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Abstract 

 

Research on normal faults derives mainly from outcrop- and seismic-based studies. Outcrops are 

characterized by their high resolution but often lack a 3D context, in contrast with seismic-based 

data that can be fully 3D but with limited resolution compared to outcrop data. The novelty of this 

study is the examination of a truly 3D dataset of seismic scale fault zones at outcrop resolution.  

The dataset has been acquired in the active, opencast Kardia lignite mine in the Ptolemais Basin, 

NW Greece. The basin is affected by two fault systems related to two extensional episodes. The 

first, Late Miocene episode resulted in the formation of the basin in response to NE-SW extension. 

The normal faults that occur in the Kardia mine formed during the second, Quaternary episode in 

response to NW-SE extension. Repeated visits at 3-monthly intervals over a 5-year period have 

allowed serial sections through the faults to be examined. These sections have been analysed in 

three dimensions, providing a unique insight into the structure of normal faults. The faults in the 

Ptolemais mines are unusual in that they are associated with little or no fault rock generation but 

instead detailed internal fault zone structure, which would normally be comminuted to fault rock, is 

preserved at very high strains. This feature of the faults allows detailed study of the geometric 

evolution of the faults and, in the case of the Kardia mine, interaction with synchronous bed-

parallel slip surfaces. 

The total throw on a fault can be considered to be partitioned onto three components 1) throw on 

the main fault surface, 2) throw on subsidiary fault surfaces and 3) throw accommodated by 

continuous deformation. Measurement and analyses of these components for the fault zones in 

Kardia mine demonstrates that the first of these becomes more important with increasing throw 

consistent with progressive strain localisation during fault growth. Rapid lateral variations in the 

degree of throw partitioning over a fault zone reflect the range of scales of segmentation of the 

initial fault. Continuous deformation constitutes an integral element of fault structure at all stages 

of fault growth and its contribution to total throw decreases with increased throw suggesting that 

continuous deformation, such as normal drag, develops during the early stages of a fault zone 

development. 

Detailed three-dimensional mapping of a seismic scale normal fault shows various degrees of fault 

linkage with a gradual transition from hard- to soft-linkage with increasing scale of segmentation. 

Average shear strains measured across the normal fault zone at 81 locations vary by four orders of 

magnitude. Fault zone geometrical features indicative of linkage between fault segments occur 

over the full range of shear strains encountered supporting a model in which fault segment linkage 

is the primary control on the internal structure of the fault zone. By analogy this conclusion 

suggests that fault segment linkage may be the main control on the thickness and distribution of 

fault rock in areas where the details of fault zone structure are not preserved but are comminuted 

to fault rock.  
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Bed-parallel slip within the multilayer sequence in Kardia mine occurred towards the beginning of 

the second phase of extension and overlapped in time with Quaternary normal faulting.  Bed 

parallel slip, which is attributed to flexural-slip caused by reverse-drag folding in the hanging wall of 

a major fault, has a persistent top to the north slip direction. Bed-parallel slip surfaces occur 

throughout the excavated section and individual slip surfaces have slip up to 4.5 metres. 3D 

mapping of bed-parallel slip surfaces demonstrate that they display many of the features of dip-slip 

faults, for example, bed-parallel slip surfaces can be segmented both parallel and normal to the slip 

direction and on a wide range of scales. The displacement to length ratios derived for bed-parallel 

slip surfaces are typical of those for normal faults but are significantly lower than for the normal 

faults in Kardia mine. Backstripping of fault zone evolution at the locations of mutually offsetting 

bed-parallel slip surfaces and normal faults demonstrate how complex fault zone structure arises in 

the presence of synchronous bed-parallel slip. Bed-parallel slip surfaces formed during fault growth 

effectively introduce new displacement markers that can be used to examine the growth history of 

blind faults. 
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Chapter 1 

 

Introduction 

 

1.1. Introduction and aims of study 

Improving our understanding of the evolution and structure of normal faults can have great 

practical implications in areas such as earthquake hazard assessment (e.g. Soliva et al., 

2008) or understanding and modelling flow in petroleum reservoirs (e.g. Manzocchi et al., 

2008, 2010) or groundwater aquifers (e.g. López and Smith, 1995). Previous research on 

normal faults includes a vast number of studies on qualitative and quantitative analysis of 

various fault components such as thickness, length and displacement (e.g. Caine et al., 

1996; Childs et al., 2009). Such data in the published literature are mainly derived from 1D 

or 2D outcrop studies, 2D maps or digital elevation models combined with satellite images, 

and 2D or 3D reflection seismic surveys. Data derived from outcrop-based studies are 

characterized by their high resolution but usually lack a three-dimensional context for 

faults larger than a few cm throw. In contrast, seismic-based data can be fully 3D but have 

limited resolution compared to outcrop data, as the best quality seismic data is unable to 

resolve faults less than 20 m apart (e.g. Hesthammer and Fossen, 2000). The novelty of this 

study is the examination of a truly 3D dataset of seismic scale fault zones at outcrop 

resolution. The dataset has been acquired in the active, opencast Kardia lignite mine in the 

Ptolemais Basin, NW Greece. Repeated visits at about 3-monthly intervals over a 5-year 

period have allowed serial sections of the faults to be examined. These sections have been 

built into a three-dimensional dataset, providing a unique insight into the structure of 

normal faults. The striking colour contrast between the lignite and marl layers makes these 

sediments ideal for detailed throw analysis in cross-section and along strike as individual 
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horizons are continuous on the scale of the structures investigated. The main aim of this 

study has been to analyse this dataset in order to provide a better understanding of the 

evolution and internal structure of normal faults.  

This chapter provides an introduction to the four technical chapters to follow. It includes a 

short summary of previous research on normal faults, a geological background of the 

Ptolemais Basin, a description of the data and the methods used in this study to create the 

3D fault models, and ends with an outline of the thesis structure and a list of the journal 

and conference publications obtained during this study. 

 

1.2. Background of normal fault studies 

A common feature of faults is their segmented nature on all scales of observation (Morley 

et al., 1990; Peacock and Sanderson, 1991; Cartwright et al., 1996; Walsh et al., 1999, 2003; 

Kristensen et al., 2008; Soliva et al., 2008; Manighetti et al., 2009). Normal fault zones 

consist of segmented arrays when observed both in map view (e.g. Peacock and Sanderson, 

1991) and in cross-section (e.g. Childs et al., 1996a). When several cross-sections are 

available across the same fault zone, areas with one single fault surface may often be seen 

to alternate with areas with multiple slip-surfaces so that the degree of internal fault zone 

complexity varies over a fault surface (Childs et al., 1996b; Kristensen et al., 2008). Many 

studies in the published literature describe fault zones as having a high strain fault core, 

containing fault rock, surrounded by a low strain halo, termed a damage zone (e.g. Caine et 

al., 1996; Faulkner et al., 2010). While this description of fault zones is sufficient for many 

purposes and has been widely adopted, it is not adopted in this thesis; as it does not 

provide the flexibility required to describe the 3D fault zone structure that can be mapped 

from the mine data. For example, many of the individual cross-sections through the faults 

in Kardia mine could be described using a core/damage scheme, but this scheme could not 

easily be applied to the fault segmentation that is recognised over the observable range of 

scales. 
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Segmented fault arrays may be soft- or hard-linked depending on whether the segment-

bounding relay zones are intact or breached, respectively (Walsh and Watterson, 1991; 

Peacock and Sanderson, 1994; Childs et al., 1995; Ferrill and Morris, 2001; Soliva and 

Benedicto, 2004). Previous studies on the geometry of relay zones have established a four-

stage model of relay zone evolution compatible with the coherent fault model, termed 

“tip-line bifurcation” (Fig. 1.1; Peacock and Sanderson, 1994; Huggins et al., 1995; Childs et 

al., 1996b; Kristensen et al., 2008). Local retardation of a propagating fault tip (Fig. 1.1; 

Stage 1) causes bifurcation of the tip line. This can result in the formation of two distinct 

fault segments bounding a relay zone (Stage 2). Bifurcation of a lateral propagating fault tip 

causes the formation of dip relays (e.g. Fig. 1.1a), and bifurcation of a vertical propagating 

fault tip causes the formation of neutral relays. Increase of displacement results in a 

through-going fault (Stage 3), and with further displacement the two fault segments link, 

forming a fault bounded lens (Stage 4).  

The transfer of displacement between two fault segments can be accommodated by strains 

within the fault bounded rock volume, the nature of which varies according to the 3-D 

geometrical arrangement of the relay zone bounding fault segments (Fig. 1.2). Normal 

faults which overlap on vertical cross-sections require extensional or contractional strains 

within relay zones depending on the sense of overlap (Fig. 1.2; Walsh et al., 1999). Normal 

faults which overlap along strike can accommodate transfer of displacement by volumetric 

shearing and/or rotation of the rock volume; this type of relay zone is referred to as neutral 

relay zone as no volumetric strains are required to transfer displacement between the fault 

segments (e.g. Larsen, 1988). These three types of relay zone, and the corresponding 3D 

arrangements of the fault segments (Fig. 1.2) are end members as oblique relay zones are 

also common, displaying characteristics of relays both in cross-section and in map view 

(Kristensen et al., 2008; Conneally et al., 2014). 

Two opposing origins of fault segmentation have been suggested (Fig. 1.3). The isolated 

fault model assumes that fault segments initially grew in isolation from other segments 

within a fault array (Peacock and Sanderson, 1991; Cartwright et al., 1995; Mansfield and 

Cartwright, 2001; Peacock, 2002). In this case the aggregate displacement profile along the 
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segmented fault array presents an irregular shape with lows in displacement centred on 

the locations of the segment boundaries (displacement deficits in Fig. 1.3b). The coherent 

fault model envisions fault segments initiating as soft-linked structures that interaction and 

transfer of displacement occurs from the outset (Walsh and Watterson, 1991; Childs et al., 

1995; Walsh et al., 2003; Long and Imber, 2010, 2012) resulting in a smooth total 

displacement profile which resembles that of a single isolated fault (Fig. 1.3e). Distinguish 

between the two models can be achieved only when accurate measurements of 

continuous deformation, such as normal drag and synthetic bed rotations, are included in 

the aggregate displacement profiles. Detailed examination of how the total displacement is 

partitioned into the discontinuous (discrete faults) and continuous components (Fig. 1.4), 

and of the distribution of total displacement along several normal fault zones in Kardia 

mine (Chapters 2 and 3) suggest that the coherent fault model is the most suitable for 

characterizing the faults studied here. 

Fault segment boundaries that display similar degrees of breaching show a strong 

correlation between the ratio of fault normal separation between the bounding fault 

segments and their total throw (Fig. 1.5a; Childs et al., 1997, 2009; Soliva and Benedicto, 

2004). This ratio (equivalent to the average shear strain between the bounding fault 

segments) also increases with the degree of breaching of a relay zone (Fig. 1.5a; Childs et 

al., 2009). Based on this observation, Childs et al. (2009) suggested a conceptual geometric 

model of normal fault evolution according to which a fault initiates as an array of irregular 

fault segments at a wide range of scales. Breaching of relay zones and shearing-off of fault 

surface irregularities occurs gradually with the highest shear strain relay zones becoming 

breached at lower fault displacements than larger ones (Figs. 1.5b and 1.5c). This process 

ultimately leads to the formation of fault rock, the thickness of which also shows a positive 

correlation with the displacement (e.g. Hull, 1988; Childs et al., 2009). Chapter 3 considers 

whether the main principles of the aforementioned conceptual model are applicable on a 

natural normal fault by investigating the three-dimensional fault zone structure, at a range 

of scales, of a seismic-scale normal fault and focusing on fault segmentation and the 

distribution of shear strains. 
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The model for fault zone growth and the development of relay zones discussed above (Fig. 

1.5; Childs et al., 2009) is based on the model of tip-line bifurcation, in which fault zone 

complexity ultimately derives from irregularities on the initial propagating fault. An 

alternative model for the creation of fault rock is asperity bifurcation (Childs et al., 1996b). 

In this model, fault zone irregularities can develop as a fault accumulates displacement, 

and these asperities are gradually consumed into the fault zone. A particular type of 

asperity that can be formed during fault movement is the product of bed-parallel slip 

(Watterson et al., 1998). This is a common process in Kardia mine, and Chapters 4 and 5 of 

this thesis examine in detail the role of bed-parallel slip on the creation of geometrically 

complex zones. 

 

1.3. Ptolemais Basin 

1.3.1. Structure of Ptolemais Basin 

The Hellenic mountain chain was built up during the collision between the Apulia plate and 

the Cimmerian-Eurasian plate from the Upper Jurassic to Middle Miocene (Fig. 1.6) (Dewey 

et al., 1973; Mountrakis, 1986; Doutsos et al., 1993). Since the Late Miocene, the crust has 

thinned and collapsed (Fig. 1.6) to form a complex pattern of intramontane basins and 

highs (Pavlides, 1985; Caputo and Pavlides, 1993; Doutsos et al., 1994), one of which is the 

Ptolemais Basin (Figs. 1.7 and 1.8). The Ptolemais Basin is an elongate intramontane 

lacustrine basin and is part of the Florina-Ptolemais-Servia Basin which is a NNW-SSE 

trending graben system that extends over a distance of 120 km from Bitola in the Former 

Yugoslavian Republic of Macedonia (F.Y.R.O.M.) to the village of Servia, south-east of 

Ptolemais, NW Greece (Fig. 1.8) (Pavlides, 1985). The basement and the borders of the 

depression, belong to the Pelagonian geotectonic zone (Figs. 1.6, 1.7, 1.8 and 1.9). The 

basin lies about 700 m above the sea level.  

The basin is bounded by two faults systems, which can be related to two extensional 

episodes (Pavlides and Mountrakis, 1987; Mercier et al., 1989). The first, Late Miocene 
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episode resulted in the formation of the basin in response to NE-SW extension. The basin 

was subsequently subjected to NW-SE extension during the Quaternary, resulting in the 

NE-SW-striking normal faults still active today (Goldsworthy and Jackson, 2000).  

Geomorphologically, the Ptolemais Basin is subdivided by ridges and hills into several sub-

basins trending NE-SW, almost perpendicular to the main direction of the large basin (Fig. 

1.8) (Pavlides, 1985). These features, as well as the symmetrical position of the four lakes in 

the area (Vegoritis, Petron, Zazari and Chimaditis), are tectonically controlled (Fig. 1.8). The 

large marginal NW-SE to NNW-SSE trending faults are difficult to locate as they are covered 

by the sediments and can be detected mainly by boreholes or geophysical investigation 

(Pavlides, 1985). The younger NE-SW trending faults dominate the topography and exhibit 

typical geomorphological characteristics of recent neotectonic or active faults. Some faults 

of the NE-SW direction have been activated recently by weak and strong earthquakes 

(Pavlides et al., 1995; Mountrakis et al., 1998). 

1.3.2. Stratigraphy of Ptolemais Basin 

Three basin-wide lithostratigraphic units define the fill of the Ptolemais Basin and 

unconformably overly the Paleozoic-Mesozoic crystalline basement (Fig. 1.10; Steenbrink, 

2001; Metaxas et al., 2007). The Lower Formation is approximately 300 m thick and it is 

predominantly composed of lacustrine marls with some prominent intercalated lignite 

seams. The overlying Ptolemais Formation, with a thickness of approximately 110 m, 

consists of a rhythmic alternation of m-scale lignite and lacustrine marl beds, with 

intercalated fluvial sands and silts and some 20 volcanic ash beds. This formation was 

dated as early Pliocene on the basis of paleontological data from small mammals (Van de 

Weerd, 1978) and, more recently, using a combination of magneto- and cyclostratigraphy 

and 40Ar/39Ar dating (Van Vugt et al., 1998; Steenbrink et al., 1999). The Upper Formation 

unconformably overlies the Ptolemais Formation and consists of up to 200 m of fluvio-

lacustrine marls with intercalated clay, sand and conglomerate beds (Fig. 1.10). 

The Ptolemais Fm contains the main lignite-bearing sequence in the basin and is therefore 

the main sequence examined in this work in the opencast Kardia mine. It has been 
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subdivided into the Kyrio, Thedoxous and Notio members (Fig. 1.11; Steenbrink et al., 

1999). The lowermost Kyrio member typically shows a rhythmic alternation of lignite and 

organic-rich grey marl beds, forming 30 lithological couplets with an average thickness of 2 

m. The base of the Kyrio member reflects the onset of Pliocene lignite accumulation in the 

Ptolemais Basin. The middle Theodoxus member includes two predominantly beige-

coloured marl intervals, separated by a prominent lignite bed. The distinctive change in 

colour from beige to grey marls marks the transition towards the next-higher unit. This 

uppermost unit, the Notio member, features nine of the same couplets as the Kyrio 

member, followed by 11 couplets in which the lignite phase is represented by a dark brown 

clay bed or banded xylite. The couplets in the entire Ptolemais Fm can be recognized and 

correlated across most of the basin (Steenbrink et al., 1999). Intercalated volcanic ash 

layers verify this correlation, and show that the rhythmic alternations are synchronous 

(Steenbrink et al., 1999). They represent basin-wide lithological changes rather than lateral 

facies shifts (Steenbrink et al., 1999). 

 

1.4. Kardia Lignite Mine and 3D interpretation of the normal fault zones 

1.4.1. Kardia Lignite Mine 

The Kardia mine is one of the four active, open-cast, lignite mines in the Ptolemais Basin. 

The Kardia mine is operated by the Public Power Corporation S.A. (PPC) since 1970 and it 

has an annual lignite production of about 14.5 million tons which is used to supply Kardia 

Power Plant with an installed capacity of 1250 MW (Kavouridis, 2008), constituting about 

10% of the total installed capacity in Greece. The mine operates on 7 principal benches 

using the continuous surface mining method with bucket-wheel excavators, belt conveyors 

and stackers (Figs. 1.12 and 1.13). The ca 20 m high mining faces are on average 2.5 km 

long and step to the west from the bottom to the top of the mine, separated by benches 

that have widths of ca 50 - 100 m (Figs. 1.12 and 1.13). 
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Kardia mine is located in the central part of the Neogene lignite basin (Fig. 1.8) and is 

dominated by E–W trending Quaternary normal faults with a range of discrete throws from 

a few cm up to 43 m (Figs. 1.13, 1.14 and 1.15). The exposed stratigraphic sequence 

belongs to the Early Pliocene, Ptolemais Formation (Fig. 1.11), which has been described in 

detail in the previous section. 

In general, the Ptolemais Fm is uniformly weak and does not display significant mechanical 

heterogeneity. Mechanical tests of the lignite units show an average Young’s modulus of 

41.5 MPa, an average cohesion of 219 KPa and an average angle of friction of 22.1 degrees. 

The corresponding values for the marl are 74.1 MPa (Young’s modulus), 246.5 KPa 

(cohesion) and 26.7 degrees (angle of friction), respectively (Pavlos Skylitzis, Public Power 

Corporation S.A., personal communication, June 2015). Porosities of both lignite and marl 

units are relatively high with values of the lignite of up to 65%. In Kardia mine, the 

presence of an unconformity within the Notio member of the Ptolemais formation and the 

relatively small sediment thickness of the Upper Fm (ca 20 m) suggests significant amount 

of erosion or cessation of sedimentation during the Quaternary. Based on the complete 

thickness of the Upper Formation a few km further south of the mine, the estimated 

maximum burial depth of the Ptolemais Fm is about 200 m. 

1.4.2. Data sampling 

Every few months fresh fault outcrops are exposed by the continuous mining operations. 

The mine was mapped 21 times at ca 3 month intervals from Oct 2009 to February 2016. 

During each interval, each face was taken back between 20 and 50 m (Fig. 1.16). The area 

that is covered by this data is highlighted by light grey colour in Figure 1.16a and the map in 

Figure 1.16b shows the sequential positions of two of the seven main mining faces (3 and 

6) as mapped from June 2010 to February 2016. The data collected during each fieldwork 

campaign were photographs at various resolutions, accurate GPS locations, structural 

measurements and interpretations for all exposed faults and related structures observed in 

the mine, such as normal or reverse drag. Various resolutions of photographs include:  
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 Sets of panoramic photographs of the whole mine which were taken from a 

distance of ca 1.5 km away from the mine faces (Fig. 1.13).  

 Outcrop-scale photographs which were taken from a distance of ca 40 m from each 

fault with a meter-stick at the bottom of the face as a scale (Fig. 1.17). Usually sets 

of these photographs were taken both perpendicular to the face and perpendicular 

to the fault strike and often at different levels of zoom. 

 Very high resolution panoramic photographs for individual faults showing more 

details of the complexity of the fault zones in a smaller scale, such as closely spaced 

multiple fault slip surfaces, branch points and lignite or marl smear (Fig. 1.18). 

Structural measurements made for each accessible outcrop (e.g. Fig. 1.17) in the field 

comprise orientations for all fault slip surfaces, including detailed measurements of 

orientations for observable changes in strike and/or dip along the faults at outcrop scale. 

Changes in bedding due to faulting, such as bed rotations within fault zones, normal and 

reverse drag, were also recorded. Fault lineations (slickensides) are very rare, but were 

collected when observed. 

1.4.3. Inputting data into a fully georeferenced 3D structural interpretation package 

Much of the analysis conducted in this research was undertaken within a fully 

georeferenced 3D model of the outcrops using conventional oil-industry software 

(TrapTester). TrapTester is designed to input, process and interpret seismic and well data 

rather than photographs of real-world outcrops. Therefore, a non-standard import 

workflow was devised and applied. 

The XY coordinates for each fault and for the main structures at each individual face in the 

mine were recorded in the field using a hand-held GPS. Vertical position was found to be 

more reliable if taken from the detailed maps prepared monthly by the mine surveyors 

rather than from the GPS. The XYZ data were then used to georeference the panoramic 

photographs for input into TrapTester. Data covering the whole length of each mining face 
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were imported into TrapTester in order to build a mine-scale 3D structural model. 

