously, the penetration depth of rays is limited to the mu
due to its high P-velocity of 5.5 − 6 km/s (Sect. 7.2.2). In the strata interpretation
(Fig. 8.5) this is observed in almost all parts of the models. Only for model P3 (Fig.
8.5(d), blue arrow) RDE values higher than 0.1 (see Sect. 7.3.5) are also visible at
greater depth than the mu, which might be an artifact due to an insufficient CGM
initial velocity model (see Sect. 7.3.2). The CGM initial model might provide too
high ray penetration depths, for which the inversion does not correct for.

To the north of the Erfurt fault zone (Fig. 8.5(b), (c), and (d)), the P-velocity
of the mu appears to be more or the less constant. In contrast, to the south of the
Erfurt fault zone, in some regions, the velocity seems to decrease to 5 km/s and below
(Fig. 8.5(a) and (b), white arrows). However, as indicated by the whitened P-velocity
values in the mu, the RDE values are smaller than 0.1. Consequently, no rays turn at
that depth and the deepest refraction occurs at shallower depth. Hence, imaging a low
P-velocity in the mu here is the result of velocity interpolation (see Sect. 7.1.1) rather
than a subsurface characteristic. Therefore, the P-velocity observed at the depths of
the mu in these parts of the models rather corresponds to the P-velocity of the mm. The
reason for a decrease of ray penetration depths shown in Fig. 8.5(a) and (b) (white
arrows) is, that due to a variation of depths of geological units with high P-velocities,
it might be more beneficial, i.e. in coincidence with Fermat’s principle (see Sect.
3.1.2), to turn at different geological units. E.g. in the mm a high P-velocity slightly
lower than in the mu is observed (see Fig. 8.1(e)). If the corresponding geological unit
is found at shallower depth, here turning of rays takes place rather than in the mu.

As in the mu, also the P-velocity in the mm is more or the less constant for all
models (Fig. 8.5). However, significant velocity variations are observed in the mo and
the Keuper (Fig. 8.5, green arrows). It appears, that there is a relation of velocities
and the depth of these strata: as observed in Fig. 8.5(a), (c) and (d) a velocity
decrease is visible in parts of the model, where these units are located at the near-
surface (green arrows). This decrease of velocity could be explained by weathering
processes taking place at shallow depths. As visible in Fig. 8.5(c) and (d) (green
arrows), a significant velocity decrease in the km and ku occurs only at very shallow
depths. However, a decrease of velocity in the mo is also observed in parts of the
model, where the top mo is located at 100 m below surface (e.g. Fig. 8.5(a), green
arrows), and hence a weathering influence might be unrealistic. Moreover, this strong
velocity decrease in the mo is not always observed, where it is located at the near-
surface. In Fig. 8.5(b) the mo is located directly at the surface (yellow arrow) and the
velocity decrease compared to greater depth is not significant. In Fig. 8.5(a) (yellow
arrow) the mo is located slightly below surface and no velocity decrease is observed.
Unfortunately, here no explanation for the occurrence of the low seismic velocity in
the mo can be given. The reason is, that in this region of the model no borehole
is available penetrating through the mo. Therefore, no information about changes
in the characteristics or compositions of rocks compared with other boreholes in the
investigation area can be obtained.

The illustration of strata depth estimation in the fault zones is given by a close-up
(Fig. 8.6). Processing of the reflection seismic data at the current state is obviously
not capable to provide clear images of the fault zone structures, e.g. inclination of
fault planes. Moreover, the major transitions between stratigraphic units from km to
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Figure 8.6: Close-up of the strata depth estimation (see Fig. 8.5) in the fault zones. (a)
Geometry of model P1-1 over the geological map [80] and (b) strata depth estimation over
2.5D velocity model P1-1 and depth-migrated reflection data (see Sect. 8.1.2) in the Erfurt
fault zone [28]. A figure legend is found in Fig. 2.1. (c) Geometry of model P1-2 over
the geological map [80] and (b) strata depth estimation over 2.5D velocity model P1-2 and
depth-migrated reflection data in the Gotha-Saalfeld-Eichenberg fault zone [28]. A figure
legend is found in Fig. 2.1. The white arrows show the identification of the significant
reflection in the mm (see Fig. 8.2(b), green arrow). The colored arrows highlight possible
location of faults. Note, that the dashed lines separate sections of different depths of strata
rather than indicating fault planes and positions (see text in Sect. 8.2.1 for details). The
vertical exaggeration is six-fold.
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mu are not visible (see Sect. 8.1.2). However, some significant reflection patterns in
the fault zones, which are also observed apart from the fault zones, can be identified.
Hence, statements about vertical displacements of strata introduced by the fault zones
can be given though. Within both the fault zones, the Erfurt fault zone (Fig. 8.6(b))
and the Gotha-Saalfeld-Eichenberg fault zone (Fig. 8.6(d)), respectively, the strong
reflection associated with a significant impedance contrast in the mm (see Fig. 8.2(b),
green arrow) is observed (Fig. 8.6(b) and (d), white arrows). In Fig. 8.4(b) one
observes, that the depth of this reflection is underestimated by 50 m with respect to
the correct depth obtained at drill site FB-EF 1/2012. Hence, correcting the depth of
the reflection, the depth of the mm can be estimated. In combination with the known
thicknesses of strata from surrounding boreholes, also the depths of the sequence of
strata from km to mm can be estimated (Fig. 8.6(b) and (d)).

Using this information, a large vertical displacement can be identified between 2.5
and 4 km of model P1-1 in the Gotha-Saalfeld-Eichenberg fault zone (Fig. 8.6(d),
between yellow and green arrows). Here, the vertical displacement is more than 200
m with respect to the strata depths to the southwest. Here, Upper Keuper (ku) and
even Liassic might be found as this supported by the geological map (Fig. 8.6(c)).
For all the 2.5D models investigated in this study, here the lowest velocity of < 2.5
km/s is observed at the near-surface (Fig. 8.6(d), between yellow and green arrow).
The large downward displacement of strata is also indicated by the P-velocity: the mu
with P-velocities of 5.5− 6 km/s is located so deep, that the rays do not penetrate to
that depth. Consequently, these high P-velocities are not found in this part of model
P1-1.

The identification of the significant reflector in the mm (see Fig. 8.2(b)) in the Erfurt
fault zone (Fig. 8.6(b), white arrow) shows, that here the vertical displacement with
respect to strata depth to the southwest (yellow arrows) is also approximately 200 m.
Even though the geological situation is too complicated to derive the complete fault
plane geometry from the available data, the existence of faults associated with the
yellow arrows (Fig. 8.6(b) and (d)) are verified by large displacements. Whereas in the
Gotha-Saalfeld-Eichenberg fault zone (Fig. 8.6(c), yellow arrow) a fault is identified
on the geological map, that could be associated with the fault in Fig. 8.6(d) (yellow
arrow), the geological map does not show a fault in the part of model P1-2 (Fig.
8.6(a), yellow arrow), where the fault is identified in the interpretation (Fig. 8.6(b),
yellow arrow). However, in extension of the yellow arrow in Fig. 8.6(b)) a fault is
indicated in the geological map, which suddenly ends and does not cross the model.
Thus, it is very probable that this fault indicated in the geological map continues and
corresponds to the fault imaged in the interpretation (Fig. 8.6(b), yellow arrow).

The interpretation does also verify the existence of faults shown in the geological
map (Fig. 8.6, blue and green arrows). The position of faults in the geological
map (Fig. 8.6(a) and (c)) is in good agreement with the position of faults in the
interpretation (Fig. 8.6(b) and (d)). However, as visible in Fig. 8.6(b) (between yellow
and blue arrows), for the north-eastern part of the Erfurt fault zone, an interpretation
is not possible (Fig. 8.6(b), question mark). The reason is, that the available reflection
and P-velocity data can not be balanced with the information from the geological map
(Fig. 8.6). In contrast, estimation of strata depth is performed for the north-eastern
part of the Gotha-Saalfeld-Eichenberg fault zone (Fig. 8.6(c), between green and blue
arrows). Here an interpretation based on the available P-velocity (Fig. 8.6(d)) is
successfully adapted to the information from the geological map.
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8.2.2 Interpretation of the 3D velocity model

The construction of the 3D velocity model aims for unraveling the basin structure
between the 2D reflection seismic profiles (Fig. 6.1). The resolution analysis for the
3D velocity model (Sect. 7.4.5) showed, that the quality of the inversion result is only
sufficient near the 2D profiles and therefore an interpretation apart from the profiles
has to be done with care. Moreover, no additional 3D information from the reflection
seismic data is available, which could support the interpretation of the velocity model.
The estimation of strata depths performed in this section is predominantly based
on the interpretation of the 2.5D velocity models (see Sect 8.2.1). The geological
map, available thicknesses of geological units at surrounding drill sites and the exact
depths of strata at drill sites Neudietendorf 3/68 and FB-EF 1/2012 (Fig. 8.1(a))
support the interpretation. In contrast to the estimation of strata depths for the 2.5D
velocity models, the P-velocities observed throughout the 3D model are only taken
into account, where the RDE exceeds 0.2 and the Checkerboard test is successfully
applied (Sect. 7.4.5).

In order to investigate the rough 3D structure of the basin provided by the 3D
velocity model, a comparison with the GRM based on a structural geological model
of the Thuringian Basin (see Sect. 7.2.2) [60] is performed (Fig. 8.7). As already
discussed in Sect. 7.3.6, the P-velocities applied to the near-surface strata in the
GRM strongly differ from those obtained in the final velocity models from tomography.
Whereas the P-velocities in the km, ku and mo are 2.0, 2.4 and 3.0 km/s, respectively,
in the GRM, in the major parts of the 3D velocity model average values of 3.0, 3.5
and 4.0 km/s are observed. As shown by a comparison of the P-velocities from the
3D velocity model (Sect. 7.4.4) with a sonic log at drill site FB-EF 1/2012 (Fig.
8.1(e)) [51], the velocities of the km, ku and mo are in good agreement in the center
of the basin. Hence, there are indications, that the low near-surface velocities in the
GRM do not reflect the P-velocity in the investigation area. Since the velocities in
the GRM are constructed from VSP measurements at surrounding drill sites (Fig.
7.3), the P-velocities obtained there seem to differ from P-velocities in the basin
center. Obviously, for all drill sites considered for the construction of the GRM, the
basin depth is lower than in the investigation area and therefore km, ku and mo are
located shallower. As indicated in Fig. 8.5, the velocities of km, ku and mo strongly
decrease as the depths of these strata decrease. Thus, it can be assumed that the
P-velocity of km, ku and mo in the GRM resembles the P-velocity in the 3D model,
where these units are located at shallow depth. However, where km, ku and mo are
located deeper, the GRM strongly underestimates the P-velocities of these geological
units. An observation also made (Fig. 8.7) is a slight overestimation of the P-velocity
of the mm by the 3D velocity model with respect to the GRM of 0.5 km/s. Even though
this deviation is not significant, the reason of the mismatch might also be differences
in the depth of the mm in the 3D velocity model and the GRM. The P-velocity of the
mu of 5.5 − 6 km/s in the 3D velocity model is in good agreement with that in the
GRM.