Therefore, each one of the mining faces was individually cropped from the panoramic 

photographs (e.g. Fig. 1.19) and imported into TrapTester, in a similar way that 2D seismic 

surveys are imported. Higher resolution close-up photographs were also imported into 

TrapTester in order to build more detailed 3D models for individual fault zones. 

Two main stages were followed in order to import the pictures into TrapTester. The first 

stage was to import the 2D navigation lines, and the second stage involved definition of the 

Z-range (“seismic access definition (SIAC)”) of each picture. 2D navigation lines include the 

map-view locations of each picture, and they are based on the XY coordinates of the faults, 

the left and right ends of each picture and the corresponding horizontal distances in pixels 

of each picture (Fig. 1.19a). SIACs contain information for the Z-shift and Z-scaling of each 

picture which are based on the elevation at the top of the picture with respect to the 

chosen datum (Z-shift) and the number of pixels per vertical meter (Z-scaling) for each 

picture. 

Structural measurements were imported into TrapTester as tri-mesh surfaces which are 

displayed in 3D space with the dip and dip-azimuth values as they were measured in the 

field. The information required for loading these data is XYZ locations and orientation of 

each structural measurement. These tri-mesh surfaces were a very useful guide for 

optimizing the precision of the structural interpretations. Blank sections were also 

imported into the 2D survey and they were used for fault and/or horizon interpretations in 

areas where there were no available outcrop data but the interpretations were very 

predictable. A particular use of empty sections was for placing faults tips located between 

two consecutive photographed faces. 

1.4.4. 3D fault interpretations 

The result of importing this dataset into the 3D structural interpretation package is a 

volume similar to a 2D seismic survey, a data type common in the oil and gas industry. The 

difference is that this dataset, while at a seismic scale, has outcrop-scale resolution. This 

exceptional dataset was used for fault and horizon interpretations.  
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Each fault zone is characterized by about 100 cross-sections perpendicular to ca 1.1 km 

long and 20 to 80 m high areas of the fault surface (Fig. 1.20). The layering of lignite and 

marl makes these sediments ideal for detailed throw analysis along the faults in cross-

section and along strike as individual horizons are continuous across the scale of the 

structures investigated. Where fault throws exceed the height of a mining face, throws are 

derived from the horizon cut-offs interpreted three-dimensionally using the standard fault 

interpretation tools available in TrapTester.  

In total, 14 horizons were mapped within a 110 m thick stratigraphic interval (Fig. 1.11b) 

and these were used to calculate discontinuous throws for each of the interpreted fault 

surfaces (Fig. 1.21). The final 3D fault models were used for qualitative and quantitative 

analysis of the fault system and fault zone structure providing insights on the growth, 

propagation, evolution and geometrical complexity of these faults. 

 

1.5. Thesis outline 

The content of chapters 2‐6 is outlined individually below. The main result chapters (2‐5) 

have been written as manuscripts prepared for peer-reviewed publications, one of which 

has already been accepted for publication (Chapter 2). There is therefore some repetition 

of information at the beginning of each chapter. All chapters concern exclusively the faults 

observed in Kardia mine. The thesis only contains manuscripts for which I am the first 

author and was responsible for more than 90% of the data collection, interpretation and 

manuscript writing. 

Chapter 2 investigates how the throw within seven fault zones is partitioned onto the 

largest fault surface, subsidiary synthetic fault surfaces and ductile components, with the 

aim of better understanding how each of these three components contributes to the total 

throw as faults grow in throw.  

Chapter 3 provides insights on the three-dimensional structure of an exceptionally well 

exposed normal fault with an ultimate goal of better understanding how normal faults 
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grow. It emphasizes the significance of fault segmentation, throw partitioning and the 

distribution of shear strain along the fault. 

Chapter 4 provides a simple model in which an otherwise simple normal fault progressively 

increases in complexity due to alternating episodes of normal fault movement and bed-

parallel slip. The process is described with reference to outcrop examples of such faults. 

The resulting fault zone geometrical characteristics and their similarities and differences 

with other published models are also discussed. 

Chapter 5 investigates the three-dimensional geometric and kinematic characteristics of 

bed-parallel slip. A model is presented for the origin and temporal evolution of bed-parallel 

slip in relation to the normal faulting observed in Kardia mine. 

Chapter 6 summarizes the results of this study and discusses possible lines of future 

research.  

The study of fault zone structure is partly confounded by the large variety of terminology 

that has been used to describe it and different terms have been used to describe the same 

feature in the literature. For example, the terms that have been applied to the boundary 

between adjacent fault segments includes relay zones, jogs, steps, overlaps, transfer zones 

and many others that vary with the mode of faulting and with the type of data available. 

This thesis uses several terms that I consider to be most useful for the description of faults 

in Kardia mine but these terms are not necessarily universally accepted and may have been 

used slightly differently in previous publications. For this reason, a glossary of selected 

terms is provided at the end of this thesis that outlines the intended meaning of the 

particular set of terms used consistently throughout the thesis. 
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1.6. Journal and Conference Publications 

Journal and conference publications arising entirely or partly from the research presented 

in this thesis are listed below.  

Journal publications: 

Childs C., Manzocchi T., Nicol A., Walsh J.J., Soden A., Conneally J. & Delogkos E. (in press). 

The relationship between normal drag, relay ramp aspect ratio and fault zone structure. In: 

Childs, C., Holdsworth, R. E., Jackson, C. A.-L., Manzocchi, T., Walsh, J. J. & Yielding, G. (eds) 

Geometry and Growth of Normal Faults. Geological Society, London, Special Publications, 

439. 

Delogkos E., Manzocchi T., Childs C., Sachanidis C., Barmpas T., Schöpfer M., Chatzipetros 

A., Pavlides S., Walsh J.J. (accepted). Throw partitioning across normal fault zones in the 

Ptolemais Basin, Greece. In: Childs, C., Holdsworth, R. E., Jackson, C. A.-L., Manzocchi, T., 

Walsh, J. J. & Yielding, G. (eds) Geometry and Growth of Normal Faults. Geological Society, 

London, Special Publications, 439. 

Conference publications: 

Delogkos E., Manzocchi T., Childs C., Walsh J.J. and Pavlides S. (2013). Geometrical Analysis 

of Normal Faults at Outcrop Resolution on a Seismic Scale from Lignite Fields in the 

Ptolemais Basin (NW Greece). Irish Geological Research Meeting, University of Ulster, 

March 2013. 

Delogkos E., Manzocchi T., Childs C., Walsh J. J. and Pavlides S. (2014). 3D fault zone 

architecture - insights from an active, opencast, lignite mine in Ptolemais Basin, Greece. 

Geometry and Growth of Normal Faults, Geological Society of London, June 2014. 

Childs C., Conneally J., Delogkos E., Manzocchi T., Nicol A., Soden A. and Walsh J. J. (2014). 

A relationship between relay ramp aspect ratio and normal drag. Geometry and Growth of 

Normal Faults, Geological Society of London, June 2014. 
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Manzocchi T., Childs C., Soden A., Walsh J. J., Schöpfer M., Delogkos E. and Nicol A. (2014). 

Quantification of the segmentation of normal faults. Geometry and Growth of Normal 

Faults, Geological Society of London, June 2014.  

Delogkos E., Manzocchi T., Childs C., Walsh J. J. and Pavlides S. (2015). Throw partitioning 

across normal fault zones in the Ptolemais Basin, Greece. Tectonic Studies Group Annual 

Meeting, Edinburgh (UK), January 2015. 

Delogkos E., Manzocchi, T., Childs, C. Walsh, J. J. and Pavlides S. (2016). Throw distribution 

along normal fault zones in the Ptolemais Basin, Greece. Irish Geological Research Meeting, 

NUI Galway, February 2016. 

Childs C., Manzocchi, T., Soden, A., Walsh, J. J. and Delogkos, E. (2016). A quantitative 

model of the structure of fault zones. Irish Geological Research Meeting, NUI Galway, 

February 2016. 

Delogkos E., Manzocchi T., Childs C., Sachanidis C., Barmpas T., Chatzipetros A., Walsh J. J. 

and Pavlides S. (2016). Three-dimensional analysis of normal fault zones in Kardia Mine, 

Ptolemais Basin, NW Greece. 14th International Conference of the Geological Society of 

Greece, Thessaloniki, May 2016. 
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Figure 1.1: Schematic diagram of the development of a contractional relay zone by bifurcation of a lateral 

propagating fault tip (after Kristensen et al., 2008). 

 

 

 

 

 
Figure 1.2: 3-D diagram showing the 3-D geometric configuration of the end member types of intact relay 

zones on normal faults (after Kristensen et al., 2008). 
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Figure 1.3: Schematic illustrations of the two end-member models of formation of segmented fault arrays. 

Each block diagram (a, c and d) shows three stages in the growth of a segmented fault array (i–iii). The bold 

dashed lines in (c) indicate branch-lines. The coherent fault model is illustrated for segmented fault traces 

that are (c) hard-linked and formed by fault surface bifurcation and (d) soft-linked and formed by 3-D 

segmentation. The displacement-distance plots are for the fault traces on the upper surfaces of the block 

diagrams (bold lines). Aggregate displacement profiles (dashed lines) for the isolated fault model indicate 

deficits (shaded areas in b) in displacement between fault segments. In contrast, aggregate displacement 

profiles for the coherent fault model resemble that of an isolated fault during all stages of development of 

the segmented fault array (e). Modified from Walsh et al. (2003). 

 

 

Figure 1.4: Schematic illustration of the partitioning of total displacement (Tt) into main fault (Tm), hanging-

wall synthetic dip (Tsdh), footwall synthetic dip (Tsdf), and synthetic faulting (Tsf) components (modified after 

Ferrill et al., 2011). 
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Figure 1.5: a) Thickness versus throw plot for the four fault geometric components used in defining the fault 

evolution model in (b) and (c). b) Block diagram illustrating the evolution of a fault array with increasing 

displacement at times 1 to 4. The change in structure with fault displacement at the labelled structures is 

tracked on the displacement-thickness plot in (b) (after Childs et al., 2009) 
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Figure 1.6: Cross-sections showing inferred plate motion geodynamic reconstruction of the Hellenides during 

the first period of the Alpine orogeny (a and b), the second period of the Alpine orogeny (c and d) and the 

Mesogean orogeny (e). Hellenides zones: Rh-Rhodope, S-Serbomacedonian, CR-Circum Rhodope, Ax-Axios, 

Pl-Pelagonian, Sp-Subpelagonian, Pi-Pindos, G-Gavrovo, I-Ionian. Modified after Mountrakis 2006. 
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Figure 1.7: Structural zones of the Hellenides (after Mountrakis 1986). Hellenides zones: Rh-Rhodope, Sm-

Serbomacedonian, CR-Circum Rhodope, (Pe-Peonias, Pa-Paikon, Al-Almopias)- Axios zone, Pl-Pelagonian, AC-

Attico-Cycladic, Sp-Subpelagonian, Pk-Parnasos, P-Pindos, G-Gavrovo, I-Ionian, Px-Paxos, Au-Talea Ori. The 

location of Ptolemais basin is highlighted. 
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Figure 1.9: A representative cross-section across the south part of Ptolemais basin (after Anastopoulos et al. 

1980). The basement consists of Triassic to Lower Jurassic limestones (T-Ji.k) and belongs to the Pelagonian 

geotectonic zone.  

 

 

 

Figure 1.10: Synthetic stratigraphic column of the Florina-Ptolemais-Servia basin (after Metaxas et al., 2007). 
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Figure 1.11: a) A detailed stratigraphy of Ptolemais Formation provided by Steenbrink et al. (1999). b) 

Stratigraphic log of Ptolemais Formation as it was exposed in Kardia Lignite Mine during our mapping. On the 

left is a compilation of photographs taken in different parts of the mine capturing the entire exposed 

stratigraphy. The horizons used for 3D interpretations are also shown with different colours as used in 

TrapTester (Figs. 1.19c and 1. 19). The layers of Neritina (Theodoxus Macedonicus) and Characteristic ammos 

(volcanic ash) are basin-wide. 
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Figure 1.12: a) Oblique view of Kardia mine, showing the main mining faces associated conveyor belts and 

some subsidiary faces between them. b) A closer view of the mining faces showing a bucket-wheel excavator 

used for the selective mining of the multi-layered lignite deposits in Ptolemais Basin. 
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Figure 1.16: a) Cartoon showing a cross-section of Kardia mine. The red line shows the faces and the benches 

as they were in October 2009 and the black line as they were in February 2016. Grey colour shows the area 

that has been excavated during this period. b) Map showing the positions of two mining faces (3 and 6) as 

mapped from June 2010 to February 2016. 
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Figure 1.18: Very high resolution panoramic view of an individual normal fault showing details of the internal 

fault complexity. 
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Figure 1.19: a) An example of part of a mine face cropped from a panoramic photograph, showing the data 

required in order to import it into TrapTester. The XY coordinates and the corresponding pixels of the faults 

and the left and right end of the picture are needed to create the navigation lines. The XY coordinates for the 

left and right end of the picture are not known but they can easily be calculated as the number of pixels per 

meter is known. The altitude at the bottom of the picture is known and again using the pixels per meter, the 

altitude at the top can be calculated. (b) and (c) are views of the 3D TrapTester model showing the imported 

faces as they mapped on January 2012. The photograph in (a) is also indicated by red arrows. 
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Chapter 2 

 

Throw partitioning across normal fault zones in the 

Ptolemais Basin, Greece 

 

Abstract 

The total throw across a fault zone may not occur entirely on a single fault strand but may 

be distributed onto several strands or may be accommodated by distributed deformation 

within or adjacent to the fault zone. Here we conduct a quantitative analysis of the 

partitioning of throw into three components, the throw accommodated by a) the largest 

fault strand, b) subsidiary faults and c) continuous deformation in the form of bed rotation 

in sympathy with the fault downthrow direction. This analysis is applied to seven, seismic 

scale fault zones at outcrop resolution (maximum throw 50 m), that were mapped over a 

four-year period during opencast lignite mining within the late Miocene to Pliocene, 

Ptolemais Basin, West Macedonia, Greece. The analysis shows that the fault zones 

offsetting the lignite-marl sequence are more localized at higher throws with progressively 

more of the total throw accommodated by the largest fault strand. Normal drag, which can 

account for up to 12 m of the total throw, accommodates a lower proportion of the total 

throw on larger faults. It appears that initial fault segmentation is the main control on the 

degree of, and spatial variation in, fault throw partitioning.  
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2.1. Introduction 

Fault zones are complex features that can comprise multiple slip-surfaces and 

heterogeneously distributed fault rock of various compositions. This complex structure, 

and its variability over different scales of inspection, make consistent description of fault 

zone structure difficult (Ben-Zion and Sammis 2003). In recent years fault zones have been 

most often described in terms of a central high strain ‘core’ that accommodates most of 

the fault throw and an enveloping damage zones that contains minor structures that 

accommodate wall rock strains and some, relatively minor, proportion of the total fault 

throw. Quantification of fault zone structure has generally concentrated on determining 

the widths of the core and damage zone and using these measurements as indicators for 

fault zone structural evolution (Evans 1990, Caine et al. 1996; Shipton and Cowie 2001).  

In this paper we are not concerned with the widths of fault zone components but rather 

with how throw is partitioned onto the different components of a fault zone (Fig. 2.1a). 

This approach is based on conceptual models of how fault zones develop that suggest 

throw partitioning within fault zones should provide a record of how faults grow. For 

example, it is widely accepted that one of the main mechanisms by which faults increase 

their length is by linkage between segments and this linkage should be recorded in the 

amount of throw accommodated by fault splays that were by-passed when fault segments 

coalesce to form a continuous fault surface (Peacock and Sanderson 1991; Childs et al. 

1995; Cartwright et al. 1996; Walsh et al. 1999; Childs et al. 2009). Similarly measurement 

of the proportion of throw accommodated by ductile deformation on faults of different 

sizes can test models in which faulting is preceded by the formation of a precursory 

monocline or a process zone (Billings 1972; Reches and Eidelman 1995; Peacock et al. 2000; 

Brandes and Tanner 2014).  

While partitioning of throw onto the various components of a fault zone can be an 

important factor providing insights into the growth of fault zones and determining across-

fault reservoir juxtaposition and thus the flow properties of faults in the subsurface (Caine 

et al. 1996; Childs et al. 1997; Wibberley et al. 2008; Manzocchi et al. 2010; Seebeck et al. 
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2014), quantification of its frequency and magnitude have not received much attention in 

the published literature. 

In general, recorded fault throws can be divided into two components, discontinuous and 

continuous throws. Discontinuous throw refers to throw which occurs on discrete fault 

surfaces and continuous throw refers to throw accommodated by deformation of the wall 

rock due to normal drag and bed rotations within the fault zone (Fig. 2.1b); the term 

normal drag is used here in a purely geometrical sense (e.g. Peacock et al. 2000), and does 

not imply mechanical origin. In this paper we subdivide the discontinuous throw into the 

throw on the largest fault strand and the remaining component which is the sum of throws 

on subsidiary synthetic fault strands (Fig. 2.1b). 

Throw partitioning has been previously used as an indicator of fault zone development. 

Jamison and Stearns (1982) described a transition from distributed deformation bands to 

discrete fault slip-surfaces at a throw of ca 10 m in normal faults formed in high porosity 

sandstones. Kristensen (2005) found that the throw on the largest fault strand within a 

fault zone is frequently less than the half and often as low as 30% of the total throw, on cm 

scale faults in clay/sand sequences. A later study by Ferrill et al. 2011 on four cross-sections 

across 422 m length of the Hidden Valley normal fault at Canyon Lake Gorge, with a 

displacement of ca 60 m, analyses how the total displacement is distributed into different 

components and concludes on early establishment of fault damage zone width during the 

fault growth and on increasing displacement localization with increasing fault 

displacement. They also found that because of the displacement partitioning across a fault 

zone the actual stratigraphic displacement is overestimated by about 14 to 21%, something 

which has high impact on fluid communications across faults.  

In this paper we measure how the throw within 7 fault zones is partitioned onto the largest 

fault surface, subsidiary synthetic fault surfaces and ductile components with the aim of 

better understanding of how each of these three components contributes to the total 

throw as faults grow in throw. For this purpose we use an exceptional mine dataset which 

allows a truly 3D analysis of seismic scale fault zones at outcrop resolution. 3D investigation 
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of faults at outcrop resolution have been made in the past (Childs et al. 1996; Kristensen et 

al. 2008), but these were not based on extensive excavations of significant faults. 

 

2.2. Data and methodology 

2.2.1. Ptolemais Basin 

The dataset used in this study is derived from Kardia Mine (also known as Tomeas Eksi 

Mine) which is one of the four, active, open-pit, lignite fields in the Ptolemais Basin, West 

Macedonia, Greece (Fig. 2.2). The Ptolemais Basin is an elongate intramontane lacustrine 

basin and is part of the Florina-Ptolemais-Servia Basin which is a NNW-SSE trending graben 

system that extends over a distance of 120 km from Bitola in the Former Yugoslavian 

Republic of Macedonia (F.Y.R.O.M.) to the village of Servia, south-east of Ptolemais, Greece 

(Pavlides 1985). The basin is affected by two fault systems related to two extensional 

episodes (Pavlides and Mountrakis 1987; Mercier et al. 1989). The first, Late Miocene 

episode resulted in the formation of the basin in response to NE-SW extension. The second 

episode was a NW-SE extension during the Quaternary, resulting in the NE-SW-striking 

normal faults which currently bound a number of sub-basins, including the basins of 

Florina, Ptolemais and Servia (Pavlides and Mountrakis 1987).  

There is little surface evidence of the Late Miocene NW-SE striking faults that control the 

basin margins within the basin, although their presence is confirmed from boreholes 

(Pavlides and Mountrakis 1987) and from some recent exposures along the west edge of 

Ptolemais Basin. The surface geology is dominated by the Quaternary faults which have 

orientations ranging from the expected NE-SW strikes in the north of the region, through 

to NNE-SSW orientations in the north of Mavropigi Mine, and the approximately E-W 

strikes in vicinity of Kardia and Notio Mines (Fig. 2.2). Some of the Quaternary age, NE-SW-

striking normal faults have been activated recently by weak and strong earthquakes 

(Pavlides et al. 1995; Mountrakis et al. 1998). 
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The basin is filled with a 500-600 m thick succession of Late Miocene to Pleistocene lake 

sediments with intercalated lignites and alluvial deposits, which are divided into three 

basin-wide lithostratigraphic units: the Lower Formation, the Ptolemais Formation and the 

Upper Fm (Anastopoulos and Koukouzas 1972; Steenbrink et al. 1999). This work has 

concentrated on faults in the Ptolemais Formation, which has a thickness of approximately 

110 m and consists of a rhythmic alternation of m-scale lignite and lacustrine marl beds, 

with intercalated fluvial sands and silts and some 20 volcanic ash beds. This formation was 

dated as early Pliocene using a combination of magneto- and cyclostratigraphy and 

40Ar/39Ar dating (Vugt et al. 1998, Steenbrink et al. 1999). 

In addition to the normal faults, the mines contain fault related folding (Fig. 2.3) in the 

form of reverse and normal drag (discussed in more detail in a later section). Furthermore, 

one of the mines, Notio Mine, contains thrusts that predate Quaternary faults but have 

identical strikes. It has been suggested (Diamantopoulos et al. 2013) that the normal faults 

and thrusts are associated with extension above, and compression below, a neutral surface 

associated with folds developed in an active transpressional zone. However, our mapping 

shows that the thrusts at Notio Mine are contained within a well-defined ca 30 m thick unit 

bounded by a decollement at the base and an unconformity at the top. We interpret this 

unit to represent a syn-sedimentary subaqueous landslide, with the presence of 

geometries similar to, but on a larger scale than, those contained in soft sediments in Dead 

Sea and described by Alsop and Marco 2013. Therefore, the thrusts are not associated with 

tectonic compression, but instead are of very early, syn-sedimentary gravity driven origin. 

Further evidence for the early timing of the thrusts is given from cross-cutting relations 

with the normal faults which show that the thrusts are consistently older and frequently 

the later normal faults reactivate the thrusts as normal faults. Our interpretation of syn-

sedimentary slumping followed by normal faulting and fault related folding is significantly 

different to the model suggested by Diamantopoulos et al. (2013), which requires a 

transtensional-dominated regime. 
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2.2.2. Kardia Mine – 3D structural model 

Kardia Lignite Mine is located in the central part of the Neogene lignite basin and is 

dominated by E–W trending Quaternary normal faults. It consists of seven principal mining 

faces which are on average 2.5 km long. The ca 20 m high mining faces step to the west 

from the bottom to the top of the mine and are separated by benches that have widths of 

ca 50 - 100 m. We have visited and mapped the mine 16 times at ca 3 month intervals from 

Oct 2009 to May 2014. During each interval, each face was taken back between 20 and 50 

m (Fig. 2.3). The data collected during each fieldwork campaign were photographs at 

various resolutions and accurate GPS locations, structural measurements and 

interpretations for all exposed faults and related structures observed in the mine, such as 

normal or reverse drag.  

Three-dimensional models of the faults in Kardia Mine were produced by placing our fully 

georeferenced data within a 3D structural interpretation package (Fig. 2.4a). Each one of 

the mining faces is cropped from the panoramic photographs and imported into the 3D 

database. The outcome is a data volume similar in format and scale to a 2D seismic 

reflection survey, but with outcrop-scale resolution. Horizons and faults were interpreted 

in a similar fashion to a 2D seismic survey but with the aid of detailed field observation. 

Each fault zone is mapped from about 100 fault perpendicular cross-sections which 

together typically cover ca 1100 m long and up to 80 m high areas of the fault surface (Figs. 

2.4 and 2.5). The striking colour contrast between the lignite and marl layers makes these 

sediments ideal for detailed throw analysis in cross-section and along strike as individual 

horizons are continuous on the scale of the structures investigated. In total, 14 horizons 

were mapped within 110 m stratigraphic interval and these were used to calculate 

discontinuous throws for each of the interpreted fault surfaces (Figs. 2.4 and 2.5). Figure 

2.5 shows one of the interpreted horizons in map-view with the footwall and hanging wall 

fault polygons; note that because of the direction of the excavation processes, deeper 

horizons in the sequence cover most of the east part of the mine and shallower horizons 

cover most of the west part. 
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2.3. Main characteristics of faulting in the Ptolemais Basin 

In an area of 2.5 km2, we mapped 7 fault zones (labelled C, F, etc. in Figs. 2.3 - 2.5), that 

displace the lignite-marl sequence by a few metres up to 50 m. These 7 fault zones consist 

of more than 115 mapped fault segments; fault segments with lengths less than ca 35 m, 

the lateral, along strike resolution of this dataset, were not mappable in 3D. Only fault zone 

S, with a throw of 18.5 m, has been mapped over its entire length (maximum recorded 

length of 630 m). For 5 fault zones (C, F, P, R and T), one of the two tips has been mapped 

and for fault zone Q, neither of the tips lies in the area that this dataset covers. Several 

individual fault segments were mapped from tip to tip with the largest one, a segment of 

fault zone P, having a maximum length of 550 m and maximum discontinuous throw of 33 

m. 

Grouping of fault segments into a fault zone can be highly subjective and depends largely 

on the scale of faulting relative to the mapped area. Fault segments are considered here to 

be part of the same fault zone if they interact with each other by soft and/or hard linkage 

(Walsh and Watterson 1991; Walsh et al. 2003), as indicated by the formation of a simple 

aggregate throw profile, that includes the throw accommodated by continuous 

deformation. Some of the interpreted fault zones are larger than the sample area and it 

maybe that given a larger sample area, interactions between separate fault zones may 

become apparent, so that the fault zones would be grouped differently. 

2.3.1. Fault rock 

The faults in the Ptolemais mines have anomalously high fault displacement to fault rock 

thickness ratios compared to normal faults in other areas. Wide zones of fault rock 

(breccias etc.) are not developed in these faults. Small scale lenses and splays that, with 

increasing displacement, would be pulverized and converted into fault rock in other 

lithologies, are fortuitously preserved in these rocks allowing throw partitioning to be 

examined at high strains. 
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2.3.2. Throw gradients 

Throw gradients on individual fault segments and also on whole fault zones are larger here 

than in many other fault systems, with an average value of ca 0.125 (cf. Walsh et al. 2002; 

Bailey et al. 2005; Kim and Sanderson 2005; Bailey et al. 2005, Ferrill et al. 2008; Schultz et 

al. 2008). This observation is compatible with the overall sense that these faults are more 

highly segmented than usual. Lithological variation between lignite and marl does not exert 

a strong control on throw gradients but rather fault geometry exerts the primary control 

and the highest throw gradients are associated with interacting fault tips. 

2.3.3. Fault related folding 

Vertically exaggerated field photos (Fig. 2.3) clearly show the folds present in the mine. The 

folds are spatially related to the faults displaying normal and reverse drag geometries that 

indicate they are part of the same geological deformation event. Like Ferrill et al. (2012) we 

do not consider a frictional drag mechanism to be important in the development of normal 

drag structures in the mine. Reverse drag refers to folding adjacent to a fault plane such 

that the layers are concave towards the slip direction (Barnett et al. 1987). Reverse drag is 

a much larger scale feature than normal drag and defines the displacement field associated 

with the faults. Often it is difficult to identify reverse drag in the field, especially in high 

fault densities. We expect greater expressions of reverse drag on hangingwall than the 

footwall of the normal faults in Ptolemais Basin, as Doutsos and Koukouvelas (1998) have 

estimated footwall uplift/hanging wall subsidence ratio of 1:2 for these faults. The vertical 

exaggerated panoramic view of Kardia Mine (Fig. 2.3) shows clearly reverse drag structures 

on the hanging wall of fault zones R and T. Figure 2.3a also shows the product of opposing 

reverse drag zones, in the form of an anticline, between the two opposite dipping large 

fault zones, P and T. Normal and reverse drag can often occur on the same fault (e.g. Fig. 

2.3b, fault zone T at face 6), with the reverse drag occurring over a much larger distance 

from the fault, but with relatively lower bed rotations  (cf. Hamblin 1965).  

Another form of fault related folding, which is part of fault zones in the Ptolemais fault 

system, is monoclines, in which a geometrical offset is observed over a localised volume of 



2 - Throw partitioning across normal fault zones 

41 
 

rock but where no discrete faults are formed. A partly faulted monocline structure exists in 

fault zone Q (Figs. 2.4 and 2.6f), overlying an array of soft linked fault segments. 

Monoclines can also be observed at the tips of individual fault segments. A well-developed 

monocline (Fig. 2.7e) occupies the volume around the tip of the footwall segment of a relay 

zone in fault zone P (Fig. 2.7).  

Monoclines and normal drag may be the same structures of a fault zone during the fault 

growth history. For instance, monoclines might be the predominant feature of a fault zone 

at a very early growth stage and as the fault zone grows, they might become faulted and 

preserved as footwall and/or hanging wall normal drag. The same process can happen to 

propagated fault tips which are characterized by monocline structures (Sharp et al. 2000; 

White and Crider 2006). 

2.3.4. Syn-sedimentary faulting 

Thickness changes across faults indicate that some fault zones were active during 

deposition of the Ptolemais Formation (fault zones P and T). In other fault zones, across 

fault thickness changes suggest some activity during deposition of the Ptolemais Formation 

but these faults grew mainly after deposition of Ptolemais Formation. Therefore, there is 

no evidence for widespread syn-sedimentary fault movement in these mines, something 

which is compatible with the chronology of extension and sedimentation for the basin 

established by Pavlides and Mountrakis (1987). Based on the regional thickness of the 

Quaternary sediments and the timing of faulting, these faults were formed in a depth 

ranging from 0 to ca 500 m. 

 

2.4. Fault zone characteristics 

In this section we provide some details of the geometry and structure of individual fault 

zones studied in this paper to give the reader an impression of some of the typical features 

of these zones and also the variability of structure within and between the fault zones; 
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selected features of these fault zones are referred to in later sections. Below we subdivide 

the fault zones into lower (maximum throw 17 to 23 m) and higher (maximum throw 44.5 

to 50.5 m) displacement.  

2.4.1. Lower displacement fault zones 

Fault zone S (Figs. 2.3 - 2.5) has a maximum throw of 18.5 m and it comprises multiple en-

echelon fault segments with both soft- and hard-linkages between adjacent segments. The 

average width of the fault zone including the contribution of normal drag is 50 m, and 

excluding drag is 15 m. A detailed three-dimensional mapping of this fault zone is provided 

on Chapter 3. 

As mentioned above, a typical example of a monoclinal structure occurs on fault zone Q 

(Figs. 2.5 and 2.6) where an array of soft-linked fault segments underlies and locally 

displaces a monocline, so that the dominant feature of the mapped part of this fault zone is 

an area of pervasive continuous deformation. This area measures over 400 m long in the 

fault parallel direction (Fig. 2.6d and 2.6e) and has a maximum width of 200 m. The total 

throw over this portion of the fault zone varies between 10 and 15 m, only a small 

proportion of which is accommodated by faulting (Fig. 2.6d). Towards the west and east of 

this structure, where the total throw increases to 22 m (Figs. 2.6b - 2.6e), most of the 

throw is accommodated by discrete faults, indicating that the monocline accommodates 

soft linkage between two underlapping large faults. Complementary variations between 

faulting and continuous deformation are particularly clear on Horizon 7 (Fig. 2.6c). 

Fault zones C and F (Figs. 2.3 - 2.5) were mapped along strike for only 350 and 200 m 

respectively, as they were exposed by mine workings relatively recently. The maximum 

recorded throw is 23 m for zone C and 17 m for zone F and both are comparatively simple 

structures, without significant splays or synthetic faults. Most of their total throw is 

accommodated by a single fault strand and the rest by a small but constant absolute 

amount of continuous deformation in the form of normal drag (Fig. 2.12). Their lateral tips 

are characterized by the occurrence of monoclines which can accommodate throws up to 5 



2 - Throw partitioning across normal fault zones 

43 
 

m. Based on observations from the other fault zones in the mine, we expect to find these 

faults to be segmented in future mapping.  

2.4.2. Higher displacement fault zones 

Fault zone P, with a maximum total throw of 44.5 m, consists of several fault segments. 

Towards the centre of the mapped zone is a 75 m wide relay ramp that transfers 

displacement between two large segments that overlap by 200 m. The segments are linked 

by a minor breaching fault, which has a throw of 4 m (Fig. 2.7). Zone P terminates towards 

the west with the formation of multiple en échelon secondary fault segments (Fig. 2.7a), 

similar to those described by McGrath and Davison 1995 and Marchal et al. 2003. 

In fault zone R (Figs. 2.3, 2.4, 2.5 and 2.8), which has a maximum throw of 49 m, most of 

the throw is accommodated on a dominant fault strand (Fig. 2.8) which has associated 

minor synthetic faults in the hanging wall that connect with the main fault down dip or 

along strike. Zone R has an average width (as defined from the discrete faults) of 20 m 

which increases from the centre of the fault zone towards the tip line as the zone becomes 

more segmented.  

Fault zone T is the largest mapped fault zone, with a maximum observed total throw of 50 

m that increases towards the unexcavated area to the west (Fig. 2.9). The fault zone tips 

out to the east within the mapped area. The tip of the fault zone comprises a 600 m long 

low displacement ‘tail’ that consists of multiple, small fault segments (Fig. 2.9d) with an 

average aggregate throw of 3 m that define a maximum fault zone width of 300 m. At the 

western end of this tail (at a distance of ca 600 m on Fig. 2.9b) zone T becomes much 

narrower and most of the displacement is concentrated onto one main fault strand with 

minor hanging wall synthetic faults (Fig. 2.9e). This transition is characterized by high 

displacement gradients, and the throw increases by 25 m over a distance of 150 m along 

the main fault trace. To the west of this transition zone the throw increases more gently to 

50 m towards the west boundary of the mine. Recent excavations have revealed a 

decrease in throw on this fault (“Main Fault T 1” in Fig. 2.9b) that is mirrored by an increase 
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in throw on an adjacent fault 100 m into the footwall (“Main Fault T 2” in Fig. 2.9b) 

demonstrating larger scale segmentation of this zone.  

The area of increased displacement gradient on Fault Zone T is attributed to interaction 

with the opposed dipping Fault zone P. This suggestion is consistent with the observation 

that the decrease in throw on Fault Zone T is mirrored by an increase in throw on Fault 

Zone P (Figs. 2.4 and 2.5) within the area of overlap of these two faults and is also 

consistent with the presence of a series of SE-NW striking minor (throw < 1 m) connecting 

faults in their mutual hanging wall. 

 

2.5. Throw partitioning 

2.5.1. General features 

The total throw on the studied fault zones is separated into three components; the throw 

on the largest fault strand, the throw on subsidiary synthetic faults and the throw 

accommodated by continuous deformation (Fig. 2.1b); the relative importance of these 

components varies spatially over individual fault zones (Figs. 2.6c, 2.6e, 2.7d, 2.8c and 

2.9c). The distributions of these components also vary between fault zones and there is no 

simple pattern that characterises all 7 fault zones. In an effort to identify general trends 

and establish a generalised model for the structure of the fault zones in this area, this 

section combines data from the 7 main fault zones present in Kardia mine. The data used 

here are quantitative measures of the three throw components derived from a total of 148 

measurements from the 7 fault zones. The measurements are made on cross-sections that 

are based on several hundred (ca 500) mine faces and up to 3 horizons at different 

stratigraphic levels over a map sample area of 2.5 km2. The total throw is less than 20 m for 

70% of the 148 data and between 20 and 50 m for the remainder (Fig. 2.10a). For 4% of the 

data there are no discrete faults and the total throw is accommodated solely by continuous 

deformation in the form of monoclines (Fig. 2.10b). In 20% of the data, there are no 

subsidiary faults and in ca 10% the fault zone comprises more than 4 fault strands with a 
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maximum number of 9 strands (Fig. 2.10b). More than 80% of the total throw is 

accommodated by discrete faulting in 50% of the studied cross-sections. In multi-strand 

fault zones, the sum of the throw which is accommodated by the subsidiary synthetic faults 

ranges from 1 to 65% of the total throw (Fig. 2.13e). The throw accommodated by the main 

fault strand is less than half of the total throw, in 40% of the data. 

The three measured throw components are shown as a function of total throw in Figures 

2.13a, 2.13d and 2.13g and their relative contributions to the total throw are shown in the 

ternary diagram in Figure 2.11. Examples of cross-sections through fault zones in which the 

main fault accommodates most of the total throw and the recorded datum lies close to the 

apex of Figure 2.11 are provided in Figures 2.6h, 2.8d and 2.9e. Faults occupying the lower 

left corner of the ternary plot (Fig. 2.11) accommodate most of the throw by continuous 

deformation in the form of normal drag (Fig. 2.6f). Examples of cross-sections through 

faults that occupy the middle of Figure 2.11, and consequently have approximately equal 

contribution from all 3 components, are provided in Figures 2.6g, 2.7e, 2.7f and 2.8e. The 

ternary plot clearly demonstrates that a high proportion of continuous deformation is 

generally associated with relatively low total throw and most of the data associated with a 

large total throw are located close to the upper corner where most of the throw is 

accommodated by a dominant fault strand. 

2.5.2. Throw on largest fault strand 

Throw on the largest fault strand increases as the total throw on the fault zone increases 

(Fig. 2.13a). The throw on the largest fault encountered on a cross-section varies between 

30 and close to 100 percent of the total throw (Fig. 2.11) and, in general, this percentage 

increases with increasing total throw. The minimum proportion of the total throw 

accommodated by the largest fault also increases with increased throw as indicated by the 

dashed line in Figure 2.13b. On Figures 2.13a and 13b there is a subset of the data that 

have anomalously low throws on the largest fault strand and that lie below the dashed line 

on Figure 2.13b; these data are discussed in more detail below.  
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The tendency for the largest fault strand to accommodate more of the total throw is also 

apparent when the data are grouped into individual fault zones (Fig. 2.13c). Cumulative 

frequency curves of the proportion of throw on the largest fault strand show that smaller 

displacement fault zones (thin lines in Fig. 2.13c), with maximum recorded throws from 17 

to 23 m, have a wider range of values and on average lower values than the larger faults 

(thick lines on Fig. 2.13c) with throws from 45 to 50 m. These observations indicate that as 

fault size increases the contribution of throw on the main fault strand relative to total 

throw increases and the fault zones tend to become progressively more localized.  

The cumulative frequency curves in Figure 2.13c have a range of shapes from smooth 

curves to curves with pronounced steps. We suggest that this range of shapes reflects the 

extent of our sampling of the different fault zones. Of the mapped fault zones, only fault 

zone S has been mapped along its entire length and the other 6 fault zones were mapped 

over a portion of the total fault zone length. Total lengths for the other fault zones are 

known from borehole-based mapping around the excavated area. Our sampling of fault 

zones R and P represents more than half of their total length and their maximum throw has 

been recorded. In contrast, fault zones C, F, Q and T were mapped over about the ¼ of 

their total lengths. As a result, we regard our data recorded for fault zones S, P and R to be 

more representative than those for the other faults. The curves for these three fault zones 

demonstrate the concentration of throw onto largest fault with increasing throw. 

2.5.3. Throw on subsidiary synthetic faults 

Throw on subsidiary faults observed on individual cross-sections shows a general increase 

in magnitude with total throw (Fig. 2.13d), however, its significance relative to the total 

throw is not clear. Figure 2.13e suggests that the maximum proportion of throw decreases 

slightly with increased throw but the contribution of subsidiary faults is relatively constant 

when average values are calculated for binned total throw values (Fig. 2.14a). Cumulative 

frequency curves for the proportion of the total throw accommodated by subsidiary faults 

within individual fault zones are very similar (Fig. 2.13f), particularly those fault zones 

which are best sampled (S, P and R; see above). These curves indicate that within an 
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individual fault zone, subsidiary faults may account for between zero and 65% of the total 

throw irrespective of the size of the fault. This observation suggests that the contribution 

of subsidiary faults does not change significantly with fault size, at least over the limited 

scale range represented by the 7 sampled fault zones.  

2.5.4. Throw by continuous deformation 

Continuous deformation, in the form of monoclines and bed rotation between fault 

strands, can account for as much as 12 m throw on the structures observed in the Kardia 

mine (Fig. 2.13g). On cross-sections that record a total throw less than 12 m continuous 

deformation can account for the entire throw but for larger total throws continuous 

deformation accounts for a progressively smaller proportion of the total throw (Fig. 2.13h). 

The relative decrease in the significance of continuous deformation is also apparent when 

different fault zones are compared (Fig. 2.13i) and the proportion of total throw 

accommodated on the smaller faults (S, F and Q) is much more significant than for the fault 

zones with maximum throws greater than 40 m  (T, P and R).  

Continuous deformation identified on Figures 2.6 to 2.9 and 2.11 to 2.12 combines two 

distinct components, monoclinal folding (or normal drag) and rotation between fault 

segments (see Td and Tr respectively on Fig. 1b). These two components are distinguished 

on Figure 2.13g. Of the two components the contribution from monoclinal folding 

predominates and there are relatively few data for bed rotations. Nevertheless it appears 

that the scaling of these two components is different with the contribution by monoclinal 

folding attaining its upper limit at 12 m total throw while the contribution from bed 

rotation increases with increasing total throw. 

 



2 - Throw partitioning across normal fault zones 

48 
 

2.6. Discussion 

2.6.1. Fault zone evolution 

Our analysis of measurements made on 148 cross-sections through 7 fault zones 

demonstrates that as the displacement on a fault zone increases the proportion of throw 

on the largest fault increases reflecting a progressive localisation of strain (Fig. 2.14). The 

data also demonstrate that the significance of continuous deformation decreases with 

increasing throw with a less clear trend for the significance of subsidiary faults. While these 

aspects of fault evolution are also borne out by comparison between measurements 

derived from relatively small and large faults (Fig. 2.13c, f and i), in detail, departures from 

these overall trends occur as can appreciated by inspection of Figure 2.14 (b to h). For 

example the data for fault zones F, S and T, and to a lesser extent P and C, demonstrate the 

same trends as the combined dataset with an increased proportion of ductile deformation 

and decreased proportion of throw on the largest fault in areas of low total throw, i.e. 

close to the tips of the fault zone. These trends, however, are not always apparent for 

individual faults and, for example, the relative proportions of the different throw 

components do not appear to be related to the total throw for fault zone R. Departures 

from the general data trend can be attributed to a variety of factors from insufficient 

sampling, as is likely the case for fault zone Q, to the natural variability in any fault system 

which may reflect a host of factors including interaction with adjacent faults and 

differences in stratigraphic level.  

We conclude that our dataset demonstrates progressive localisation of strain with 

increasing fault throw both on the scale of the individual fault zone and for the dataset of 

all fault zones combined. There are, however, a number of caveats to this model to be 

considered. Chief among these is the scale range of our sample and specifically the 

grouping of fault segments into a fault zone. At outcrop, identification of fault segments as 

components of a fault zone is often straightforward (e.g. Fig. 2.6h). However, compilation 

of outcrop data, map construction and analysis of displacement distributions often 

indicates interaction between faults that was not apparent in the field, generally because 
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the displacements on the fault strands are small in relation to the distance between them 

e.g. segments in fault zone P are clearly kinematically related when seen in map view (Fig. 