A significant difference in the interpretation of the 3D velocity model and the
GRM is, that the depths of strata differ 200 m in some places (also see Sect. 7.3.6).
E.g. the depth of the base of mu for y = 0 km is approximately 380 m below sea level
in the interpretation of the 3D velocity model (Fig. 8.7, y = 0 km, 7 km < x < 10
km) to the north of the Erfurt fault zone. In contrast, the corresponding depth in the
GRM is 200 m below sea level. Also the thickness of the km is underestimated by more
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Figure 8.7: Comparison of strata interpretation and P-velocities for the 3D velocity model
(see Sect. 7.4.4) with the GRM (see Sect. 7.2.2). (a) Strata interpretation and P-velocity
from tomography for different y-planes of the 3D velocity model (Fig. 7.21) and (b) cor-
responding planes in the GRM. For better visualization, the Erfurt fault zone in the GRM
is simplified. The white arrows at y = 2.7 km indicate a syncline structure revealed by
the 3D velocity model from tomography. The green arrow denotes the occurrence of Upper
Gips-keuper at the surface, which might explain the low P-velocities in the velocity model.
The vertical exaggeration is six-fold.
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than 100 m by the GRM in this part of the model. Since the strata interpretation for
the 3D velocity model is based on information from the borehole FB-EF 1/2012 (Fig.
8.1(a)) [1, 44], it is reliable. Consequently, the structural geological model (see Sect.
7.2.2), from which the GRM is constructed, does not contain correct depths of strata
in the center of the Thuringian basin.

An observation made in the 3D velocity model in the north-eastern part of the
investigation area at y = 0 km (Fig. 8.7(a), question mark) is, that suddenly the
P-velocity decreases at the depth of the mu. In Sect. 7.4.7, the existence of this hypo-
thetical low-velocity zone is supported by a sudden increase in traveltimes obtained
using seismic station STO (see Fig. 7.30). A low-velocity zone can not be explained
by a change in depth of the mu as the geological map does not provide hints for this
(see Fig. 7.21). Also in the GRM, no significant change in the depth of the mu is
observed (Fig 8.7(b), y = 0 km). Since model resolution (Sect. 7.4.5, especially the
Checkerboard test in Fig. 7.27) for this part of the 3D velocity model reveals, that
this low-velocity zone is not reliable, it is treated as an artifact here. The increase of
traveltimes (discussed in Sect. 7.4.7) could also be based on a decrease of P-velocities
in shallower regions, e.g. the weathering layer (see Sect. 3.2.5). The reason is, that for
this part of the 3D velocity model located apart from the 2D profiles, no short-offset
traveltime data is available constraining the near-surface P-velocity.

A significant contribution of the 3D velocity model is, that it reveals a syncline
structure at the plane y = 2.7 km (Fig. 8.7(a), white arrows). The P-velocity in this
model region, for which no 2D reflection seismic information is available (Fig. 7.21),
is predominantly constrained by traveltimes acquired using stations ROB, SWB, STO and
MIT (see Fig. 7.21). Strata interpretation shows a depth increase of base mu of 150
m with respect to the north-eastern boundary of the model at y = 2.7 km. However,
as indicated by the underlying P-velocity structure (Fig. 8.7(a), white arrows), for
which the model resolution is reasonable (see Figs. 7.26 and 7.27), the curvature of
the syncline might be even more significant. Nevertheless, the corresponding strata
interpretation applied here was performed carefully to prevent an oversubscription of
the 3D velocity model interpretation, which is not supported by additional data. In
the GRM (Fig. 8.7, y = 2.7 km) also syncline structure is observed here, however, it
does not appear more significant than for other y-planes as this is clearly visible in
the 3D velocity model (Fig. 8.7(a)).

The near-surface velocity in the 3D velocity model decreases to 2 km/s at y = 2.7
(Fig. 8.7, green arrow). Corresponding to the geological map (Fig. 7.21), here
Upper Gips-keuper (light brown) is found on a hill of 40 m elevation relative to its
surroundings. Here, station ROB is located and hence the velocity of 2 km/s at the
near-surface is only constrained by traveltimes acquired using this station (Fig. 7.21).
Thus, P-velocity obtained here might represent the Upper Gips-keuper, however,
it can not be excluded, that this low P-velocity might be a result of an insufficient
static correction applied here. As mentioned in Sect. 3.2.5, a sufficient estimation
of the traveltime through the weathering layer τ must be available, which is not the
case here due to missing short-offset traveltimes. The reason is, that static correction
applied are based on an interpolation of traveltimes τ through the weathering layer
from the 2D profiles (also see Sect. 6.3.2). Thus, the velocity of 2 km/s does not
necessarily characterize the Upper Gips-keuper which is found here (Fig. 8.7, green
arrow). This is supported by the P-velocities observed at y = 0 km and x = 6 km
in the 3D velocity model (Fig. 8.7(a)). Corresponding to the geological map (see
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Fig. 7.21), here also Upper Gips-keuper is found, however, the P-velocity in the 3D
model does not decrease to 2 km/s.
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9 Discussion
Seismic measurements conducted in the framework of INFLUINS aim for unravelling
structural and elastic properties of the Thuringian Basin. In order to understand
fluid flow and related processes that potentially occur, knowledge about the geome-
try of sedimentary basins including aquifers, aquitards and fault zones is of great
importance.