2.5) but were not grouped together in the field. Therefore, as described previously fault 

segmentation occurs on a wide range of scales (Morley et al. 1990; Peacock and Sanderson 

1991; Walsh et al. 1999; Childs et al. 2009) not all of which are apparent at a particular 

scale of observation. In the mapping we have carried out at Kardia mine the largest 

separation between two fault segments identified as belonging to a single fault zone is 75 

m but there are clear indications of larger scale segmentation (see for example fault zone T 

above).  

The existence of a wide scale range of fault segmentation to a certain extent hinders the 

quantitative analysis of our scale-limited fault zone dataset. In particular, the largest 

observable scale of segmentation is associated with much lower strains than closely spaced 

segments and can obscure trends that are more clearly observed when only the scale range 

that is adequately sampled is included. For example the data on Figure 2.13b define a 

general increase in the proportion of total throw accommodated on the largest fault strand 

as throw increases. There is however a subset of the data that lies outside of the general 

field (below the dashed line in Fig. 2.13b and towards the centre of the ternary diagram in 

Fig. 2.11) and these data are derived from some of the largest scale examples of 

segmentation in our dataset. If displacement were to continue to accrue on these faults 

then they would migrate into the data field defined by relatively smaller structures.  

Despite the complications associated with a wide scale range of fault segmentation 

combined with a limited scale range of observation, our data nevertheless display 

progressive localisation of strain. This conclusion is robust for the progressive increase in 

throw on the largest fault and decrease in throw accommodated by continuous 

deformation. Our conclusion regarding the more subtle trend defined by subsidiary faults is 

less well defined when these issues are considered. For example our data indicate that the 

proportion of throw accommodated by subsidiary faults does not significantly diminish 

with increasing displacement but if the largest scales of fault segmentation are removed 



2 - Throw partitioning across normal fault zones 

50 
 

then a case for a diminished contribution may be strengthened (see dashed lines on Fig. 

2.13e).  

Irrespective of whether there is a decrease in the proportion of throw accommodated by 

subsidiary faults, there is an increase in the absolute values of throw they accommodate 

(Fig. 2.13d). There are many potential causes for continued movement on subsidiary faults, 

these could be due to removal of asperities as displacement accrues on a through-going 

but irregular fault surface and fault segmentation over a wide range of scales as described 

above.  One mechanism which is known to be active in the Kardia mine is the removal of 

asperities formed by bed-parallel slip during normal faulting (Chapters 4 and 5). 

2.6.2. Development of Drag 

A theme repeatedly addressed in published literature is the degree to which monoclinal, 

fault-related, folding develops at the tip of a propagating fault (Billings 1972; Sharp et al. 

2000; Jackson et al. 2006; White and Crider 2006; Ferrill et al. 2012, 2016) or in response to 

frictional drag after a thorough-going fault has been established. It should be possible to 

differentiate between these models on the basis of the distribution of continuous 

deformation over the fault surface.  If the second, frictional model applies, continuous 

deformation should increase with increasing total displacement towards the centre of a 

fault surface. Continuous displacement within the studied fault zones shows a variety of 

distributions. In Fault zone R (Figs. 2.8c and 2.14g) continuous deformation decreases 

towards the tip of the fault zone from a maximum close to the centre of the fault. In 

contrast, continuous deformation is at a maximum at the mapped tip of Fault zone C (Figs. 

2.12 and 2.14e). We also find that ductile deformation and monoclinal folding can occur 

between fault strands as illustrated by Fault Zone Q (Figs. 2.6d and 2.6e).  In this case, 

which is discussed in more detail in Childs et al. (2016), monoclinal folding may be between 

two segments of a fault zone that propagated upwards. 

While individual fault zones display a range of distributions that individually support 

different models for the development of drag, our data when taken together (Fig. 2.13h), 

clearly indicate that the proportion of total throw accommodated by folding decreases 
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with increasing throw. Our observations do not however suggest that fault tips are always 

associated with folding and there are many examples of structures with small total throws 

where folding is absent and also examples where monoclinal folding is dominant (e.g. Fig. 

2.12b). Our data therefore suggest that, in general monoclinal folding is associated with 

the earlier stages of fault zone development, and while it is reduced in significance as 

displacement increases it can continue to amplify. We speculate that increase in drag with 

increased displacement is not frictional in the sense of the frictional properties of the fault 

rock/surface but is related to fault geometry, developing at particular locations within an 

array of fault segments, e.g. within relay zones.  

 

2.7. Summary and Conclusions 

Characterisation of fault zone structure requires three-dimensional mapping of the 

displacement distribution and partitioning along, within and around individual segments or 

splays that comprise a zone. Our analysis of fault zones in Kardia Mine, in Ptolemais Basin, 

provides unprecedented outcrop-scale access to the 3D geometry of oilfield-scale faults 

and in combination with quantification of throw partitioning along these fault zones 

improves our understanding of fault zone evolution. The main conclusions obtained from 

the quantitative analysis of throw partitioning along seven, seismic scale and outcrop 

resolution fault zones are:  

 Throw partitioning decreases with increased throw consistent with progressive 

localisation during fault growth within the scale range observable in this mine. 

 The degree of throw partitioning and the rapid lateral variations in throw 

partitioning over a fault zone are related primarily to the range of scales of 

segmentation of the initial fault. 

 The contribution of continuous deformation to total throw decreases as the total 

throw increases suggesting that continuous deformation, such as normal drag 

develops during the early stages of a fault zone development. 
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 The throw on subsidiary synthetic faults increases with increasing total throw and 

its contribution to total throw appears to be more or less constant within the scale 

range observed in this study. However, it is possible that a tendency to a 

diminishing contribution from subsidiary faults is obscured by data from the largest 

sampled scale of segmentation. 
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Figure 2.1: a) Outcrop photograph of a fault zone showing that the total throw (ca 13 m) is distributed onto 

several strands and by continuous deformation within and adjacent to the fault zone. b) Cartoon showing the 

partitioning of total throw (Tt) into discontinuous throws comprising largest fault strand (Tl) and subsidiary 

synthetic faults (Ts) and continuous throws comprising synthetic dip rotation (Tr) and normal drag (Td) 

components. 
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Figure 2.4: Oblique view of a three-dimensional model of Kardia mine showing (a) All the mining faces were 

imported into a 3D structural interpretation package, including the interpretation of 7 fault zones which 

displace the lignite-marl sequence by up to 50 m. The colours on the fault surfaces show the throw (red is 

high displacement). (b) As (a), but excluding the imported mining faces. The letters represent the name of 

each fault zone. (c) As (b), but including one of the interpreted horizons, which is displaced by the faults and 

is located near the middle of the exposed stratigraphic sequence. The horizon is coloured for height above 

sea level (red in higher). 
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Figure 2.5: Map-view of one of 14 interpreted horizons, including the footwall and hanging wall polygons of 

each interpreted fault. Faults with blue polygons are dipping to South and those with green polygons to 

North. The letters (C, F, R, Q, P, T and S) are the names of the interpreted fault zones. The colours show the 

height above the sea level (red in higher). The red lines show the locations of the outcrop photos used to map 

this horizon. On the right is the exposed stratigraphic sequence accompanied by a simplified lithological 

column, indicating the locations of the interpreted horizons. The layers of Neritina (Theodoxus Macedonicus) 

and Characteristic ammos (volcanic ash) are basin-wide. 



2 - Throw partitioning across normal fault zones 

58 
 

 

Figure 2.6: (a) Plan view of the 3d interpreted fault segments of zone Q, coloured for throw. Throw profiles of 

the discontinuous throw along each fault segment (b and d) and of each throw component along the fault 

zone (c and e) as measured on ‘Horizon 7’ and ‘top marl’ are shown. The locations of the horizons within the 

exposed stratigraphic sequence are on Fig. 2.5. (f), (g) and (h) are outcrop photographs across fault zone Q, at 

the locations shown on (a). 
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Figure 2.7: (a) Plan view of the mapped segments of fault zone P coloured for throw. (b) Lateral view of an 

interpreted horizon (Horizon 7) coloured for height above sea level, showing the relay ramp which is 

transected by a small breaching fault. (c) Throw profiles of the discontinuous throw along each fault segment 

and (d) of each throw component along the fault zone, measured on Horizon 7. The location of the horizon 

within the exposed stratigraphic sequence is shown on Figure 2.5. Composite cross-sections through fault 

zone P (e and f), at the locations shown in (a). Each cross-section is constructed from mine faces at different 

levels exposed at the dates indicated; the faces that comprise each section are at similar map locations and 

have similar orientations. 
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Figure 2.8: Plan view of the 3d interpreted fault segments of zone R, coloured for throw (a) and throw 

profiles of the discontinuous throw along each fault segment (b) and of each throw component along the 

fault zone (c), measured on Horizon 4. Outcrop photographs (d and e), across fault zone R, at locations shown 

on (e). The locations of the horizons within the exposed stratigraphic sequence are shown on Figure 2.5. 
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Figure 2.9: Plan view of the 3d interpreted fault segments of zone T, coloured for throw (a) and throw profiles 

of the discontinuous throw along each fault segment (b) and of each throw component along the fault zone 

(c), measured on Horizon 9. Lateral view of the ‘tip area’ of fault zone T (d), showing the interpreted fault 

segments and all the imported photographs used for this interpretation. Outcrop photograph (e), across fault 

zone T, at the location shown in (a). 
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Figure 2.10: (a) Histogram of total throw for 148 measurements performed on cross-sections along 7 

interpreted fault zones in Kardia Mine and (b) frequency of the number of fault strands present on a fault 

zone cross-section. 

 

 

 

 

Figure 2.11: Ternary diagram showing the contribution to total fault zone throw made by the throw on the 

largest fault strand, the throw on subsidiary synthetic faults and continuous deformation. The size of the 

bubbles indicates the total throw and the colours represent different fault zones. 
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Figure 2.12: Profiles of each throw component along the single fault segment that comprises fault zone C (a). 

Outcrop photographs (b) and (c) across the fault segment, their locations are shown on (a). 
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Figure 2.13: Total throw across a fault zone versus throw accommodated by (a) the largest fault strand, (d) 

subsidiary synthetic faults and (g) continuous deformation recorded on cross-sections through fault zones in 

Kardia Mine. (b), (e) and (h) are the equivalent data expressed as percentages of the total throw. (c), (f) and 

(i) are frequency distributions of the proportion of total throw accommodated on (c) the largest fault strand, 

(f) on subsidiary synthetic faults and by (i) continuous deformation for each of the seven interpreted fault 

zones in Kardia Mine. The dashed lines in (b) and (e) are intended to mark the lower (b) and upper (e) limits 

of the data, highlighting trends in these limits with increasing throw. A collection of data points that lie 

outside these limits are related to the largest scales of segmentation observed and are discussed in detail in 

the text. 
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Figure 2.14: a) The contribution of each throw component to total throw for binned total throw values (2.5 m 

bins) and the corresponding power regression trendlines, showing how the total throw is partitioned into the 

different throw components for the range of total throws recorded in the Ptolemais fault zones. The error 

bars show the minimum and maximum proportions for each binned total throw. (b), (c), (d), (e), (f), (g) and 

(h) are plots of the total throw across a fault zone versus the throw accommodated by the three different 

throw components for each fault zone examined here. 
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Chapter 3 

 

3D anatomy of a normal fault 

 

 

Abstract 

3D mapping of a seismic scale normal fault at outcrop resolution indicates a complicated 

internal structure with fault segmentation occurring over a wide range of scales. Various 

degrees of fault linkage occur within the segmented fault array with a relatively gradual 

transition from hard- to soft-linkage with increasing scale of segmentation. The total throw 

along the fault is variably partitioned into the different throw components with continuous 

deformation being an integral element of the fault structure. The distributions of throws on 

individual fault segments along the fault appear to be dependent on the size, throw 

distribution and the 3D arrangement of all the other elements within the fault so that 

geometric and kinematic coherence can be achieved. Linkage between fault segments 

initially separated by relay zones with a wide range of separations is the predominant 

control on the internal structure of this fault over the observable scale range.  
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3.1. Introduction 

A common feature of normal faults is their segmented nature. They are segmented on a 

wide range of scales when observed both in map-view and in cross-section (Morley et al., 

1990; Peacock and Sanderson, 1991; Peacock and Xing, 1994; Childs et al., 1995, 1996a; 

Huggins et al., 1995; Marchal et al., 2003; Walsh et al., 2003). Segmented fault arrays may 

be soft- or hard-linked (Peacock and Sanderson, 1994; Childs et al., 1995; Ferrill and Morris, 

2001; Soliva and Benedicto, 2004), to allow transfer of displacement between adjacent 

segments. Three-dimensional mapping of normal faults has shown that fault segmentation 

does not occur only in the slip normal and slip parallel direction but can be more complex 

with the existence of oblique relay zones and alternating areas of soft- and hard-linkage 

(Kristensen et al., 2008; Long and Imber, 2011; Giba et al., 2012; Conneally et al., 2014). 

Fault segmentation leads to faults with alternating areas of one single fault strand and two 

or more fault slip-surfaces which, in combination with the contribution to the fault 

structure of continuous deformation such as normal drag, accommodate different 

proportions of the total throw and in variable degrees along a fault (Chapter 2; Ferrill et al., 

2011). Furthermore, increase of the fault throw results in linkage between the fault 

segments and gradually in the formation of fault rock (Childs et al., 2009), in which case the 

record of the initial geometry of the segmented fault array may be destroyed. 

Underestimation of the importance of the three-dimensional geometrical arrangement of 

the segmented fault array and of the throw partitioning along the fault can lead to 

descriptions of faults as a high strain fault core (or multi-core) surrounded by a damage 

zone (Evans, 1990; Caine et al., 1996; Choi et al., 2016); something that does not 

appreciate the crucial role of these elements on understanding fault evolution (Childs et 

al., 2012). 

Outcrop-based descriptions of faults and models of fault evolution are generally based on 

1.5 to 2D impressions of fault structure. Whilst individual cross-sections demonstrate the 

typical patterns seen in any outcrop of a fault, in this study we are able to both place the 

cross-sections within the larger 3D setting and also examine the ranges of cross-sectional 
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patterns associated with a single fault. In Kardia lignite mine, and other mines in the 

Ptolemais area, NW Greece, continuous mining activity provides multiple cross-sections 

through individual normal faults so that 3D mapping of fault zones can be carried out. This 

paper presents the findings of detailed 3D mapping of one fault in the Kardia Mine and 

discusses key aspects of the structure of this fault pertinent to fault evolution, including 

internal fault zone structure, throw partitioning within fault zones and fault thickness 

distributions. 

The faults in Kardia mine are characterised by the lack of wide zones of fault rock, so that 

examination of fault structures associated with high strains is also possible. In addition to a 

pure geometrical description of the fault outcrops individual slip-surfaces can be correlated 

over the fault surface and in some cases we speculate on the mode of formation of the 

structures observed. These interpretations are based on geometrical similarities to 

structures interpreted in earlier published work based on 3D fault zone mapping and are 

largely related to structures developed at the locations of linkages of initially unconnected 

fault segments. Therefore, many of the fault structures presented are interpreted based on 

the well-established four-stage model of relay zone evolution (Fig. 3.1), with which 

bifurcation of a propagating fault surface (Stage 1) creates a relay zone between two 

overlapping connected fault lobes (Stage 2) and increase of displacement leads to the 

formation of a through-going breaching fault (Stage 3) and finally further increase of the 

displacement may result in the formation of a fault bounded lens (Stage 4) (Peacock and 

Sanderson, 1994; Huggins et al., 1995; Childs et al., 1996b; Kristensen et al., 2008). 

 

3.2. Data 

Normal faults with throws ranging from a few centimetres up to 50 m are exposed in ca 20 

m high mining faces within the Kardia mine; an active, open-pit, lignite field in Ptolemais 

Basin, West Macedonia, Greece (Fig. 3.2). The Ptolemais Basin is an elongate intramontane 

lacustrine basin and is affected by two fault systems related to two extensional episodes 

(Pavlides and Mountrakis, 1987; Mercier et al., 1989). The first, Late Miocene episode 
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resulted in the formation of the basin in response to NE-SW extension. The second episode 

was a NW-SE extension during the Quaternary, resulting in the NE-SW-striking normal 

faults which currently bound a number of sub-basins, including the basins of Florina, 

Ptolemais and Servia (Pavlides and Mountrakis, 1987). 

Kardia Lignite Mine is located in the south part of the Ptolemais Basin (Fig. 3.2) and is 

dominated by E–W trending normal faults as a result of the Quaternary extensional 

episode (Pavlides and Mountrakis, 1987). The exposed stratigraphic sequence displaced by 

the normal faults belongs to the early Pliocene, Ptolemais Formation (Anastopoulos and 

Koukouzas, 1972; Van Vugt et al., 1998; Steenbrink et al., 1999). This sequence is about 110 

m thick and consists of a rhythmic alternation of m-scale lignite and lacustrine marl beds, 

with intercalated fluvial sands and silts and some 20 volcanic ash beds (Steenbrink et al., 

1999). Extensive bed-parallel slip has been occurred within the multilayer sequence during 

the Quaternary normal faulting as normal faults are displaced by the bed-parallel faults and 

vice versa (Chapter 4). 

Kardia Mine consists of seven principal mining faces which are on average 2.5 km long and 

they step to the west from the bottom to the top of the mine, separated by benches that 

have widths of ca 75 m. We have visited and mapped Kardia mine 21 times at ca 3 month 

intervals from Oct 2009 to February 2016; during each interval, each face was taken back 

ca 50 m. The data collected during each visit were various resolutions of photographs, 

accurate GPS locations, structural measurements and interpretations for all exposed faults 

and related structures observed in the mine. 3D mapping of the faults was conducted by 

placing our fully georeferenced data within a 3D structural interpretation package (e.g. Fig. 

3.3). The analyses shows that 7 normal faults dominate an excavated area of 5 km2 which 

consist of more than 130 fault segments (Chapter 2). 
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3.3. 3D fault structure 

The normal fault studied here is the smallest normal fault mapped in Kardia mine (Chapter 

2) and is the only one for which both lateral tips lie within the excavated area our dataset 

covers. The lower and upper tip-lines of the fault have also been observed at the lateral 

margins of the fault. The fault is 630 m long with a maximum throw of 18.5 m and lies 

towards the northern edge of the mine end (indicated by black arrow on Fig. 3.2). It is the 

fault least affected by the bed-parallel slip described in Chapters 4 and 5 that significantly 

affects the faults further to the south. Its dimensions are very well defined as there are no 

other major or minor faults within a distance of ca 250 m.  

The geometry of the tip-lines and of the footwall and hanging wall cut-offs in Figure 3.4c 

suggests that the whole fault surface is inclined towards the east. This tilting is attributed 

to the studied fault lying in the middle of a large scale relay ramp which dips towards the 

east, bounded by a large fault to the south and the fault forming the northern edge of the 

mine; the separation between the relay bounding faults is 700 m (Fig. 3.2). Although there 

is no clear evidence regarding the relative timing of the development of the studied fault 

and the large scale relay zone, it is believed that their development was synchronous. 

The normal fault studied here, is considered to be geometrically and kinematically 

coherent (Walsh and Watterson, 1991). This is demonstrated by the smooth and regular 

aggregate throw distribution (Fig. 3.4c) that resembles that of a single isolated fault, in 

which throw contours are approximately elliptical and decrease from a maximum close to 

the centre of the fault (e.g. Walsh and Watterson, 1987).  

Three-dimensional mapping was carried out (Figs. 3.3 and 3.4a) using 50 fault 

perpendicular cross-sections which together cover the entire fault length and up to 80 m of 

vertical section (Figs. 3.3 and 3.4b). The fault structure seen on an outcrop section across 

the fault can change rapidly during the mining excavations, as illustrated by the series of 

outcrops along the fault shown in Figures 3.3, 3.5 and 3.6.  
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While the available data are of excellent quality they are nevertheless limited by the 

spacing between successive mining faces (from 20 to 100 m on a single bench but lower 

when benches are combined, see Fig. 3.3) so that the main segments of the fault can be 

readily correlated between faces and mapped in three dimensions while the much more 

numerous smaller segments cannot. The content of the following sections reflects this 

feature of the data. Firstly, we describe the main mappable segments of the fault and some 

of the geometries and throw distributions that are encountered at the boundaries between 

fault segments. In these cases the geometries of 2D cross-sections through the fault can be 

placed into a 3D context and we can speculate on the origins of these geometries. The 

same 2D geometries can be observed on cross-sections through smaller fault segments and 

we interpret the geometries we observe in the same way. Secondly, to characterise the 

fault using all of the information available on fault zone structure at outcrop scale, 

including the presence of smaller segments and continuous deformation, we map the 

partitioning of the fault throw into different strain components over the fault surface and 

the distribution of the fault thickness. Finally, we combine our observations to constrain 

how this fault may have evolved through time. 

3.3.1. Large scale fault segments 

The normal fault consists of two main segments (Faults 1 and 2 in Fig. 3.4a) with lengths of 

290 and 385 m and maximum throws of 8.8 and 14.4 m respectively. They overlap one 

another in the horizontal by -28 to 50 m (negative values indicate underlapping) and in the 

vertical by -21 to 49 m (Fig. 3.4a). Their separation decreases downwards from 33 to 17 m 

suggesting that deeper, in the unexcavated area of the mine, a linkage between the two 

main slip-surfaces to a parent fault is possible.  