The subsurface P-velocity investigated in this study using traveltime tomography
is connected to rock porosity being an essential parameter characterizing permeabil-
ity (Sect. 1). In particular, increasing rock porosity leads to a decrease in P-velocity.
Hence, using traveltime tomography for determining an increase in porosity in a cer-
tain geological unit requires resolving a low-velocity zone. However, as shown in Sect.
8.1, imaging zones of low P-velocity by traveltime tomography is difficult to achieve.
Using seismic data, waveform data beyond the first break traveltime needs to be used
in order to resolve low-velocity zones. This, however, requires a high quality of the
seismic data and data processing is by far more time consuming than in this study.

Faults in sedimentary basins provide potential pathways for fluid migration or
act as barriers for fluid transport (Sect. 1). Based on traveltime tomography and
complementary geophysical and geological data, an estimate for the displacement of
stratigraphic units in the Erfurt and the Gotha-Saalfeld-Eichenberg fault zones within
the Thuringian Basin (Fig. 2.1) is given even though the available data does not reveal
detailed fault geometries. Displacements of 200 m identified in this study (Sect. 8)
give rise to strong perturbations of the system of aquifers and aquitards that might
play a significant role for fluid transport in the Thuringian Basin.

An important contribution of this study to the understanding of the structure of
the Thuringian Basin is, that it provides a detailed image of the seismic structure
for the sequence of strata in the Upper and Middle Triassic in the center of the
basin. Most of the previous studies using seismic tomography, e.g. [66, 26, 70, 64]
map the seismic structure of basins as a whole and therefore stratigraphic units are
not distinguished from each other. In this study a detailed image of major refractors
that govern refracted wave propagation is obtained using RDE mapping and the
interpretation ray paths (e.g. Sect. 7.3.5, Sect. 7.3.7). Seismic velocities obtained
from tomography reflect the major velocity characteristics of stratigraphic units as
supported by geophysical and geological reference data (Sect. 8.1). Moreover, near-
surface velocity heterogeneity in the P-velocity models can be assigned to distinct
stratigraphic units (Sect. 8.2.1). Therefore, this study allows for an improvement
of an a priori stratigraphic model of the basin (Sect. 8.2.2) and provides elastic
properties for certain strata.

The applicability of methods and techniques introduced is not limited to the data
acquired in the framework of this study. Methodical developments regarding first
break picking (Sect. 5.1) and first break picking quality control (Sect. 5.2) are im-
plemented fully flexible to meet the requirements of traveltime determination using
seismic data with arbitrary characteristics. Using first break determination based
on multi-channel cross-correlations (Sect. 5.1), first break picks for data with a low
SNR can be obtained, which is desirable for many applications of seismic methods to
increase the amount of available traveltime data. The LSCI quality appraisal (Sect.
5.2) helps to reduce first break picking errors introduced due to vanishing amplitudes
of the direct wave. This observation, traced back to the presence of shadow zones due
to low-velocity zones, might frequently occur for near-surface seismic targets due to a
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strong heterogeneity of the P-velocity.
For the inversion of P-velocity, a sequential strategy is used (Sect. 7.1.2), which

aims for introducing a minimum of structure that explains the traveltime data. As
shown in Sect. 7.3.4, this strategy is essential for eliminating small-scale structures in
the final P-velocity models. Therefore, the inversion strategy presented is well suited
to produce high-quality, i.e. low-artifact, tomographic images and should be generally
applied.
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10 Conclusions
In this study, an active-source seismic traveltime tomography is applied to the Thu-
ringian Basin in order to reveal the basin’s near-surface seismic structure. Based on
the P-velocity models from tomography, subsurface characterization is supported by
complementary geophysical and geological data, providing evidence for the reliability
of the velocity models as well as additional information about the basin structure.
Besides P-velocity from tomography, the combination of different data sets makes it
possible to estimate the near-surface stratigraphic structure and supports imaging of
the P-velocity heterogeneity within geological units.

Seismic data used in this study is acquired in 2011 during a reflection seismic survey
in the framework of the multidisciplinary project INFLUINS. Here, three reflection
seismic profiles are established. Since the basin structure in the investigation area is
influenced by complex fault zones, a 3D characterization of the subsurface is desirable.
Hence, for imaging the 3D structure of the basin, the two-dimensional geometry of the
reflection survey was extended by a 3D array of 10 seismic stations for the registration
of source signals along the reflection seismic profiles.

Processing of the seismic data is performed to enable (semi-)automatic first break
picking using specially developed algorithms for first break picking and quality as-
sessment. Seismic data acquired along the reflection profiles and using the 3D seismic
array are characterized by different source - receiver offsets and acquisition geome-
tries, however, the appearance of both data sets is similar: Propagation of first arrival
refracted waves is explained by more or the less two subsurface refractions. An ob-
servation also made is the occurrence of a shadow zone in the seismic data, which
suggests a low-velocity layer between the two layers at which the refractions occur.
This shadow zone, introducing an invisible transition from one to the other refraction,
leads to vanishing amplitudes of the refracted waves.