The throw distribution over the mapped segments of the fault array is controlled by 

interactions with adjacent segments. A wide variety of types of interaction occur 

depending on the locations of the segments relative to one another. The simplest type of 

interaction is a simple relay zone as seen between the two main segments, Faults 1 and 2, 

towards the base of the mapped area (Fig. 3.4a). Elevated lateral throw gradients in the 
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area of overlap between the two fault segments, as shown on the throw profile in Figure 

3.4e and by the bunching of throw contours (Fig. 3.4a), accommodate the transfer of throw 

between them. At higher structural levels Faults 1 and 2 underlap and the transfer of throw 

between them occurs via Fault 3 that lies between them (Fig. 3.4a). 

Faults 1 and 3 (Fig. 3.4a and 3.5e) are sub-parallel overlapping fault surfaces that form an 

oblique relay zone, displaying relay zone characteristics both in cross-section and in map 

view (Fig. 3.5f). Depending on the local volumetric strains developed within the overlap 

area, due to their 3D geometrical arrangement in combination with the throw distribution 

along each fault surface and their interaction, they can present characteristics of all types 

of relay zones, contractional, extensional and neutral relay zones, as demonstrated by the 

throw profiles in Figure 3.5f. Strong interaction between Faults 1 and 3 is demonstrated by 

the elevated throw gradients on the area of the overlap and also by the fact that they are 

partially connected by a plane-to-plane linkage (Fig. 3.5d) via a breaching fault with west-

dipping branch-lines (Fig. 3.5e). The embayment in the lateral tip-line of Fault 1 (Fig. 3.5e) 

is interpreted to be formed by local retardation of the fault propagation due to the 

interaction with the Fault 3. The 3D arrangement between the sub-parallel Faults 3 and 2 

(Fig. 3.4a) shows another oblique relay zone but in this case interaction between the faults 

is not as strong as in the case of Faults 3 and 1. The tip-line of Fault 3 completes a full loop 

and does not intersect either Faults 1 or 2 although there is plane-to-plane linkage 

between Faults 1 and 3 (Fig. 3.5d). 

Fault 4 with a maximum throw of ca 1.5 m overlaps with Fault 1 over its entire area (Fig. 

3.4a). Interaction between Faults 1 and 4 therefore requires a spectrum of modes of throw 

transfer depending on location on the fault. For example, Fig. 3.5a shows a cross-section 

through the upper tip-line of Fault 4. Transfer of throw between the two faults at this 

location requires contractional strains and the antithetic fault between Faults 1 and 4 is 

consistent with this interpretation. At the lower tip of Fault 4 rapid downward decrease in 

throw (Figs 3.4a and 3.8b) indicates interaction with Fault 1 that requires extensional strain 

in the intervening volume. Therefore the full spectrum of possible relay modes, 
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contractional, extensional, neutral and oblique must occur at some point around the tip-

line loop of Fault 4. 

In general the mappable fault segments are unconnected in three-dimensions so that there 

is very limited branch-line length shown on Fig. 3.4(a). Fault segmentation is therefore 

achieved largely by initiation of unconnected segments rather than by bifurcation at the tip 

of a propagating fault surface. A possible exception to this is Faults 1 and 2 which, if 

extrapolated downwards, would merge 80 m below the base of the mine workings (see 

maps Figs. 3.4d and 3.4e). An exception that occurs within the data is an example of lateral 

bifurcation at the eastern end of Fault 2; the geometry at this location is interpreted to be 

identical to Stage 2 shown in Figure 3.1. The cross-section in Figure 3.6b intersects a 

contractional relay zone between two fault segments that both die out to the east and that 

merge to become a single segment to the west (Fig. 3.4a). Interaction and transfer of throw 

between the two overlapping fault segments are demonstrated by the smooth aggregate 

throw profile and the presence of antithetic faults (Fig. 3.6b). Furthermore, considering the 

fault-related folding to be part of the fault structure, the shear strain profile along the 

outcrop (Fig. 3.6b) indicates that these fault segments are part of a larger coherent 

structure. Adjacent to what we interpreted to be the point of initial bifurcation of the fault 

surface, the fault lobes are hard-linked forming a fault bounded lens (Figs. 3.6a) and 

towards the east they are soft-linked forming an intact contractional relay zone (Fig. 3.6b). 

Their maximum separation is 3 m and decreases towards the initial bifurcation point. 

The lack of connectivity between the mappable fault segments is also attributable to the 

high separation between the fault segments in relation to the throw accommodated by 

them and we would expect that as fault throw increased these segments would become 

connected. However, examples of fault segments that have become connected by 

breaching of intervening relay zones do also occur. The outcrop in Figure 3.7a is an 

example of a structure interpreted to be a breached contractional relay zone along Fault 1 

resulting in the preservation of the hanging wall fault splay (Fault 5 in Figs. 3.4a and 3.7a) 

with a sub-horizontal branch line between the Faults 1 and 5 (Fig. 3.4a). Figure 3.7b 

illustrates the interpreted evolution of this structure by tip-to-plane linkage between the 
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two segments of an initially intact contractional relay zone, with a separation of ca 3 m. 

Linkage occurred by deflection of the footwall segment towards the hanging wall segment 

when the throw on the fault was ca 2.5 m, i.e. equal to the present day throw on the splay 

fault (Fault 5) adjacent to the branch point (Fig. 3.7a). Another interpreted example of a 

breached contractional relay zone along the Fault 1 is exposed at the outcrop in Figure 3.8a 

where the lower-half of Fault 1 has significantly lower fault dip values than the average 

values measured along the fault. We interpreted these locally lower fault dips to be related 

to a tip-to-tip linkage of an initially underlapping contractional relay zone resulting in the 

preservation of a bend along the fault surface (Fig. 3.8a and inset). In general, fault linkage 

occurs in various degrees within the segmented fault with a tendency for a relatively 

gradual transition from soft- to hard-linkage with decreasing scale of segmentation. 

3.3.2. Small scale structures 

In the previous section we described the 3D structure and throw distribution associated 

with the boundaries between mappable fault segments. These fault segments are 

themselves segmented on smaller scales and closer inspection of the outcrops of these 

segments reveals either smaller scale relay zones or, more commonly, lenses of intact, fault 

bound rock. Due to the large number of the small scale structures, here we show only a 

few selected examples which are identical with the plethora of small scale structures 

existing along the studied normal fault. 

Figure 3.5 (c and d) shows the contractional relay zone between the Faults 1 and 3 but also 

shows that Fault 1 at this location comprises 4 unconnected fault segments separated from 

one another by contractional relay zones (Fig. 3.5c); it is likely that all of these segments 

are connected out of the plane of inspection but this cannot be confirmed. As for the relay 

zone between Faults 1 and 3, the transfer of displacement between the segments of Fault 

1 occurs by bed rotation and the formation of antithetic faults. The smallest scale of 

segmentation visible on Figure 3.5 (c and d) is an intact relay zone on the southernmost 

segment of Fault 1. This relay zone is intact because it has a large separation relative to the 

throw on this segment (ca 70 cm). This particular cross-section illustrates a general trend 



3 - 3D anatomy of a normal fault 

75 
 

for contractional relay zones to be more common than the extensional relays in this whole 

fault array. 

While there is relatively little linkage between mappable fault segments, at small scales the 

presence of intact relays is relatively rare and geometries such as that illustrated in Figure 

3.7b are common. For example, a second cross-section (Fig. 3.5b, inset) across the Fault 1 

shows the presence of hanging wall and footwall fault splays, each of which is interpreted 

to be a breached contractional relay zone. The hanging wall fault splay (Fig. 3.5b, inset), 

which has a maximum throw of ca 0.5 m adjacent to the branch point, is interpreted to be 

formed by tip-to-plane linkage of an initially contractional relay zone, where the footwall 

segment was deflected towards the hanging wall segment to connect with it at a branch 

point, when the throw on Fault 1 was ca 0.5 m. Further increase of the throw on Fault 1 (ca 

4.5 m) resulted in juxtaposition of the hanging wall currently inactive fault splay with the 

footwall splay (Fig. 3.5b, inset). The footwall splay is interpreted to have formed by the 

same process but in this case connection between the two segments was achieved by 

deflection of the hanging wall segment towards the footwall segment. Therefore, these 

fault splays indicate the existence of two initially intact contractional relay zones along the 

Fault 1, with separations of ca 0.5 m and a distance between them of ca 3 m, when the 

throw on Fault 1 was no more than ca 0.5 m. Furthermore, both fault splays appear to be 

rotated anticlockwise by ca 9o relative to the through going fault surface (Fig. 3.5b) which is 

interpreted to be due to further development of normal drag adjacent to the through-

going fault after the breaching of the two initially intact contractional relay zones. This 

suggests that normal drag continued after the through going fault was established. 

However,  the strata adjacent to the fault splays dips at ca 21o reflecting the synthetic dip 

rotations due to normal drag suggesting that most of the normal drag occurred when the 

total throw of the fault was relatively low (ca 1/5th of the current total throw).  

Small scale segmentation along the larger fault segments is most often represented by 

fault bounded lenses (e.g. Fig. 3.6b, inset) which are interpreted to be formed by deflection 

and tip-to-plane linkage of both fault segments of an initially contractional (Fig. 3.6b, inset) 
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or extensional relay zone. Examples of small outcrop scale lenses are seen associated with 

practically all of the fault segments shown in Figures 3.4 to 3.6.  

Comparison between the large and small scale segment boundaries above demonstrates 

an increase in the degree of connectivity of faults segments due, we suggest, to the 

breaching of relay zones at the higher strains encountered on smaller separation segment 

boundaries. We can expect this trend to continue to even higher strains and to scales not 

readily discernible at outcrop. Very high shear strains within fault zones are generally 

associated with intense fracture and brecciation, particularly in more strongly lithified 

rocks. However a key feature of the faults in Ptolemais is that breccia is absent and the 

high strain zones comprise very thin soft and malleable deformed marl and lignite smears 

(Fig. 3.9) between which the details of fault zone structure can be preserved (Fig. 3.9a). For 

example, Fig. 3.9a shows a part of Fault segment 2 where the throw is 4 m and the fault 

zone is 10 cm wide i.e. an average shear of 40. Despite the high shear strain a distinct lens 

comprising marl and lignite smears separated by a horizontal bedding is preserved within 

the fault zone; it is plausible that this lens initiated as a boundary between two fault 

segments. Fault zone structure is also preserved at the microscopic scale as shown by Fig. 

3.9b. In this example, a thin section across a ca 2.5 m throw single fault strand reveals that 

it consists of very thin lignite and marl laminae rotated towards the orientation of the fault 

zone, and faulted by Riedel shears hosting discrete lignite smears a few microns thick (Fig. 

3.9b). Again this structure, with an average shear strain of ca 2000 preserves a fault bound 

lens that may have originated as a segment boundary. 

 

3.4. Throw partitioning 

3D mapping of the normal fault has shown variable degrees of fault segmentation over the 

observable scale range and demonstrates that the total throw along the fault is variably 

partitioned into different throw components. Quantification of throw partitioning along 

the fault (Fig. 3.10) as in Chapter 2 was carried out by measuring the throw on the largest 

fault strand (1), the sum of throws on subsidiary synthetic faults (2) and the continuous 



3 - 3D anatomy of a normal fault 

77 
 

throw (3); continuous throw refers to the throw which is accommodated by deformation of 

the wall rock due to normal drag and synthetic bed rotations within the fault zone (Fig. 

2.1b in Chapter 2). 

There is a lower limit of detail that can be captured by the measurements of throw 

partitioning in this study due to the effect of the scale of observation in combination with 

the data resolution used to take these measurements (e.g. outcrop photographs). For 

example, a measurement of zero throw on subsidiary synthetic faults is associated with 

only one single fault at the outcrop scale of observation (the largest fault strand) but this 

does not mean that there is no segmentation in a smaller scale of observation, with 

separations less than a few cm (e.g. Fig. 3.7b), and therefore further partitioning of throw.  

The throw on the largest fault strand ranges from a few cm up to 14.5 m. As expected, 

there is a clear tendency for larger values to occur towards the centre of the fault and 

decrease towards the tips, but superimposed on this trend are several local minima and 

maxima along the fault (Fig. 3.10a). When the throw on the largest fault strand is 

expressed as a proportion of the total throw it has a range of values between 10 and 88 

percent of the total throw and a mean value of 55%. Its distribution along the fault is more 

complicated (Fig. 3.10d) than that of the absolute values; but the same general trend 

occurs with maximum values towards the centre of the fault and minimum towards the 

tips and at large scale segment boundaries (Fig. 3.10d). 

The contribution of throw on the subsidiary synthetic faults to total throw is relatively low 

with a range of percentages from 0 to 54 and a mean value of 18.5 (Fig. 3.10e). Areas along 

the fault with 0% of throw on subsidiary synthetic faults consist of only one single fault at 

the outcrop scale of observation (e.g. the upper-half of the fault in Fig. 3.5b, inset). Locally, 

at the lower edge of the fault, the absolute amount of throw on subsidiary synthetic faults 

reaches its highest values (Fig. 3.10b), reflecting the presence of a large number of 

recorded synthetic slip-surfaces (Fig. 3.4b). Due to data limitations, 3D interpretation of 

these faults wasn’t possible; however, we believe that they are related either to further, 

large scale segmentation of the main Faults 1 and 2, deeper, in the unexcavated area of the 

mine, or to the action of bed-parallel slip, something which has been proved to be quite 
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common mechanism on increasing fault segmentation and therefore the degree of throw 

partitioning along the faults in this mine (Chapters 4 and 5). When the throw on subsidiary 

faults is expressed as a proportion of the total throw doesn’t appear to vary systematically 

with location of the fault surface.  

Throw accommodated by continuous deformation generally accommodates a higher 

proportion of the total throw along the normal fault than the throw on subsidiary faults. 

The proportion of continuous throw ranges from 8 to 76% of the total throw (Fig. 3.10f), 

with the highest percentages being concentrated along the overlap area of the faults in 

large scale of segmentation (Fig. 3.4a) and adjacent to the fault tips (Fig. 3.10f). A similar 

spatial distribution pattern is also followed by the absolute amount of throw by continuous 

deformation (Fig. 3.10c), which has a maximum value of 5.2 m and a mean value of 2 m. 

A notable exception of this spatial distribution pattern is the area indicated by the arrow in 

Figure 3.10c. The high continuous throw (ca 3.5 m) in this area of the fault seems to be 

mainly controlled by the local bending of the surface of Fault 1 as described in the previous 

section (Fig. 3.8). Previous studies on extensional fault-bend folds have shown that 

antithetic and/or synthetic strata rotations can be produced on the hanging wall of a 

normal fault depending on the geometry of the bend along the fault (concave and/or 

convex respectively) (Ellis and McClay, 1988; Groshong, 1989; Withjack and Schlische, 

2000; Xiaoli et al., 2015). The presence of both concave and convex geometries (convex 

geometry is not exposed at the outcrop of Fig. 3.8) of the bend along the Fault 1 results in 

both antithetic and synthetic rotations of the strata (Fig. 3.8), but due to that the total 

throw increases downwards along the fault bend (Fig. 3.4c), the synthetic rotations of the 

strata are the dominant. Therefore, the hanging wall fold geometry is characterised by a 

small scale antithetic dipping strata immediately adjacent to the fault surface (Fig. 3.8b) 

and a large scale synthetic dipping strata (Fig. 3.8a). Xiaoli et al. (2015) have predicted very 

similar fault-bend fold geometries developed on the hanging wall along a fault bend with 

both, concave and convex geometries (Fig. 3.8c), by using geometric and experimental 

methods. Note, that a larger scale antithetic dipping strata also coexists on the hanging 
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wall due to the development of reverse drag folding associated with the displacement field 

around the studied fault and not with the fault bend (Fig. 3.8a). 

 

3.5. Shear strain distribution 

The published literature has focused largely on collecting throw and thickness data 

individually for each different fault geometric component (e.g. relay zones, fault zones, 

fault rocks) with the aim of better understanding the different stages in development of a 

fault (Robertson, 1982; Scholz, 1987; Hull, 1988; Power et al., 1988; Faulkner et al., 2003; 

Childs et al., 2009). As the spatial dimensions of the fault studied here are very well 

defined, we have collected throw and thickness data along the fault considering it as a 

single coherent structure which contains all the different fault geometric components in a 

range of spatial-scales.  

Two sets of measurements of the fault thickness have been taken by using outcrop 

resolution photographs oriented perpendicular to the average fault strike. The first 

measurement set considers fault thickness to be equal to the distance between the two 

fault-zone bounding synthetic slip-surfaces (Fig. 3.11a); where the fault consists of one 

single slip-surface at the outcrop scale of observation, then the zone thickness is equal to 

the thickness which can be measured from the photographs depending on the resolution 

of the photograph in each case (1 cm is the minimum thickness that can be measured). The 

second set of fault thickness measurements includes the width of the zone of normal drag 

adjacent to the fault (Fig. 3.11b). Figures 3.10c and 3.10f indicate that normal drag is an 

integral element of the fault structure and geometrically and kinematically related to the 

other fault components; therefore, normal drag is included in the fault thickness 

measurements. The corresponding sets of throw to thickness ratios (shear strains) along 

the fault are shown in Figures 3.11c and 3.11d respectively. 

The thickness along the fault, with a maximum total throw of 18.5 m and a horizontal 

length of 639 m, ranges from 1 cm to 35 m when it is defined by the fault bounding 
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synthetic slip-surfaces (Fig. 3.11a), and from 10 up to 61 m when it includes the wall rock 

deformation by normal drag (Fig. 3.11b). Both sets of fault thickness measurements appear 

to have a normal distribution (Figs. 3.11a, 3.11b and 3.12b) with their highest values mainly 

located in the overlap area between the large scale fault segments (Fig. 3.4a) and towards 

the fault tips. In contrast, throw to thickness ratios show a power-law distribution (Figs. 

3.11c and 3.12c) with their range along the fault to be from infinite (at one single slip-

surface) to a lower limit as low as 0.05 (Fig. 3.11c). In general, the distribution of shear 

strain along the normal fault is highly variable (Fig. 3.11c) and is determined by a 

combination of the scale of segmentation and the throw distribution along the fault (Fig. 

3.11c). A remarkable decrease on the range of shear strain values is apparent when the 

width of normal drag is included in the fault thickness (Fig. 3.11d). In this case, shear strain 

ranges from 0.03 to 0.59 and decreases from the centre of the fault towards the tips with 

the relatively abrupt changes to reflect the large scale of segmentation along the fault (Fig. 

3.11d).  

In the following discussion on fault growth, we refer to throw to thickness ratios (shear 

strains) along the fault without including in the fault thickness the width of normal drag. 

This is primarily because we discuss fault growth with reference to published data of the 

different fault geometric components (Fig. 3.12a) which doesn’t include normal drag to the 

thickness measurements, and partly because this set of shear strains highlights even more 

the high variability of fault structure (Fig. 3.11c). 

 

3.6. Fault growth 

The previous sections describe in some detail the variety of geometrical aspects that have 

been measured for the normal fault studied. In this section we interpret each of these in 

terms of the constraints that they place on the evolution of this fault. This fault cannot be 

considered to be representative of all of the faults in Ptolemais mines, or even Kardia Mine, 

however, because it is relatively isolated from other faults we consider it to be the most 

appropriate for considering fault growth issues. Departures from the relatively simple 
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geometric characteristics and displacement distribution on this ‘simple’ fault together with 

the effects of interaction between faults are discussed in Chapter 2. 

The smooth distribution of the aggregate throw over the fault surface, including 

discontinuous and continuous throw, (Fig. 3.4c) resembles that of a single isolated fault. 

This demonstrates that each element of the fault, each fault segment and the fault related 

folds, is an integral part of the fault zone that is required to achieve geometric coherence 

of the structure. Although it is not possible to demonstrate conclusively, it is reasonable to 

assume that the structure was geometrically coherent through its growth and can be said 

to have been kinematically coherent (Walsh and Watterson, 1991). 

Within this geometrically and kinematically coherent structure the majority of the throw is 

accommodated by faulting (Fig. 3.10). Faulting occurs as an array of fault surfaces that are 

segmented on a wide range of scales. Fault segmentation at the largest (mappable) scale 

occurred both by bifurcation of a single fault surface (e.g. east end of Fault 2 in Fig. 3.4a) 

and by the formation of unconnected slip surfaces (e.g. Faults 3 and 4 in Fig. 3.4a); by 

analogy it is assumed that the small scale segments initiated in the same way. The relative 

locations of fault segments to a large extent predetermined their displacement distribution 

and their interaction with adjacent segments via contractional, extensional or neutral relay 

zones (Figs. 3.4a, 3.4d, 3.4e, 3.5 and 3.6). 

While the largest scale segments, with intervening large separation relay zones, are 

predominantly unconnected (Fig. 3.4a), small scale segments, characterised by short 

lengths and small separation relay zones, are connected to their neighbours except where 

the throw is low (e.g. Fig. 3.5c). These observations indicate that as the throw increases 

progressive linkage occurs from the small to large scale relay zones so that at a given time 

and fault throw, a large scale (separation) relay zone can be intact (e.g. the contractional 

relay at Fig. 3.6b) while a small scale relay zone can be breached (e.g. the contractional 

relay at the inset of Fig. 3.6b). Depending also on the 3D arrangement of the relay 

bounding fault surfaces and the overall distribution of the aggregate throw, the same relay 

zone may be both, breached and intact at different locations within the overlap area (e.g. 

the overlapping fault lobes at the east end of Fault 2 at Fig. 3.4a). 
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The portion of the total throw not accommodated on fault segments is accommodated by 

continuous deformation predominantly in the form of bed rotation between fault 

segments (Fig. 3.10c) but also by locally significant normal drag (Fig. 3.8a). The proportion 

of throw accommodated by continuous deformation is relatively high at the tips of the 

fault due to normal drag (e.g. Figs. 3.6b and 3.10f). Although more subdued, normal drag is 

also more important in absolute terms at the fault tips. The interpretation of these 

observations is interesting. While they demonstrate that drag becomes proportionally less 

significant with increased displacement they also suggest that normal drag is 

predominantly a tip-line process which, if true, suggests that the present day tips of the 

fault must have been established early during the growth of the fault as similar magnitudes 

of normal drag are not seen all over the fault surface; anomalous tip-line structure has 

been recently used as one line of outcrop evidence to support the rapid propagation of 

fault tips followed by a period where fault tips are static (Nicol et al., 2016). 