The strategy applied for the inversion of P-velocity models aims for introducing
a minimum in structural variations as possible to prevent the occurrence of possible
artifacts. To do so, a sequential inversion is applied. It is clearly demonstrated,
that applying this sequential inversion is mandatory to prevent the occurrence of
small-scale structures in the model. Density of data acquired along the reflection
profiles providing 2D information is very high compared to the data density acquired
using the 3D seismic array. As a consequence, high-resolution 2.5D P-velocity models
based on the traveltimes from the reflection data and a 3D P-velocity model of minor
resolution with the seismic array data taken into account are constructed separately.
An important statement, which is derived by comparing both the inversion results
is, that the penetration depth of the rays is the same. This is surprising, as for the
data acquired using the 3D seismic array source - receiver offsets three times larger
than for the data acquired along the reflection profiles are available. A comparison of
maximum penetration depth and P-velocity in the inversion results with a reference
model reveals the origin of the limited penetration depth: the Lower Muschelkalk
strata is characterized by the highest P-velocity among all Triassic rocks in the
basin and therefore acts as a barrier for ray penetration depth.

Particular attention is paid to the assessment of the quality of the inversion re-
sults. Beside identification of reasonable model resolution, an important observation
in mapping RDE values to the model is, that channels with high values appear, one
at the near surface and one at greater depth. These channels, indicating high seismic
sensitivities, are interpreted as accumulations of ray turning points and therefore iden-

138



10 CONCLUSIONS

tify refractor depths. This interpretation is supported by the seismic data available
characterized by two refractions. From this one can conclude, that the propagation
of refracted waves in the Triassic is more or the less governed by two layers.

The robustness of the inversion results in the context of problem non-linearity is
studied by a model recovery test using alternative initial models. For the 3D velocity
model, the recovery test is very successful, which indicates a high stability of the solu-
tion model. In contrast, the resolution tests for the 2.5D velocity models reveal some
significant differences in the inversion results, which might indicate great parameter
uncertainties. However, the difference in the inversion results can be traced back
to initial models associated with large distances in model space, for which conver-
gence into different local minima is likely. Even though the results from the recovery
tests suggest a careful model interpretation, they also offer possibilities for alternative
interpretations.

The reliability of the P-velocity models beyond resolution tests is assessed using
geophysical reference data. Velocity-depth relations obtained from borehole seismic
measurements along the reflection seismic profiles are compared with the correspond-
ing velocity-depth relations from tomography. One observes, that while trends in the
models are in good agreement, low-velocity layers are not identified by tomography.
However, high-velocity layers acting as essential refractors are imaged well in velo-
city and depth. Moreover, P-velocity from tomography is correlated with the depth-
migrated reflection seismic data acquired in the investigation area. Interpretation of
the reflection data is based on correlation with the acoustic impedance computed from
borehole geophysical measurements at a local drill site. From this, an estimation of
depths of strata in the investigation area is achieved. A deviation of less than 50
m between the estimated depths of strata with reference data at a local drill site is
reasonable, however, for the investigation of P-velocity heterogeneity within strata,
an even more accurate estimate is desired.

To improve the estimate of the stratigraphic structure using the reflection data,
geological information is used. Horizontal velocity trends in the deeper parts of the
models follow the course of estimated strata depths, which shows, that P-velocity is
mostly constant within these layers. However, geological layers located at the near-
surface of the model face strong velocity variations, i.e. predominantly a decrease in
P-velocity. For the Keuper, these variations can be explained by weathering processes.
In contrast, in the upper part of the Muschelkalk a significant decrease in P-velocity
is visible at depth of 100 m below surface. Contrary, no velocity decrease is observed
in parts of the model where it is located directly at the surface, which makes the
explanation by weathering processes doubtful. Even though data available is not
capable to provide the structure of fault zones in the study area, significant vertical
displacements of strata up to 200 m are visible. Moreover, the data gives rise for
the existence of a fault not contained in the geological map. The 3D velocity model
provides important contributions about the 3D basin structure, which is not suggested
by a reference structural geological model. The interpretation given in this study
suggests, that strata in the center of the basin are located almost 200 m deeper than
in the reference model. Moreover, a clear syncline is revealed by the data acquired
using the 3D seismic array, which illustrates the importance of the array for imaging
the 3D basin structure.
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11 Outlook
Imaging the subsurface P-velocity using traveltime tomography is successful for imag-
ing high velocity layers. In contrast, low-velocity zones are hardly determined because
rays avoid these areas. Therefore, inverting P-velocity using first break traveltimes
can not establish a resolution of low-velocity zones, which may indicate porous media.
However, a proper representation of low-velocity zones can be provided by taking into
account signal waveforms for the inversion. At least in some parts along the reflection
profiles in the center of the Thuringian Basin (Sect. 6.1), the SNR ratio of the seismic
data might be suitable for performing an early arrival tomography in order to reveal
near-surface low-velocity zones. Using waveforms for the inversion does not only im-
prove the resolution of low-velocity zones, but also the resolution in total. Thus, the
application of waveform tomography to the acquired data may allow for imaging the
subsurface in even higher resolution.

P-velocity obtained from traveltime tomography was used to characterize the elas-
tic properties of stratigraphic units in the Upper and Middle Triassic (Sect. 8).
However, resolution of the velocity models were not suitable to provide information
about the geometry of the Erfurt and the Gotha-Saalfeld-Eichenberg fault zone (Sect.
8.2.1). Of course, traveltime tomography does only contain low-wavenumber infor-
mation about the subsurface and hence proper imaging of fault geometries was not
expected. In contrast, imaging high-wavenumber structures in the subsurface such as
geological layers transitions or fault planes is a major strength of reflection seismics.
The success of reflection seismic imaging depends on the knowledge of the underlying
velocity. For depth-migration of the reflection data, a simple velocity model based on
constant interval velocities for certain geological units is used. However, the velocity
models from tomography suggest, that in parts of the models P-velocity variation
occurs within certain strata. Hence, using P-velocity constructed in the framework of
this study as velocity model for depth-migration may result in more accurate depths
of stratigraphic units. The structure of the Erfurt and the Gotha-Saalfeld-Eichenberg
fault zone as imaged by the reflection data is difficult to determine at depths of the
Keuper and Muschelkalk. Using information about the subsurface P-velocity from
tomography before stacking may also lead to an improvement of coherence in the re-
flection data, which could serve to identify the geometry of the fault zones at shallow
depths.