While normal drag may occur predominantly at fault tips, there is also evidence drag may 

arise, or amplify, remote from the tips. For example the rotated fault splays in Figure 3.5b 

suggests continued growth of normal drag after a continuous fault has developed from an 

initially segmented array. It is also well known that fault surface irregularities, such as fault 

bends, may also give rise to a local increase or decrease of the contribution of continuous 

deformation to the total throw (Ellis and McClay, 1988; Groshong, 1989; Withjack and 

Schlische, 2000; Xiaoli et al., 2015) and such an irregularity accounts for the elevated 

continuous throw arrowed in Fig. 3.10 (Figs. 3.8 and 3.10c). 

The main contribution to the total throw on the studied fault is from the throw on the 

largest fault which generally accommodates more than 40% of the total throw, with lower 

values occurring towards the tips of the fault and at the boundaries between large 

segments (Fig. 3.10d). The distribution of this component reflects the degree of localisation 

of the fault and shows that the fault, as expected, is more localised towards its centre 

where fault throws are high. This increased fault localisation reflects both the breaching of 

relay zones to form a single continuous fault and the decreased importance of normal drag 

away from the fault tips. Progressive localisation of strain towards the centre of the fault is 
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more readily appreciated from the contours of shear strain over the fault surface (Figs. 

3.11c and d) and particularly the shear strain measurement that is based on the thickness 

of the fault that includes drag. 

Childs et al. (2009) presented a semi-quantitative model for the evolution of the internal 

structure of fault zones based on shear strain ranges associated with different fault zone 

components from relay zones through to fault rock. This model was based on individual 

data collected from a wide number of different faults and it is instructive to compare their 

data with the shear strains and structures recorded on this fault. Shear strains along the 

normal fault studied here vary by 4 orders of magnitude and overlap with all the fault 

geometric components (intact relay zones, breached relay zones, fault zones and fault 

rocks) used in defining the fault evolution model proposed by Childs et al. (2009) (Fig. 

3.12a). Field observations (Figs. 5 - 9) show the presence of all these geometric 

components along the fault with the exception of the fault rock. The absence of the fault 

rock component is due to the nature of these rocks that can accommodate enormously 

high strains without becoming pulverized and converting small scale lenses and splays into 

fault rock in contrast to published fault rock data that come predominantly from hard rocks 

(igneous rocks, limestones, gneisses, sandstones, etc.). Therefore, at the shear strains 

typically associated with fault rock, detailed fault zone structure is still discernible in 

Ptolemais. The similarity of internal fault zone structure observed over the range of scales 

seen in this fault suggests a similarity of origin, so that even very high strain portions of the 

fault zone demonstrate fault geometries associated with fault linkage. The conclusion, 

therefore, is that lenses of fault bound rock associated with high shear strains seen in 

Ptolemais strongly suggest that the fault zone structure developed from tip-line and 

asperity bifurcation mechanisms. By analogy, the same may true of other faults but the 

record of this evolution is not preserved but has been converted to fault rock. This suggests 

that bifurcation mechanisms may, in general, be the main process of fault rock widening 

rather than other potential mechanisms e.g., strain hardening of fault rocks or progressive 

wall rock attrition. 
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The conceptual model envisaged in Childs et al. (2009) considers that the removal of 

asperities can make a significant contribution to fault zone evolution but this aspect was 

not addressed in their quantitative data. Asperities may be formed during the initiation of 

the segmented fault array or during the fault growth. Fault refraction due to strong 

lithological contrasts in a multilayer sequence may result in fault surface irregularities 

during their initiation stage (Peacock and Sanderson, 1992; Schöpfer et al., 2007); however, 

this doesn’t seem to be the case in the lignite-marl sequence. Fault asperities may also 

arise by the action of bed-parallel slip in the wall rock sequence during the fault growth 

(Watterson et al., 1998) and while bed-parallel slip within the lignite-marl sequence is very 

pronounced within a few hundred metres south of the studied fault (Chapters 4 and 5) it is 

of relatively little importance in this fault and the impression is that linkage between fault 

segments initially separated by relay zones with a wide range of separations is the 

predominant control on the internal structure of this fault over the observable scale range. 

 

3.7. Summary and Conclusions 

Three-dimensional mapping of a seismic scale, exceptionally well exposed normal fault 

reveals a high variability on the internal fault structure with the following main 

characteristics: 

 The smooth and regular aggregate throw distribution resembles that of a single 

isolated fault and demonstrates that the array of fault segments is a geometrically 

and kinematically coherent structure. 

 The distributions of throws on individual fault surfaces along the fault appear to be 

dependent on the size, throw distribution and the 3D arrangement of other 

elements of the fault so that geometric and kinematic coherence can be achieved. 

 On the largest scale of observation the fault comprises two main slip-surfaces; the 

degree of segmentation progressively increases with finer scales of inspection. 
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 Large scale fault segments tend to be unconnected in 3D and the degree of 

connectivity of segments increases at smaller scales as small separation relay zones 

are breached at lower throws than large separation relay zones. 

 Continuous deformation constitutes an integral element of the fault structure in all 

stages of fault growth. Segment boundaries and fault surface irregularities can 

significantly increase the contribution of continuous deformation to total throw. 

 The total throw along the fault is variably partitioned into different throw 

components with the throw on the largest fault strand ranging from 10 to 88 

percent of the total throw. The proportion of throw on the largest fault is an index 

of fault localisation and the increase in this measure, at the expense of the 

proportion of throw accommodated by continuous deformation, indicates that 

strain becomes more localised as the fault zone evolves. 

 Shear strains along the normal fault overlap with all the fault geometric 

components used to define fault evolution in the published literature. Fault zone 

geometrical features indicative of linkage between fault segments occur over the 

full range of shear strains; supporting a model in which fault segment linkage is the 

primary control on fault zone structure and is also the primary control on fault rock 

thickness in areas where detailed fault zone structure is not preserved. 
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Figure 3.1: A conceptual model for the evolution of relay zones. In stage 1, the propagation of the fault 

surface tip-line is locally retarded causing bifurcation of the surface into two fault-lobes. In Stage 2, the fault 

lobes have propagated along strike and out of plane from one another, to form a contractional relay zone. As 

fault throw increases breaching occurs with the formation of a through-going fault surface (Stage 3). Further 

increase in fault throw may result in the formation of a lens of fault bounded rock (Stage 4). Modified from 

Childs et al. (1997). 
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Figure 3.2: Geological map of the southern part of Ptolemais Basin showing the major faults and more 

detailed fault interpretations within the Mavropigi, Kardia and Notio active, open-pit lignite mines (modified 

after Anastopoulos et al., 1980; Brunn, 1982; Koukouzas, 1995; Mavrides et al., 1982; Pavlides, 1985). The 

arrow indicates the normal fault examined here. 
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Figure 3.3: (a) and (b) Oblique views of the three-dimensionally placed outcrop photographs used to 

examine the architecture of the normal fault in this study. 
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Figure 3.4: a) Oblique 3-D view of the mapped fault surfaces along the normal fault. Fault tip-lines are shown 

with heavy black lines and branch-lines are heavy black dashed lines. The fault surfaces are contoured for 

throw (m). The upper and lower edges of the fault surfaces are end of the data unless a tip-line or branch-line 

is shown. b) Same view as (a) showing the locations of the outcrop photographs used to study this fault, 

projected onto a plane parallel to the average fault strike and with a dip equal to the average fault dip. The 

number of synthetic slip-surfaces measured on each outcrop, are also illustrated. The locations of the 

outcrops in Figures 3.5-3.9 are indicated. c) Same view as (b) contoured for total throw (m) of the fault 

including 3 out of 14 interpreted horizon cut-offs; solid lines show footwall cut-offs and dashed lines hanging 

wall cut-offs. (d) and (e) Map views of  the fault segments at the levels indicated in (a). The corresponding 

throw profiles are also including; dashed lines show the total throw along the fault including throw by 

continuous deformation and smaller fault segments. 
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Figure 3.5: (a), (b) and (c) Selected outcrops through the mapped normal fault as they were exposed on Face 

3 during the mining excavations. d) Outcrop through the normal fault as it was exposed on Face 4 when it was 

located exactly below the outcrop on (c). The insert cartoon illustrates the plane-to-plane linkage between 

the Faults 1 and 3. The locations of these outcrops along the fault are indicated in (e) and Fig. 3.4b. 

Numbering next to fault segments refers to the corresponding fault surfaces in (e) and Fig. 3.4a. 4e) Oblique 

3-D view of the interpreted fault surfaces shown at the outcrops in (a), (b), (c) and (d). Fault tip-lines are 

shown with heavy black lines and branch-lines are heavy black dashed lines. The fault surfaces are contoured 

for throw (m). f) Vertical and horizontal throw profiles along the interpreted fault surfaces with their 

locations indicated in (e). 
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Figure 3.6: (a and b) Selected cross-sections through Fault 2 in Fig. 3.4a. Their locations along the fault are 

indicated in Fig. 3.4b. On the left of each outcrop photograph are throw profiles along each fault segment and 

their aggregate throw. The aggregate throw profile (based on the red horizon) along the two outcrops is 

showing at the top-right. A profile of shear strain along the outcrop in (b) is shown below the photograph. c) 

Schematic insert illustrating the interpreted 3D geometry of the fault structure illustrated in (a) and (b). 
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Figure 3.7: a) Selected cross-section through the mapped normal fault showing tip-to-plane linkage between 

the Faults 1 and 5 in Fig. 3.4a (a). Its location along the fault is indicated in Fig. 3.4b. Numbering next to fault 

segments refers to the corresponding fault surfaces in Fig. 3.4a. b) Schematic illustrations of the interpreted 

evolution of the fault structure seen in (a).  
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Figure 3.8: a) Outcrop photograph across the Faults 1 and 4 in Fig. 3.4a showing hanging wall folding 

associated with the bend along the Fault 1. Its location along the fault is indicated in Fig. 3.4b. Numbering 

next to fault segments refers to the corresponding fault surfaces on Fig. 3.4a. b) Close-up photograph of the 

outcrop in (a). The white arrow indicates the transition from antithetic to synthetic stratal rotations 

associated with the bend along the Fault 1. Insert cartoons illustrate the interpreted evolution of Fault 1 

which resulted in the observed geometry of the fault-bend. c) Model from Xiaoli et al. (2015) showing the 

hanging wall fault-bend fold geometry associated with a concave and a convex fault bend. Black arrow 

indicates the transition from antithetic to synthetic stratal rotations associated with the fault-bend. 
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Figure 3.9: a) Cross-section through Fault 2 in Fig. 3.4a showing continuous marl and lignite smears either 

side of a thin sliver of intact wall-rock. The throw at this outcrop is 4 m. Its location along the fault is indicated 

in Fig. 3.4b. b) Thin section across a single fault strand with a throw of ca 2.5 m showing very thin lignite and 

marl laminae rotated towards orientation of the fault, and cut by Riedel shears hosting discrete lignite smears 

a few microns thick. 
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Figure 3.10: Oblique 3-D view of the mapped normal fault showing the distribution of the throw (m) on the 

largest fault strand (a), on the subsidiary synthetic faults (b) and by continuous deformation (c). (d), (e) and (f) 

same as (a), (b) and (c) respectively, but the throws in each of these cases are presented as percentage of the 

total throw. Frequency (%) histograms for each throw component are also included. 
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Figure 3.11: Oblique 3-D view (a) of the mapped normal fault showing the distribution of the fault thickness 

(m) as defined by the synthetic slip-surfaces and (b) the fault thickness including normal drag. (c and d) show 

contours of shear strain (throw/thickness) calculated (c) excluding and (d) including normal drag in the 

thickness measurements. The corresponding frequency (%) histograms are also included. 
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Figure 3.12: a) Thickness versus throw plot for the four fault geometric components used in defining the fault 

evolution model from Childs et al., 2009 and for the normal fault studied here. Dashed lines are 

throw/thickness, i.e. shear strain contours. The large circles show measurements made from the relays in 

Figs. 3.6b, 3.9a and 3.9b. Cumulative frequency plots of the fault thickness (b) and the shear strain (c) along 

the mapped normal fault. 
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Chapter 4 

 

The role of bed-parallel slip on fault segmentation 

 

 

Abstract 

Bed-parallel slip within a multilayer sequence can significantly influence the structure of a 

fault zone. The process of faulting followed by bed-parallel slip can lead to (1) vertically 

segmented faults, (2) fault zones with paired slip-surfaces and (3) wide fault zones with 

multiple slip-surfaces, accompanied by enormously high displacement gradients on 

individual fault segments and repeated or missing parts of the stratigraphic sequence 

within the fault zone. In three-dimensions, bed-parallel slip results in fault zones with high 

variability of their structure and thickness.  
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4.1. Introduction 

A common feature of faults is their segmented nature on all scales of observation (Peacock 

and Sanderson, 1991; Walsh et al., 1999, 2003; Kristensen et al., 2008; Manighetti et al., 

2009). Normal fault zones consist of segmented arrays both in map view (e.g., Peacock and 

Sanderson, 1991) and in cross-section (e.g., Childs et al., 1996a). When several cross-

sections are available across the same fault zone, areas with one single fault surface may 

often be seen to alternate with areas with multiple slip-surfaces so that the degree of 

internal fault zone complexity varies over a fault surface. A better understanding of the 

possible mechanisms that increase fault zone complexity is required for many practical 

applications, such as defining the connectivity of faulted reservoirs and earthquake hazard 

assessment. 

An example of a normal fault zone seen in outcrop in Kardia Lignite Mine, Ptolemais Basin, 

Greece is shown on Figure 4.1. The lignite-marl sequence is displaced by a normal fault 

zone which has a total throw of ca 4 m and consists of two main slip-surfaces which 

accommodate different proportions of the total throw (Fig. 4.1). A closer examination 

reveals that this fault zone presents some unusual geometric characteristics. Part of the 

displaced sequence is repeated within the fault zone (see the marl layer marked with x in 

Fig. 4.1) and this is accompanied by extremely high displacement gradients on the adjacent 

fault segments (indicated by arrows in Fig. 4.1). As far as we know, such geometric features 

within normal fault zones haven’t received any attention in the published literature. 

We have interpreted this fault zone complexity (Fig. 4.1) to be largely due to a bed-parallel 

slip (BPS) event which happened during fault growth. The intention of this paper is to 

provide a simple model in which an otherwise simple normal fault progressively increases 

complexity from the succession of events of normal faulting and bed-parallel slip. In the 

following sections, we describe this process with reference to outcrop examples and 

discuss the resulting fault zone geometrical characteristics and their similarities and 

differences with other published models. 
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Bed-parallel slip is quite common in multilayer sequences and it can be related with 

flexural-slip folding (e.g. Tanner, 1989; Watterson et al., 1998), flexural-slip of fault 

propagation folds (e.g. Withjack et al., 1990; Gross et al., 1997; Sharp et al., 2000; Ferrill et 

al., 2007), tilted multilayer sequences (e.g. Ferrill et al., 1998; Wibberley et al., 2007; van 

der Zee et al., 2008) and tectonic extension (Roche et al., 2012a, 2012b). The influence of 

bed-parallel slip on faulting has been referred in the published literature (Salehy et al., 

1977; Ferrill et al., 1998; Wibberley et al., 2007; van der Zee et al., 2008; Roche et al., 

2012a) but without a detailed investigation of the resulting fault zone structure. Watterson 

et al. (1998) have described a process of fault surface asperity formation by bed-parallel 

slip and the asperity removal by subsequent fault slip, with an emphasis on the 

contribution of this process to fault zone and fault rock thickness and less on the fault zone 

geometrical complexity. The process described here is at a larger scale than that described 

by Watterson et al. (1998). We use data from Kardia mine because there is plenty of 

evidence of bed-parallel slip within the multilayer sequence and also because the fault 

surfaces are very discrete features with very little fault rock for a given displacement 

compared to normal faults in other areas, so that details of fault zones are preserved at 

high strains. 

 

4.2. Bedding-parallel slip in Kardia mine 

Normal faults with throws ranging from a few cm up to 50 m are exposed in ca 20 m high 

mining faces within the Kardia mine; an active, open-pit, lignite field in Ptolemais Basin, 

West Macedonia, Greece (Fig. 4.2; Chapter 2). Kardia Lignite Mine is located in the central 

part of the Neogene lignite basin (Fig. 4.2) and is dominated by E–W trending normal faults 

as a result of a regional NW-SE extension episode during the Quaternary (Pavlides and 

Mountrakis, 1987). Detailed three-dimensional mapping over the last five years showed 

that 7 normal fault zones dominate an excavated area of 2.5 km2 and they consist of more 

than 115 fault segments (Chapter 2).  
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The exposed stratigraphic sequence displaced by the normal faults belongs to the early 

Pliocene, Ptolemais Formation (Anastopoulos and Koukouzas, 1972; Steenbrink et al., 

1999; Van Vugt et al., 1998). This sequence is about 110 m thick and consists of a rhythmic 

alternation of m-scale lignite and lacustrine marl beds, with intercalated fluvial sands and 

silts and some 20 volcanic ash beds (Steenbrink et al., 1999). 

Extensive bed-parallel slip has occurred within the horizontal to shallow dipping multilayer 

sequence. Mutual cross-cutting faults and bedding-parallel slip surfaces indicate 

synchronous growth during Quaternary extension. Offsets of faults across individual bed-

parallel slip surfaces range from a few centimetres up to 4.5 m with a consistent top to the 

north sense of movement, which is perpendicular to the strike of the normal faults. Bed-

parallel slip occurs on many horizons distributed throughout the exposed stratigraphic 

sequence, without any obvious preference to specific lithological layers or contacts. The 

origin of bed-parallel slip is thought to be related to accommodation of strains associated 

with regional scale faults such as the basin-bounding normal faults which are located a few 

km WSW of Kardia mine (discussed in detail in Chapter 5). 

 

4.3. Normal faulting followed by bed-parallel slip 

Bed-parallel slip within a multilayer sequence is not easily recognized in the absence of 

steep structures, such as joints, veins or faults that are displaced by it. In Kardia lignite 

mine, bed-parallel slip is apparent as it displaces pre-existing and contemporaneous normal 

faults resulting in their segmentation in cross-sectional view (Fig. 4.3).  

Depending on the bed-parallel slip direction (the movement direction of the strata 

overlying the bed-parallel slip surface) relative to the fault dip direction, bed-parallel slip 

can lead to vertically segmented faults with extensional steps and repetition of part of the 

stratigraphic sequence (Figs. 4.3a and 4.4b) or contractional steps and removal of part of 

the sequence (Figs. 4.3b and 4.4d). The terminology of extensional and contractional steps 

is used in this paper with reference to the sense of stepping of the fault segments and the 
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nature of the strains which would occur if the fault segments were reactivated and 

interacted with one another. In Kardia mine the bed-parallel slip direction is consistently 

towards the north, so that the north-dipping normal faults have only extensional steps and 

the south dipping faults have only contractional steps. The thickness of the stratigraphic 

sequence which is repeated (extensional step) or missing (contractional step) is equal to 

the throw of the normal fault before the bed-parallel slip event (i.e. grey unit at Figs. 4.4b 

and 4.4d). The fault segment tips at the steps formed by bed-parallel slip have infinite 

displacement gradients. 

In some instances, vertical segmentation due to bed-parallel slip may resemble 

segmentation due to fault propagation through a mechanically heterogeneous sequence. 

For example, extensional steps with repeated section and contractional steps with missing 

section may look at outcrop similar to vertically segmented faults with rapid thickening or 

thinning of incompetent units as described at outcrops of finely bedded Cretaceous chalk 

at Flamborough Head, UK, by Peacock and Xing, (1994) and Childs et al. (1996a). Vertical 

segmentation due to bed-parallel slip can be distinguished by the infinite displacement 

gradients at segment tips although in some instances this may not be possible due to the 

low displacement on faults at the time of bed-parallel slip. 

 

4.4. Reactivation of normal faulting after bed-parallel slip 

Normal faulting followed by bed-parallel slip results in the formation of vertically 

segmented faults. Subsequent reactivation of the normal faults can result in activation and 

propagation of one (Fig. 4.4c) or both (Fig. 4.4e) of the fault segments formed by bed-

parallel slip, leading to more complex fault zone structures. This process and the resulting 

fault zone complexity are illustrated in this section with reference to two relatively simple 

outcrops shown in Figures 4.5a and 4.6a. 

At the early propagation stage of both normal fault segments, the step would develop into 

an overlap zone on a cross-sectional view and further propagation would result in the 
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formation of paired slip-surfaces which are active simultaneously (Figs. 4.4e and 4.5a); 

synchronous slip on paired slip-surfaces has previously been suggested by Childs et al. 

(1996b), to result from tip-line bifurcation processes. With continued displacement on the 

overlapping fault segments they may become linked to form a fault-bound lens (Fig. 4.5a). 

Depending on the initial arrangement of the offset fault segments, the rock volume 

bounded by the paired slip-surfaces will be characterised by repeated (highlighted by 

yellow shade at Figs. 4.5a and 4.6a) or missing stratigraphic section.  

Activation and propagation of only one fault segment would result in a fault zone with 

alternating areas of paired slip-surfaces and one slip-surface (Fig. 4.4c and what is mostly 

happened in the case of Fig. 4.6a). If the activated fault segment is the one below the bed-

parallel slip surface (the most common case in Kardia mine), then a fault zone would be 

formed with two paired slip-surfaces above the initial step, defined by the bed-parallel slip 

surface and with one slip-surface below (Figs. 4.4c and 4.6a). The opposing arrangement 

would happen in the case that the activated fault segment is the one above the bed-

parallel fault. In the area with the two fault surfaces, only the fault surface formed by the 

propagation would be the active one and would continue to accumulate slip. 

As described previously, the thickness of the repeated or missing sequence within the fault 

zone is equal to the throw on the fault before bed-parallel slip. Displacement profiles along 

the paired slip-surfaces, shown in Figures 4.5b and 4.6b, show the displacement singularity 

at the boundary between the fault segment, formed before the bed-parallel slip, and the 

fault segment, formed after the bed-parallel slip as a result of fault reactivation and 

propagation. The displacement change across this boundary is always equal to the fault 

throw before bed-parallel slip. The geometry of the fault zone at the time when the bed-

parallel slip occurred can be restored so that restoration of the throw accommodated on 

the faults after the bed-parallel slip (Figs. 4.5d and 4.6d) shows the vertically segmented 

faults with extensional or contractional steps formed by the bed-parallel slip. Further 

restoration of the bed-parallel slip (Figs. 4.5e and 4.6e) shows that an initially simple 

continuous fault evolved into a fault zone with paired slip-surfaces by the fault growth 

interrupted by a bed-parallel slip event.  
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Which normal fault segment(s) are reactivated after the bed-parallel slip event, may reflect 

the direction of fault propagation during reactivation, which is likely to be determined by 

the location of the bed-parallel slip surface relative to the displaced normal fault surface 

and the displacement distribution on the fault surface. In Kardia mine, only in 20% (N=81) 

of the reactivated normal faults were both segments of the displaced fault reactivated to 

give both upwards and downwards propagation (Figs. 4.4e and 4.5a). In most of the cases 

(64%), only the fault segment located underneath the bed-parallel slip surface was 

reactivated and propagated upwards (Figs. 4.4c and 4.6a). In 16% of the reactivated faults, 

only the segment located above the bed-parallel slip surface was reactivated and 

propagated downwards. This is reflected on displacement distributions along the faults 

zones in Kardia mine which, in general, indicate an upwards fault propagation within the 

exposed section (ca 100 m vertical extent); as the recorded total displacement of each fault 

zone tends to decrease upwards (Chapter 2). 

The process described in this section of the reactivation of normal faulting after the bed-

parallel slip event accompanied by fault propagation and by-passing of the asperities 

formed by bed-parallel slip is the same as the asperity bifurcation process described by 

Childs et al., 1996b, with the only source of asperity formation being the bed-parallel slip 

(the same as Watterson et al., 1998). 

 

4.5. Multiple repetitions of normal faulting and bed-parallel slip 

Fault zone thickness will increase with increasing number of repetitions of normal faulting 

and bed-parallel slip, resulting in more geometrically complex fault zones (Fig. 4.7a). 

Repeated cycles of bed-parallel slip and reactivation of the fault segment located below the 

bed-parallel slip surface would result in wide fault zones with inactive fault segments 

sitting on the hanging-wall side of the active fault if the bed-parallel slip direction is the 

same as the fault dip direction, and with inactive segments sitting on the footwall side of 

the active fault if the bed-parallel slip direction is opposite to the fault dip direction. 

Alternating reactivation of the fault segments below and above the bed-parallel slip surface 
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(Fig. 4.7a) would result in inactive segments in both the hanging wall and footwall of 

currently active slip-surface.  

The fault zone at Figure 4.7a, with a total throw of 15 m, has been affected by several bed-

parallel slip events during its growth. Based on the fault throw before each bed-parallel slip 

event and on the final geometrical arrangement of the fault segments within the fault 

zone, it can be shown that the growth of the fault zone has been interrupted by bed-

parallel slip 4 times (Fig. 4.7c). The relative timing and magnitude of each bed-parallel slip 

event during the fault growth history is illustrated in Figure 4.7b. Sequential restoration of 

the fault throw after each bed-parallel slip event and of the fault segmentation caused by 

the same bed-parallel slip event shows the fault zone structure at different times during its 

growth (Fig. 4.7c (i to ix)). For example, before bed-parallel slip Event 3 (Fig. 4.7c (v)), the 

fault zone had a total throw of 5 m (measured on the pink horizon) which was partitioned 

between the active footwall fault (red in Fig. 4.7c (v)) with a throw of 2 m and the inactive 

hanging wall fault with a throw of 3 m. The most important finding from the fault zone 

restoration (Fig. 4.7c) is that initially, before the fault became affected by the bed-parallel 

slip (Fig. 4.7c (i)), it was a simple continuous fault and eventually became a wide complex 

fault zone due to the action of bed-parallel slip (Fig. 4.7c (ix)).  

During most bed-parallel slip intervals two or more bed-parallel faults were active at 

different stratigraphic levels (bed-parallel slip events 1, 2 and 3, Figs. 4.7c (ii, iv and vi)) 

resulting in segmented fault arrays with extensional steps. In the example of Figure 4.7, the 

active slip-surfaces of successive bed-parallel slip events seem to have migrated 

downwards (Figs. 4.7c (i to ix)) in the sequence resulting in thinning of the fault zone 

downwards. Additionally, later bed-parallel slip events displace not only the currently 

active fault but also form further offsets of the inactive faults that resulted from previous 

bed-parallel slip events (i.e. see bed-parallel slip event 3 in Fig. 4.7c (vi)). For the first 3 bed-

parallel slip events (Figs. 4.7c (ii, iv and vi)), reactivation of normal faulting followed by 

activation and propagation upwards of the fault segment located underneath the 

stratigraphically lower active bed-parallel slip surface of each bed-parallel slip event. In 

contrast, reactivation of normal faulting after bed-parallel slip event 4 (Fig. 4.7c (ix)) seems 
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that was followed by activation of the segment located above the bed-parallel slip surface 

of Event 4. Due to this succession of events, the hanging wall of the last active fault is wider 

and consists of more inactive synthetic faults than the footwall (Fig. 4.7a).  

 

4.6. The effect of bed-parallel slip gradient on 3D fault zone geometry 

Repeated cycles of faulting and bed-parallel slip can lead from simple planar faults to very 

complex faults zones in cross-sectional view. In three-dimensions the offset of bed-parallel 

slip will vary as the magnitude of displacement will vary over the slip-surface (see Chapter 

5). Displacement gradients on bed-parallel slip surfaces are expected be reflected in 

changes in fault strike across bedding surfaces, however, this effect is very little. 

Displacement gradients on bed-parallel slip surfaces have, however, been confirmed by 

examining several cross-sections along the same fault zone which has been displaced by 

bed-parallel slip. This shows that the size of the step between the fault segments changes 

along the bed-parallel slip-surface (this is discussed in detail in Chapter 5). 

In the simplest case of only one bed-parallel slip event during fault growth, a slip gradient 

on a bed-parallel slip surface which offsets a normal fault would result in a contractional or 

extensional step that decreases in magnitude towards the tip of the bed-parallel slip 

surface (Fig. 4.8c). Renewed normal faulting after bed-parallel slip would form two sub-

parallel slip-surfaces or a lens (Fig. 4.8d) within an otherwise continuous fault surface. 

Multiple bed-parallel faults affecting the same fault and multiple repetitions of normal 

faulting and/or bed-parallel slip would form very complicated fault zones in three-

dimensions with rapid variations in the thickness and in the structure of the fault zone. 

Fault surface geometries similar to that shown in Figs. 4.8c and 4.8d have been described 

by Kristensen et al., 2008 in cm-scale faults within soft sediments on the East coast of 

Denmark. These authors attribute these geometries to fault surface bifurcation at the tip-

line of a propagating fault due to lithological layering (Childs et al., 1996b (see also fault 2 

in Fig. 4 within Childs et al., 1996b). The main differences between the two mechanisms in 
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the final fault zone structure is that in the case of bed-parallel slip, infinite displacement 

gradients on the tips or along the fault segments and repeated or missing part of the 

stratigraphic sequence are expected within the fault zone. Additionally, bed-parallel slip 

can continue forming such fault geometries throughout fault growth whereas fault surface 

bifurcations are set up during propagation. 

 

4.7. Discussion and Conclusions 

In this chapter we demonstrate how initially continuous-unsegmented normal faults can 

become fault zones with complex internal structure by repeated faulting followed by bed-

parallel slip. The geometries produced by this model are even more complex in three-

dimensions resulting in significant variability in the fault zone structure and thickness.  

The resulting fault zone structure, consisting of multiple fault slip-surfaces in combination 

with the repeated or missing parts of the stratigraphic sequence within the fault zone, may 

have significant implications for fault juxtaposition analysis used to assess connectivity 

between reservoir units. Additionally, the repetition of this process might play an 

important role in the development of clay-shale smearing along the fault surfaces within 

suitable sequences. Watterson et al. (1998) have shown that the contribution of this 

process on the fault rock thickness is significant. 

It appears that the propagation of the reactivated fault segments after a bed-parallel slip 

event is not prevented by the existence of the bed-parallel fault. Instead, faults propagate 

through it with the same ease as they propagate through the other layers. This is in 

contrast with the case described by Roche et al. (2012a and 2012b), where bed-parallel 

faults, within clay layers alternating with limestone layers, inhibit fault propagation. 

Perhaps, the mechanical properties of the multilayer sequence, the burial depth and 

maybe the action of possible fluids flow through the bed-parallel faults, play an important 

role on the mechanical behaviour of the bed-parallel faults and therefore on the resulting 

fault zone structure. 
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Action of bed-parallel slip is apparent only when it displaces the normal faults. Our 

experience with the normal fault zones in Kardia mine suggests that the role of bed-parallel 

slip on fault zone structure wouldn’t be easy to explore in the field without detailed 

examination of the displacement gradients on individual fault segments and of the 

succession of the layers within the fault zones (Figs. 4.5 and 4.6). Fortunately, the nature of 

the multilayer sequence composing the Ptolemais Formation allows the preservation of 

fault zone internal structure at higher strains and therefore allows bed-parallel slip to be 

identified and examined, something which might not be possible in other sequences. 

Bed-parallel slip effects on fault zone structure may be more common than we think. Bed-

parallel slip in Kardia mine is believed to be related with the same tectonic event 

responsible for the normal faulting as both of them were active simultaneously. A better 

understanding of the nature and origin of bed-parallel slip within multilayer sequences 

would also provide a better knowledge of its influence on fault zone structure. 
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Figure 4.1: Outcrop photograph of a ca 4 m throw normal fault zone contained within the Pliocene lignite-

marl sequence in Kardia open pit mine, Ptolemais Basin, NW Greece. The marl bed marked with x is repeated 

within the fault zone and this is accompanied by high displacement gradients on the adjacent fault segments 

as indicated by the arrows. This is interpreted to be due to a bed-parallel slip (BPS) event which happened 

during fault growth. 
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Figure 4.2: Geological map of the Ptolemais Basin showing the location of Kardia lignite mine (modified after 

Steenbrink et al., 2000). 
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Figure 4.3: a) Normal fault displaced by bed-parallel slip forms an extensional step as the bed-parallel slip 

direction is the same as the fault dip direction. b) Normal fault which has displaced by bed-parallel slip forms 

a contractional step as the bed-parallel slip direction is opposite to the fault dip direction. 
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Figure 4.4: Bed-parallel slip displaces (a) a continuous normal fault, with a throw equal to the thickness of the 

grey bed, and (b) leads to an extensional step with repeated sequence, in which case the bed-parallel slip 

direction is the same as the fault dip direction, and (d) a contractional step with missing sequence, in which 

case the bed-parallel slip direction is opposite to the fault dip direction. The thickness of the repeated or 

missing sequence is equal to the fault throw before the bed-parallel slip event (grey bed). Subsequent 

reactivation of the normal faulting leads to propagation of (c) one or (e) both segments. 
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Figure 4.5: a) Outcrop photograph of a 5 m throw normal fault zone which is displaced by bed-parallel slip 

during its growth. The repeated part of the sequence within the fault zone is highlighted by the yellow 

shading. b) Displacement profiles along the two main slip-surfaces (green and red) showing a displacement 

singularity at the point that they cross the bed-parallel slip surface which is the transition from the pre-

existing fault segments to the post bed-parallel slip segments. c) Simplified sketch of the final fault zone 

structure. d) Restoration of the fault throw accommodated after the bed-parallel slip event and restoration of 

the bed-parallel slip (e), showing an initial continuous fault. 
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Figure 4.6: a) Outcrop photograph of a ca 4 m throw normal fault zone which is displaced by bed-parallel slip 

during its growth (same as in Fig. 4.1). Repeated part of the sequence within the fault zone is highlighted by 

the yellow shading. b) Displacement profiles along the main slip-surfaces showing a displacement singularty 

at the point that they cross the bed-parallel slip surface which is the transition from the pre-existing fault 

segments to the post bed-parallel slip segments. c) Simplified sketch of the final fault zone structure. d) 

Restoration of the fault throw accommodated after the bed-parallel slip event and restoration of the bed-

parallel slip (e), showing an initial continuous fault. 
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Figure 4.7: a) Outcrop photograph of a 15 m throw normal fault zone which is displaced by several bed-

parallel slip events (labelled from 1 to 4) during its growth. b) Cumulative bed-parallel slip against cumulative 

fault zone throw showing the relative timing and magnitude of each bed-parallel slip event during the fault 

growth history; fault throw was measured using the pink horizon. c) Sequential illustration of the fault zone 

growth starting from the stage at which the normal fault hasn’t been affected yet by any bed-parallel slip 

event (i) and ending with the final fault zone structure (ix) that resulted from repeated cycles of bed-parallel 

slip and reactivation of the normal fault. Red thick lines show the active faults during each event. 
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Figure 4.8: a) An ideal elliptical normal fault surface showing fault displacement contours (dashed lines) and 

tip-line (solid line). b) Enlargement of the fault region in (a) showing a continuous fault surface (dark shading) 

and a horizontal bedding surface (light shading). A displacement gradient on the bed-parallel slip surface 

results in an extensional step as a ‘hole’ within an otherwise continuous fault surface (c) and subsequent 

reactivation of the normal faulting results in a lens, which encloses a repeated part of the sequence, within an 

otherwise continuous fault surface (d). 
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Chapter 5 

 

The nature and origin of bed-parallel slip in Kardia 

mine, Ptolemais Basin, Greece 

 

 

Abstract 

The growth of normal faults in Kardia lignite mine was interrupted by bed-parallel slip, 

which has a persistent slip direction towards the north, ranges from a few cm up to 4.5 m 

and the average spacing between the slip surfaces is ca 13 m. Bed-parallel slip surfaces can 

be segmented both parallel and normal to the slip direction and on a wide range of scales 

forming both soft- and hard-linked relay zones. Bed-parallel slip gradients lie within the 

range of the global dataset for other types of faults and are low relative to displacement 

gradients on the normal faults in Kardia mine. Layer-bound, minor normal faulting is 

associated with the transfer of displacement between bed-parallel slip surfaces. Bed-

parallel slip within the multilayer sequence caused due to the flexural-slip of a large scale 

reverse-drag folding on the hanging wall of a north dipping, synsedimentary normal fault at 

the south of the mine.  
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5.1. Introduction 

The occurrence of bed-parallel slip within multilayer sequences has long been recognized 

and it has been associated with flexural-slip folding due to layer-parallel shortening 

(Chapple and Spang, 1974; Ramsay, 1974; Tanner, 1989; Fowler and Winsor, 1997; Gross et 

al., 1997b; Horne and Culshaw, 2001), flexural-slip of fault-related folding, such as normal 

and reverse drag (Salehy et al., 1977; Watterson et al., 1998; Khalil and McClay, 2016), 

flexural-slip of fault propagation folds (Withjack et al., 1990; Gross et al., 1997a; Niño et al., 

1998; Sharp et al., 2000; Jackson et al., 2006; Ferrill et al., 2007; Smart et al., 2010), tilted 

multilayer sequences (Stimpson and Walton, 1970; Ferrill et al., 1998; Wibberley et al., 

2007; van der Zee et al., 2008), tectonic extension (Roche et al., 2012a, 2012b) and mass-

transport deposits (Gamboa and Alves, 2015). 

Bed-parallel slip during faulting can significantly influence fault zone geometry and 

evolution (Ferrill et al., 1998; Wibberley et al., 2007; van der Zee et al., 2008; Roche et al., 

2012a, 2012b). Watterson et al., (1998) demonstrated that the process of removal of 

asperities formed by bed-parallel slip can make a significant contribution to fault zone and 

fault rock thickness. In Chapter 4, we have shown that an initial single, continuous normal 

fault can become a highly complex fault zone by alternately repeated faulting and bed-

parallel slip. Additionally, minor, small-scale structures such as faults, fractures and joints 

can be developed in association with bed-parallel slip (Wilson, 1961; Dennis, 1982; Tanner, 

1989, 1992; Gross et al., 1997a, 1997b; Couples et al., 1998; Horne and Culshaw, 2001; 

Brosch and Kurz, 2008), which could be practically important as they may affect fluid flow 

in petroleum reservoirs (Couples et al., 1998). 

Bed-parallel slip has received relatively little attention in the published literature as 

detailed examination of bed-parallel slip surfaces is not possible in the absence of displaced 

markers such as veins and faults, to provide information on the locations of the slip 

surfaces within a multilayer sequence and the slip distribution along them. Salehy et al. 

(1977) examined the geotechnical properties of fault-controlled bed-parallel shears in the 

context of mine and slope stability. Later studies investigated the spacing between bed-
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parallel slip surfaces, their kinematics, three-dimensional patterns and related minor 

structures in different field areas with flexural-slip folding associated with contractional 

tectonic settings (Tanner, 1989, 1992; Fowler and Winsor, 1997; Horne and Culshaw, 

2001). More recently, finite element modelling was used to investigate the development of 

extensional fault-propagation folding and the characteristics of the related bed-parallel slip 

surfaces based on field observations (Smart et al., 2010). 

The goal of this paper is to provide a better understanding of the nature and origin of the 

bed-parallel slip which notably increases the complexity of the normal fault zones in Kardia 

mine (Chapter 4). This paper uses offsets of contemporaneous normal faults by bed-

parallel slip surfaces to investigate the cross-sectional and map-view distribution of bed-

parallel slip, its geometric and kinematic characteristics and finally, presents a model of its 

origin and temporal evolution in relation to the normal faulting observed in Kardia mine. 

 

5.2. Geological setting 

 Kardia Mine is an active, open-pit, lignite field in the Ptolemais Basin, West Macedonia, 

Greece (Fig. 1). The Ptolemais Basin is an elongate intramontane lacustrine basin, part of a 

NNW-SSE trending graben system that extends over a distance of 120 km from Bitola in the 

Former Yugoslavian Republic of Macedonia (F.Y.R.O.M.) to the village of Servia, south-east 

of Ptolemais, Greece (Pavlides, 1985). The basin is affected by two extensional episodes 

(Pavlides and Mountrakis, 1987; Mercier et al., 1989). The first, NE-SW extensional episode 

resulted in the formation of the basin during the Late Miocene to Late Pliocene. The 

second episode was a NW-SE extension during the Quaternary, resulting in NE-SW-striking 

normal faults which currently bound a number of sub-basins (Pavlides and Mountrakis, 

1987).  

The presence of the Late Miocene – Late Pliocene NW-SE striking faults that control the 

basin margins, is confirmed mainly from boreholes and recently from exposures due to the 

active mining along the western edge of the Ptolemais Basin in the vicinity of Mavropigi 
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lignite field (Fig. 5.1). The surface geology of the Ptolemais Basin is dominated by 

Quaternary normal faults which have orientations ranging from the expected NE-SW 

strikes in the north of the region, through to NNE-SSW orientations in the north of 

Mavropigi mine, and the approximately E-W strikes in vicinity of Kardia and Notio mines 

(Fig. 5.1). Some of the Quaternary age, NE-SW-striking normal faults have been reactivated 

recently by weak and strong earthquakes (Pavlides et al., 1995; Mountrakis et al., 1998).  

The basin is filled with a 500-600 metre thick succession of Late Miocene to Pleistocene 

lake sediments with intercalated lignites and alluvial deposits, which are divided into three 

basin-wide lithostratigraphic units: the Lower Formation, the Ptolemais Formation and the 

Upper Formation (Anastopoulos and Koukouzas, 1972; Van Vugt et al., 1998; Steenbrink et 

al., 1999). The exposed stratigraphic sequence in Kardia lignite mine (Fig. 5.2) belongs to 

the Early Pliocene, Ptolemais Formation, which has a thickness of about 110 m and consists 

of a rhythmic alternation of m-scale lignite and lacustrine marl beds, with intercalated 

fluvial sands and silts and some 20 volcanic ash beds (Steenbrink et al., 1999). 

Quaternary, E-W trending normal faults with throws ranging from a few centimetres up to 

50 metres are exposed in ca 20 m high and ca 2.5 km long mining faces within the Kardia 

lignite mine (Figs. 5.1 and 5.2) (Chapter 2). We have visited and mapped the mine 20 times 

at ca 3 month intervals from Oct 2009 to Oct 2015. During each interval, each face was 

taken back between 20 and 50 m. Detailed three-dimensional mapping over the last six 

years showed that 8 normal fault zones dominate an excavated area of 5 km2 and they 

consist of more than 130 fault segments (Chapter 2). Extensive bed-parallel slip has 

occurred within the multilayer sequence during Quaternary normal faulting as Quaternary 

normal faults are displaced by the bed-parallel slip and vice versa (Chapter 4). 