Regarding the investigation of porous media in the Thuringian Basin, additional
S-wave velocity models are desirable. The reason is, that from Poisson’s ratio, which
depends on the ratio between P- and S-wave velocity, the rigidity for rocks can be
determined [48]. Therefore, investigating Poisson’s ratio is very suitable to judge the
compactness of sediments and gain information on the porosity of certain geological
units. For obtaining S-velocity information in the Thuringian Basin, however, ad-
ditional S-wave seismic measurements are required. These might be conducted in
a VSP measurement design for obtaining the in-situ S-wave propagation properties
in the Thuringian Basin. Ideally, using drill sites Neudietendorf 3/68 or FB-EF
1/2012 (see Sect. 8.1.1) for conducting VSP measurements would be advantageous,
because S-velocities obtained at these sites could be directly compared with available
P-velocity from tomography as well as from borehole geophysical measurements.
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Appendix A
Here, selected shotgathers from the reflection seismic data including automatically
determined first break picks (see Sect. 6.2.3) and computed traveltimes for the final
2.5D velocity models (see Sect. 7.3.4) are illustrated. Energy points corresponding
to these shotgathers show a spacing of approximately 4 km to each other (Fig. A.1).
The shotgathers presented here give insight in differences in the seismic data as well
as the accuracy of first break picks acquired along the reflection seismic profiles.
The illustrations also confirm the sufficiency of the fit of computed and observed
traveltimes.

Figure A.1: Geometry of the 2.5D velocity models (see Sect. 7.3) P1-1 (Fig. A.2), P1-2
(Fig. A.3), P2 (Fig. A.4), and P3 (Fig. A.5). The yellow dots show the energy point locations
along the reflection seismic profiles corresponding to the shotgathers depicted in Figs. A.2,
A.3, A.4, A.5. The yellow labels indicate the record ID associated with the shotgathers.
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Table A.1: Coordinates of the shot locations corresponding to records presented in Fig. A.1
(black) and within Sect. 6.2 and 7.3.7 (grey).

Record label Model GK4 Northing GK4 Easting Elevation [m]
1002 P1-1 5637843.7 4413942.2 366.8
1132 P1-1 5641196.6 4415536.4 287.7
1262 P1-1 5644224.3 4417788.9 278.4
1387 P1-1 5647111.2 4420063.0 299.2
1517 P1-1 5650063.4 4422488.5 299.6
1647 P1-1 5652960.0 4424982.0 317.6
1806 P1-2 5656068.3 4428387.5 166.3
1945 P1-2 5659236.1 4430496.9 159.4
2071 P1-2 5662455.8 4432494.8 157.8
2196 P1-2 5665204.5 4434707.1 165.5
2325 P1-2 5668024.7 4437242.8 152.3
3030 P2 5647704.2 4427149.2 302.4
3165 P2 5650490.1 4429604.9 220.5
3301 P2 5652914.3 4432325.8 181.8
3436 P2 5656048.7 4434801.7 182.9
3573 P2 5658676.1 4437742.8 167.6
2330 P3 5660165.7 4423815.9 173.5
2470 P3 5657667.7 4427148.1 160.5
2611 P3 5655041.2 4430178.8 172.0
2748 P3 5653721.3 4433894.9 184.7
2889 P3 5651454.5 4437355.2 196.1
3029 P3 5648779.2 4440466.8 265.6
1202 P1-1 5642838.5 4416697.3 288.2
1600 P1-1 5651900.7 4424094.0 313.7
1776 P1-2 5655517.8 4427710.0 173.6
3200 P2 5651384.8 4430119.3 195.3
3381 P2 5651879.3 4430281.4 194.4
3399 P2 5655249.6 4434174.9 183.8
2700 P3 5654430.0 4432633.6 179.5
2820 P3 5652648.7 4435722.1 205.3
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Figure A.2: Shotgathers corresponding to selected energy points contributing to model
P1-1. Blue dots denote determined first break picks (see Sect. 6.2.3), orange dots computed
traveltimes for the final 2.5D velocity model (see Sect. 7.3.4). For better visualization of the
seismic data, only one of every two observations is shown. The energy point locations are
shown in Fig. A.1.
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Figure A.3: Shotgathers corresponding to selected energy points contributing to model
P1-2. Blue dots denote determined first break picks (see Sect. 6.2.3), orange dots computed
traveltimes for the final 2.5D velocity model (see Sect. 7.3.4). For better visualization of the
seismic data, only one of every two observations is shown. The energy point locations are
shown in Fig. A.1.
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Figure A.4: Shotgathers corresponding to selected energy points contributing to model
P2. Blue dots denote determined first break picks (see Sect. 6.2.3), orange dots computed
traveltimes for the final 2.5D velocity model (see Sect. 7.3.4). For better visualization of the
seismic data, only one of every two observations is shown. The energy point locations are
shown in Fig. A.1.
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Figure A.5: Shotgathers corresponding to selected energy points contributing to model
P3. Blue dots denote determined first break picks (see Sect. 6.2.3), orange dots computed
traveltimes for the final 2.5D velocity model (see Sect. 7.3.4). For better visualization of the
seismic data, only one of every two observations is shown. The energy point locations are
shown in Fig. A.1.
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Appendix B
This section shows seismic data acquired using the 3D seismic array, for which first
breaks are obtained semi-automatically (see Sect. 6.3.2). The computed traveltimes
corresponding to the observed traveltimes from the final 3D velocity model (see Sect.
7.4.4) are also depicted. The illustrations shown here give an impression of the quality
of the seismic data and the fit of computed and observed traveltimes. Moreover, in
Tab. B.1 the locations of the seismic stations (Fig. B.1) are summarized.

Figure B.1: Geometry of the 3D velocity model (see Sect. 7.4.4) and locations of the seismic
stations from the 3D seismic array (yellow triangles). The data acquired using the seismic
stations is illustrated in the following figures: for station WAL in Fig. B.2, NOE in Fig. B.3,
STO in Fig. B.4, MIT in Fig. B.5, GIS in Fig. B.6, SAL in Fig. B.7, SWB in Fig. B.8, ROB in
Fig. B.9, RIE in Fig. B.10, and MAR in Fig. B.11.
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Table B.1: Locations of the seismic stations from the 3D seismic array (see Fig. B.1).

Station Location GK4 Northing GK4 Easting Elevation [m]

WAL Walschleben 5659582.6 4425455.9 160.6
NOE Nöda 5659897.7 4431026.5 161.8
STO EF–Stotternheim 5658791.7 4432571.2 163.7
MIT EF–Mittelhausen 5656771.9 4430531.5 168.7
GIS EF–Gispersleben 5654993.8 4428932.3 171.0
SAL EF–Salomonsborn 5652051.1 4426659.8 298.2
SWB EF–Schwerborn 5658389.6 4435472.0 182.8
ROB EF–Roter Berg 5655017.3 4431960.0 221.1
RIE EF–Rieth 5652885.2 4430630.1 181.4
MAR EF–Marbach 5651797.0 4428542.6 215.6
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Figure B.2: Seismic data acquired using seismic station WAL for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset for the corresponding trace. For better visualization of
the seismic data, only one of every two traces is shown. The location of the seismic station
is shown in Fig. B.1.
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Figure B.3: Seismic data acquired using seismic station NOE for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset for the corresponding trace. For better visualization of
the seismic data, only one of every three traces is shown. The location of the seismic station
is shown in Fig. B.1.
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Figure B.4: Seismic data acquired using seismic station STO for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset for the corresponding trace. For better visualization of
the seismic data, only one of every three traces is shown. The location of the seismic station
is shown in Fig. B.1.
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Figure B.5: Seismic data acquired using seismic station MIT for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset for the corresponding trace. For better visualization of
the seismic data, only one of every three traces is shown. The location of the seismic station
is shown in Fig. B.1.
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Figure B.6: Seismic data acquired using seismic station GIS for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset for the corresponding trace. For better visualization of
the seismic data, only one of every three traces is shown. The location of the seismic station
is shown in Fig. B.1.
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Figure B.7: Seismic data acquired using seismic station SAL for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset for the corresponding trace. For better visualization of
the seismic data, only one of every three traces is shown. The location of the seismic station
is shown in Fig. B.1.
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Figure B.8: Seismic data acquired using seismic station SWB for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset for the corresponding trace. For better visualization of
the seismic data, only one of every three traces is shown. The location of the seismic station
is shown in Fig. B.1.
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Figure B.9: Seismic data acquired using seismic station ROB for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset in m for the corresponding trace. For better visualization
of the seismic data, only one of every three traces is shown. The location of the seismic
station is shown in Fig. B.1.
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Figure B.10: Seismic data acquired using seismic station RIE for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset for the corresponding trace. For better visualization of
the seismic data, only one of every three traces is shown. The location of the seismic station
is shown in Fig. B.1.

Figure B.11: Seismic data acquired using seismic station MAR for shots on the reflection
seismic profiles. Blue dots denote determined first break picks (see Sect. 6.3.2), orange dots
computed traveltimes for the final 3D velocity model (see Sect. 7.4.4). The blue labels
indicate the source - receiver offset for the corresponding trace. For better visualization of
the seismic data, only one of every three traces is shown. The location of the seismic station
is shown in Fig. B.1.
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Appendix C
In this appendix, a detailed view on the 2.5D coarse velocity model construction (Sect.
7.3.2) is provided for all 2.5D models P1-1, P1-2, P2 and P3. At first, the results of
the L-curve tests (Sect. 4.3.3) conducted during in coarse and refined coarse model
construction is shown in Fig. C.1. Then velocity models and traveltime residuals of
the CGM initial models (Sect. 7.2.1) as well as the final coarse and final refined coarse
models are illustrated (Figs. C.2, C.3, C.4, C.5). These figures give a good impression
of the subsequent increase of structural variations in the model at slightly decreasing
traveltime residuals.
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Figure C.1: L-curve tests for finding an optimum damping parameter λ for the coarse
structure inversion. To the left, L-curve tests for model parametrizations of the coarse
inversion of models P1-1 (a), P1-2 (c), P2 (e) and P3 (g) are shown. To the right, L-curve
tests for model parametrizations of the refined coarse inversion of models P1-1 (b), P1-2 (d),
P2 (f) and P3 (h) are shown. The yellow arrow indicates the damping value of λ = 20 used
for all coarse structure inversions.
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Figure C.2: Velocity model and traveltime residual variation of the coarse and refined coarse
velocity structure inversion of model P1-1 (see Fig. 7.5). (a) CGM initial velocity model and
(b) corresponding traveltime residuals over profile direction and source - receiver offset. (c)
Final coarse velocity model and (b) corresponding traveltime residuals over profile direction
and source - receiver offset. (e) Final refined coarse velocity model and (f) corresponding
traveltime residuals over profile direction and source - receiver offset. The inset in (a),
(c), and (e) show the data RMS residual of the velocity model. The black dots denote the
inversion nodes. Whitened areas in the velocity models correspond to areas of RDE values of
less than 0.1 and are interpreted as poor resolved (see Sect. 4.3.5). The vertical exaggeration
of the velocity models (a), (c), and (e) is four-fold.
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Figure C.3: Velocity model and traveltime residual variation of the coarse and refined coarse
velocity structure inversion of model P1-2 (see Fig. 7.5). (a) CGM initial velocity model and
(b) corresponding traveltime residuals over profile direction and source - receiver offset. (c)
Final coarse velocity model and (b) corresponding traveltime residuals over profile direction
and source - receiver offset. (e) Final refined coarse velocity model and (f) corresponding
traveltime residuals over profile direction and source - receiver offset. The inset in (a),
(c), and (e) show the data RMS residual of the velocity model. The black dots denote the
inversion nodes. Whitened areas in the velocity models correspond to areas of RDE values of
less than 0.1 and are interpreted as poor resolved (see Sect. 4.3.5). The vertical exaggeration
of the velocity models (a), (c), and (e) is four-fold.
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Figure C.4: Velocity model and traveltime residual variation of the coarse and refined coarse
velocity structure inversion of model P2 (see Fig. 7.5). (a) CGM initial velocity model and
(b) corresponding traveltime residuals over profile direction and source - receiver offset. (c)
Final coarse velocity model and (b) corresponding traveltime residuals over profile direction
and source - receiver offset. (e) Final refined coarse velocity model and (f) corresponding
traveltime residuals over profile direction and source - receiver offset. The inset in (a),
(c), and (e) show the data RMS residual of the velocity model. The black dots denote the
inversion nodes. Whitened areas in the velocity models correspond to areas of RDE values of
less than 0.1 and are interpreted as poor resolved (see Sect. 4.3.5). The vertical exaggeration
of the velocity models (a), (c), and (e) is four-fold.
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Figure C.5: Velocity model and traveltime residual variation of the coarse and refined coarse
velocity structure inversion of model P3 (see Fig. 7.5). (a) CGM initial velocity model and
(b) corresponding traveltime residuals over profile direction and source - receiver offset. (c)
Final coarse velocity model and (b) corresponding traveltime residuals over profile direction
and source - receiver offset. (e) Final refined coarse velocity model and (f) corresponding
traveltime residuals over profile direction and source - receiver offset. The inset in (a),
(c), and (e) show the data RMS residual of the velocity model. The black dots denote the
inversion nodes. Whitened areas in the velocity models correspond to areas of RDE values of
less than 0.1 and are interpreted as poor resolved (see Sect. 4.3.5). The vertical exaggeration
of the velocity models (a), (c), and (e) is four-fold.
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Appendix D
Here, supplementary material for the inversion of the 3D velocity model is shown
(Sect. 7.4). At first, the L-curve tests for the 3D coarse structure and final inversion
are shown (Fig. D.1). Then, the coarse structure inversion of the 3D velocity model is
illustrated. Whereas Fig. D.2 shows the initial velocity model and traveltime residuals
for the 3D CGM initial model, Fig. D.3 shows the final model and traveltime residuals
associated with the coarse structure inversion.

Figure D.1: L-curve tests for finding an optimum damping parameters λ for the coarse
structure and final inversion for the 3D velocity model. (a) L-curve test for the 3D coarse
structure inversion (Sect. 7.4.2). (b) L-curve test for the final 3D inversion (Sect. 7.4.4).
The yellow arrows denote the damping value λ used for the appropriate inversion.
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Figure D.2: Illustration of the initial model of the 3D coarse structure inversion (Fig.
7.21). (a) Different y-planes of the velocity model (Sect. 7.4.2). Whitened areas in the
velocity models correspond to areas of RDE values of less than 0.1 and are interpreted as
poor resolved. The vertical exaggeration of the velocity model is four-fold. The inset to
the left shows the initial data RMS residual. (b) Corresponding traveltime residuals of the
data obtained on the reflection seismic profiles for source - receiver pairs with CMPs lying
in the area y < 0 km (left) and y > 0 km (right). (c) Corresponding traveltime residuals for
each station of the 3D seismic array. The traveltime residuals are projected onto the local
coordinates of the VibroSeis source signal observed at the appropriate station. The insets in
the lower left corner shows the station related data RMS residual.
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Figure D.3: Illustration of the final model of the 3D coarse structure inversion (Fig. 7.21).
(a) Different y-planes of the velocity model (Sect. 7.4.2). Whitened areas in the velocity
models correspond to areas of RDE values of less than 0.1 and are interpreted as poor
resolved. The vertical exaggeration of the velocity model is four-fold. The inset to the left
shows the initial data RMS residual. (b) Corresponding traveltime residuals of the data
obtained on the reflection seismic profiles for source - receiver pairs with CMPs lying in
the area y < 0 km (left) and y > 0 km (right). (c) Corresponding traveltime residuals for
each station of the 3D seismic array. The traveltime residuals are projected onto the local
coordinates of the VibroSeis source signal observed at the appropriate station. The insets in
the lower left corner shows the station related data RMS residual.
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