 

5.3. Spatial distribution of bed-parallel slip 

The identification of bed-parallel slip surfaces within the Pliocene lignite/marl sequence in 

Kardia mine would not be feasible without the presence of the normal faults which are 



5 - The nature and origin of bed-parallel slip 

121 
 

displaced by them and which can be used as displacement markers. The outcrop example 

in Figure 5.3 shows a south dipping normal fault which was displaced by bed-parallel slip 

(black horizontal line) when the displacement on it was equal to the displacement of the 

red horizon by the footwall fault. The fault was reactivated resulting in the formation of the 

hanging wall linking fault which in turn offsets the bed-parallel slip surface. The amount of 

the bed-parallel slip is 20 cm which is equal to the maximum separation between the green 

and orange faults observed on the final fault zone structure (Fig. 5.3a). 

The bed-parallel slip direction is generally perpendicular to the strike of the normal faults 

and the strata overlying the bed-parallel slip surface slip consistently towards the north. 

This is confirmed mainly from the final geometrical arrangement of the displaced normal 

faults, but also from occasional slickensides on the bed-parallel slip surfaces. Because the 

slip direction is consistently towards the north, bed-parallel slip results in extensional steps 

in the north dipping normal faults and contractional steps in the south dipping faults 

(Chapter 4).  

In total, 291 measurements of bed-parallel slip were recorded in Kardia mine (Figs. 5.4 and 

5.5). The most well sampled stratigraphic interval is between 25 to 90 m on the lithological 

log in Figure 5.5a as the stratigraphic sequences below and above this interval are rarely 

exposed in the mine. The recorded stratigraphic level of each measurement (Fig. 5.5) is the 

location of a bed-parallel slip surface on the south side of a displaced normal fault. Due to 

the displacement variations along the normal fault surfaces, one horizon along the south 

side of a normal fault is juxtaposed with several horizons along the north side of the fault. 

Therefore bed-parallel slip on one layer along the south side of a displaced normal fault 

would be identified in several juxtaposed layers along the north side of the fault. In 

addition, because bed-parallel slip was synchronous with normal faulting, a bed-parallel 

slip surface observed on a cross-section at the south of a normal fault can become 

multiplied at the north side of the fault if more than one normal faulting and bed-parallel 

slip cycle occurs. Note that not all of the normal faults in Kardia mine have been displaced 

by bed-parallel slip as some of them were formed later and some others did not intersect 

at all due to the relative locations of the normal faults and the bed-parallel slip surfaces. 
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The amount of bed-parallel slip ranges from a few cm up to 4.5 m (Fig. 5.5b), with 80% of 

the data ≤ 1.5 m.  In general, there is no obvious correlation between the amount of slip 

and its distribution in map-view (Fig. 5.4 ) or within the exposed multilayer sequence (Fig. 

5.5b). Because slip is towards the north and bed-parallel slip is expected to propagate 

northwards across contemporaneous faults, a decrease in size and increase in number of 

recorded bed-parallel slip surfaces towards the north would be expected but this is not 

shown clearly in Figure 5.4. Additionally, one could suspect that bed-parallel slip would be 

more common at particular lithological contacts or layers (e.g. clay-rich layers), but this is 

not the case in Kardia mine (Fig. 5.5c). Bed-parallel slip was recorded almost everywhere 

within the exposed stratigraphic sequence but two lithological contacts (at ca 37 m and 75 

m, Fig. 5.5c) show relatively higher frequencies than the average. These two lithological 

contacts do not appear to be recognisably different to other contacts within the sequence 

and therefore it is believed that these higher frequencies are associated with the sampling 

in combination with the large size of these bed-parallel slip surfaces (Fig. 5.5b). 

Examination of individual cross-sections through each normal fault zone shows that the 

spacing of the layers where bed-parallel slip took place ranges from a few cm up to 60 m 

with an average value of 13 m and an average amount of slip of 0.65 m per slip surface. 

When the measurements of bed-parallel slip are grouped according to the fault zone that 

they displace (Fig. 5.5d), the average spacing is 3.6 m. This lower spacing is attributed to 

the fact that bed-parallel slip surfaces are segmented (as discussed in next section) and as a 

result can be found at different stratigraphic levels on different sections through the 

normal faults. In general, there is no clear relationship between the spacing of bed-parallel 

slip surfaces and bed thickness. However, comparison between the lower part of the 

exposed stratigraphic sequence, which is dominated by thick marl beds, and the rest of the 

sequence, which is composed mainly from alternations of relatively thin lignite and marl 

beds (Fig. 5.5a), suggests an increase of the spacing with the bed thickness and with more 

localized slip within the marl dominated units. 

Examples of multiple repetitions of normal faulting and bed-parallel slip (e.g. see Fig. 5.5 in 

Chapter 4) show that during each new bed-parallel slip event, new bed-parallel slip 
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surfaces in different stratigraphic levels were formed, instead of reactivating the previously 

active bed-parallel slip surfaces. Therefore, because bed-parallel slip occurred within an 

active normal fault system, the average spacing between bed-parallel slip surfaces (13 m) is 

lower than would be expected in an unfaulted sequence. 

 

5.4. Geometric and kinematic characteristics of bed-parallel slip 

5.4.1. Relationship between bed-parallel slip magnitude and length 

Several studies in the published literature have been conducted on the displacement 

distribution on faults in different tectonic regimes and lithologies and on their scaling 

relationships, and they have shown that the maximum displacement on a fault surface 

generally increases with the size of the fault (e.g. Walsh et al., 2002; Kim and Sanderson, 

2005; Ferrill et al., 2008; Schultz et al., 2008), but none of these studies examines these 

relationships for bed-parallel slip surfaces. Figure 5.4 shows the map distribution of all the 

measurements of bed-parallel slip recorded in Kardia Mine colour coded according to level 

in the stratigraphy. Because of the tendency for bed-parallel slip surfaces to step across 

stratigraphy, the large distances between offset faults on individual benches (400 m on 

average) and the relatively small magnitude of bed parallel slip (< 4.5 m) it is often difficult 

to confidently correlate bed-parallel slip surfaces. For example, a cluster of ca 10 points 

with a bed-parallel slip of ca 2 m at similar stratigraphic level at the western end of Fault 

zone P may well be derived from a single zone of bed-parallel slip (Fig. 5.4).  

Nevertheless, there are cases where closely spaced normal faults (e.g. Fig 5.8) or several 

cross-sections along a fault zone which is displaced by the same bed-parallel slip surface 

are available (e.g. Fig. 5.6), that allow displacement profiles or parts of profiles to be 

constructed. One of the most complete profiles, shown in Figure 5.6, can be constructed 

with confidence as the bed-parallel slip surface is at precisely the same stratigraphic level 

at the southern side of the offset fault (Figs. 5.6c to 5.6g). This profile shows that the 

amount of slip is a maximum towards the centre of the profile and progressively decreases 
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towards the tips (Fig. 5.6b). The displacement to length ratio for this bed-parallel slip 

surface is 1:170, a value which is low in comparison with the normal faults in Ptolemais 

(Fig. 5.7). These shapes of displacement profiles occur along bed-parallel slip surfaces in 

sections both normal (Fig. 5.6) and parallel to the slip direction (e.g. Fig. 5.8). Although 

there is only one tip-to-tip displacement profile along a bed-parallel slip surface (Fig. 5.6), it 

is possible to gain an impression of the displacement versus length relationship for the 

bed-parallel slip surfaces from incomplete profiles (e.g. 5.8). This may be assessed by 

assuming observed displacements are maximum displacements and measured 

displacement gradients can be converted into equivalent fault lengths (Fig. 5.7). 

Displacement to length ratios calculated based on this assumption can provide minimum 

estimates of maximum displacement to length ratios as two observations may lie either 

side of the point of maximum displacement. The data suggest a positive correlation 

between the maximum slip and the length of the bed-parallel slip surface although the 

trend of this correlation is unlikely to be significant due to the limited range of slip 

magnitude. The average slip to length ratio of ~ 0.016 (Fig. 5.7) falls within the range of the 

published values for other types of faults (Muraoka and Kamata, 1983; Walsh and 

Watterson, 1989; Kim and Sanderson, 2005). These values are, however, low relative to 

those for the normal faults in Ptolemais (Fig. 5.7) with an average slip to length ratio of ca 

0.06. Lower displacement gradients on bed-parallel slip surfaces are to be expected as the 

strain required to accommodate gradients involve deformation of all the wall-rock layers, 

while on normal faults at a high angle to layering, displacement gradients can be 

preferentially accommodated in the weaker layers.  

5.4.2. Segmentation 

Bed-parallel slip surfaces in Kardia mine can be segmented parallel and/or normal to the 

slip direction. In the lower half of the exposed mining face in Figure 5.8a, several bed-

parallel slip surfaces displace major and minor closely spaced normal faults, allowing 

detailed measurement of the displacement distribution on them. The displacement profiles 

along these slip surfaces (Fig. 5.8b) show interaction and transfer of displacement from one 

slip surface to another with the formation of a relatively simple aggregate displacement 
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profile, indicating that together they comprise a single zone of bed-parallel slip. The sense 

of overstep of the two main slip surfaces (green and blue), as observed in this cross-section 

parallel to the slip direction (Fig. 5.8), requires contractional strain within the relay zone 

between them. This type of relay zone is the equivalent to the restraining relay zones in 

other types of faults (Walsh et al., 1999). 

Individual mine benches provide clear evidence for segmentation of bed-parallel slip 

surfaces in the slip direction. By analogy with dip-slip faults, segmentation in the slip-

normal direction should also be expected similar, for example, to the segmentation of 

normal faults seen in map view. Demonstration of slip-normal or neutral relay zones is 

difficult because it requires confident correlation of bedding parallel slip-surfaces at 

different stratigraphic levels on different mine benches. An example where this is possible 

is shown in Figure 5.9. Figure 5.9a shows two outcrop photographs along a 12 m throw 

normal fault which was displaced by bed-parallel slip (ca 1 m) when the throw on the fault 

was ca 1 m, a similar process to the one illustrated in Figure 5.3c. Although the distance 

between the two outcrops along the strike of the fault zone is 43 m, the bed-parallel slip 

surfaces in each can be correlated with confidence as they are at very similar stratigraphic 

level, have the same slip and there is no other bed-parallel slip surface of similar slip in the 

section. The half arrows in Fig. 5.9a indicate the bed parallel slip surface that offset the 

initial 1m throw fault and that was subsequently offset by the reactivation of the normal 

fault. The horizons on which the bed-parallel slip took place are higher-up in the 

stratigraphic sequence in the outcrop to the east (orange and pink horizons in Fig. 5.9a) 

than in the outcrop to the west (blue and green horizons in Fig. 5.9a). Although we 

commonly observe that bed-parallel slip changes stratigraphic level from one section to 

another, we never observe associated connecting faults, and therefore we interpreted the 

structure in Figure 5.9a and other similar structures to be an intact neutral relay zone. The 

cartoon in Figure 5.9b illustrates the geometry envisaged for the normal fault and the bed-

parallel slip surfaces after the bed-parallel slip event and before the reactivation of the 

normal fault zone. It shows that the bed-parallel slip surfaces are segmented normal to the 

bed-parallel slip direction resulting in the formation of a relay ramp which is highlighted by 

the displaced surface of the normal fault. We have interpreted that the existence of neutral 
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relay zones along the bed-parallel slip surfaces is the main reason that most of the bed-

parallel slip surfaces in Kardia mine cannot be followed on the same stratigraphic level in 

adjacent cross-sections along a fault zone (Fig. 5.9). This is in contrast with the most rare 

case of the example in Figure 5.6, where the same bed-parallel slip surface can be 

identified in several cross-sections along the normal fault zone which is displaced by it.  

5.4.3. Minor faulting associated with bed-parallel slip 

In this paper, minor faulting (see Figs. 5.2, 5.3, 5.10 and 5.11) refers to normal faults with 

displacements from a few cm up to half a metre which are not genetically related to the 

main normal fault zones mapped in Kardia mine. Their strikes are identical to those of the 

normal fault zones (i.e. normal to the bed-parallel slip direction) but they have lower dips 

(ca 45º relative to bedding). These minor faults are confined within sedimentary packages 

with thicknesses ranging from a few cm up to ca 20 m and the layers bounding the 

packages are directly associated with the bed-parallel slip surfaces (e.g. Fig. 5.10). 

Therefore, it is thought that these minor faults are genetically related to the bed-parallel 

slip that occurred within the multilayer sequence.  

Two types of minor faults were identified in Kardia mine: (a) bookshelf or domino-style 

faults (Fig. 5.10 a and b) and (b) ‘connecting’ normal faults (Figs. 5.2, 5.3 and 5.11) both of 

which are associated with the transfer of slip between bed-parallel slip surfaces. Bookshelf-

style faults accommodate shearing between parallel and predominantly parallel moving 

rock boundaries (Mandl, 1987) and, in the case of Kardia mine, the bed-parallel slip 

surfaces play this role. Bookshelf-style faults generated due to bed-parallel slip have not 

been widely described in literature (but see Wilson, 1961; Dennis, 1982; Horne and 

Culshaw, 2001). In Kardia mine, these faults are parallel to each other and are equally 

spaced with a spacing that increases with the thickness of the sedimentary package in 

which they are contained. They also have very similar throws with a maximum recorded 

throw of ca 10 cm (Fig. 5.10a) which increases with the amount of bed-parallel slip. An 

array of minor faults can be up to ca 25 m wide and they are confined by bed-parallel slip 

surfaces with a maximum separation of ca 2 m. Their sense of slip is opposite to the 



5 - The nature and origin of bed-parallel slip 

127 
 

accompanying overall shear displacement, which is top to the north, resulting in only south 

dipping bookshelf-style faults (Fig. 5.10a).  

Bookshelf-style faults accommodate layer parallel extension causing local thinning of the 

sedimentary packages in which they are contained (Fig. 5.10a). An approximate amount of 

extension across a set of bookshelf faults (ε) can be derived from the dips of the beds (α) 

and the faults (θ) (see equation in Fig. 5.10b; Wernicke and Burchfiel, 1982). In both sets of 

bookshelf-style faults in Figure 5.10a, given that α is ca 7o and θ is ca 45o, the estimated 

extension (ε) is about 11.5%, which has caused a thinning of ca 9% of the initial thickness of 

the packages that they are contained in. We have interpreted the bookshelf-style faults to 

be due to transfer of slip between bed-parallel slip surfaces. As slip is always to the north 

and these are zones of extension then the bed-parallel slip surfaces must step down 

stratigraphy towards the north as shown in Figure 5.10b. Given the width of the zone 

undergone extension due to the bookshelf-style faulting and the amount of extension (ε), 

the amount of displacement which is transferred between the bed-parallel slip surfaces can 

be estimated (Fig. 5.10b), and the cross-sectional displacement profile for this system of 

faults can be constructed (Fig. 5.10b). In the example of Figure 5.10a, each set of the 

bookshelf-style fault arrays accommodates ca 1 m of displacement which is transferred 

between the corresponding bed-parallel slip surfaces. 

Connecting normal faults (Figs. 5.2, 5.3 and 5.11) are more common than bookshelf-style 

faults and they occur on a relatively wider range of scales. These faults are also parallel to 

each other with a spacing of up to ca 20 m and a maximum throw of half a metre. They 

have the same sense of slip as the overall shear displacement resulting in only north 

dipping faults (Figs. 5.2, 5.3 and 5.11). Connecting normal faults are interpreted to be 

associated with transfer of displacement between interacting bed-parallel slip surfaces 

with separations from a few cm (Fig. 5.3) up to ca 20 m (Figs. 5.2 and 5.11). Connecting 

faults often form duplex structures (indicated by black arrows in Figs. 5.2 and 5.11) similar 

to duplex structures associated with transfer-zones along strike-slip and normal fault 

segments (e.g. Cruikshank et al., 1991). Previous studies have also described, as duplexes, 

connecting structures between the tips of bed-parallel slip surfaces associated with 
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flexural-slip folding due to tectonic contraction (Tanner, 1989, 1992; Horne and Culshaw, 

2001). Connecting structures can also be developed due to the resistance to propagation of 

the bed-parallel slip surfaces due to local changes in lithological properties and/or bed-

thickness changes (Tanner, 1992). In Kardia mine, connecting faults are often developed 

when bed-parallel slip surfaces displace normal faults and the two juxtaposed layers on 

which subsequent movement takes place have different lithological properties. For 

example, in Figure 5.3, the stepping of the bed-parallel slip surface down to the brown 

horizon towards the north with the associated connecting faults (yellow faults), on the 

footwall of the offset normal fault, are interpreted to be caused by the resistance of the 

bed-parallel slip surface on the hanging wall of the fault to propagate along the juxtaposed 

layer on the footwall of the fault. 

 

5.5. Origin of bed-parallel slip 

5.5.1. Relative timing of bed-parallel slip and normal faulting 

The throw on a normal fault at the time before it was offset by bed-parallel slip (TBBPS) is 

easily measured as it is equal to the thickness of the stratigraphic sequence which is either 

repeated or missing within the fault zone, depending on whether the bed-parallel slip 

direction is the same or opposed to the dip direction of the displaced normal fault (Chapter 

4). The ratio between the TBBPS and the total throw (TT), (Figs. 5.5e and 5.12) can provide 

insights into the relative timing of bed-parallel slip and normal faulting. TBBPS to TT ratios 

have been calculated for 291 cross-sections through mutually cross-cutting faults and bed-

parallel slip surfaces. There is no obvious correlation between this ratio and the 

stratigraphic level at which the bed-parallel slip occurred (Fig. 5.5e), suggesting that bed-

parallel slip did not for example migrate systematically downwards or upwards within the 

stratigraphic sequence through time. In ca 60% of the data, bed-parallel slip took place 

when the throw on the normal faults was equal to or less than 20% of their total throws 

(Fig. 5.12), demonstrating that bed-parallel slip, while synchronous with faulting, happened 
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early during faulting in Kardia mine. Higher ratios of TBBPS/TT (Figs. 5.5e and 5.12) 

correspond to relatively small throw normal fault zones (e.g. zone Q in Fig. 5.5e) which 

have not been reactivated after the bed-parallel slip or they have been only partly 

reactivated, as shown in the example in Figure 5.6 where only the central part of the fault 

segment with a maximum throw of ca 2.5 m (Figs. 5.6d and 5.6e) has been slightly 

reactivated after the bed-parallel slip.  

While TBBPS to TT ratios indicate the relative timing of bed-parallel slip and faulting, they 

can also reveal other features of the faults. For example, inspection of throw variations 

before and after bed-parallel slip also has the potential to provide a means of studying the 

growth of blind faults. Usually for blind faults we can only look at the final displacement 

but in Kardia mine, bed-parallel slip during faulting provides displacement distribution 

markers that are introduced at some time during faulting so that increments of 

displacement can be examined. This is well demonstrated in the example in Figure 5.13, in 

which the same bed-parallel slip surface displaces the footwall bounding fault of a north-

dipping relay zone at two different locations (labelled 1 and 2 in Fig. 5.13b). Measurements 

of the throw before the bed-parallel slip and of the total throw along the normal fault (Fig. 

5.13b) demonstrate an increase in fault displacement gradient and possibly retreat of the 

fault tip as fault displacement increased. These observations are consistent with the 

location of these measurements on a fault which bounds a relay ramp where progressive 

ramp rotation and stalling or retreat of the fault tip are expected. Based on the 

predominance of low TBBPS/TT ratios, we conclude that bed-parallel slip in Kardia mine 

took place early in relation to the Quaternary normal faulting, when the throw on the 

normal faults was equal or less than ca 20% of their total throws. 

5.5.2. The origin 

The panoramic view of Kardia mine (Fig. 5.2) shows that the whole exposed sedimentary 

sequence dips towards the south. The average dip of the bedding in Kardia mine is ca 6º 

and increases to the south to a maximum dip of ca 20º (Fig. 14) with an upward decrease in 

dip within the sequence. Additionally, a closer examination of the exposed stratigraphic 
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sequence shows thickening of the sediments towards the south which together with the 

upward decrease in dip within the sequence indicates rotation during deposition. The 

thickening of the sediments is more pronounced on some marl units (see marls enclosed by 

purple and blue lines, and by cyan and brown lines in Fig. 5.2), with internal layers pinching 

out towards the north. The southward thickening of the sediments suggests they were 

deposited during fold growth.  

On a larger scale of observation, the basement normal fault, adjacent to Kardia mine that 

forms the western margin of the Ptolemais Basin, is segmented at the south of the mine 

(indicated by black arrows in Fig. 5.1), forming a relay zone with a ramp dipping towards 

the north. While there is no surface exposure, several exploration wells (Fig. 5.14) reveal 

the existence of a basement breaching fault at the north part of the relay zone (indicated 

by white arrow in Fig. 5.1), which strikes ca east-west and dips to the north with a total 

throw of ca 330 m (Fig. 5.14). Based on this and the regional geometry and thickness of the 

sediments (provided from exploration wells), we have interpreted the dipping and the 

thickening of the sedimentary sequence towards the south to be associated with a large 

scale hanging wall reverse-drag folding associated with the north dipping, synsedimentary 

basement normal fault at the south of the mine. Therefore, it is believed that the bed-

parallel slip in Kardia mine is due to the flexural-slip associated with this large scale 

reverse-drag folding, which is consistent with the persistent top to the north bed-parallel 

slip direction. We have excluded the possibility of a gravity driven origin for bed-parallel 

slip in Kardia mine as the bed-parallel slip goes updip and also as the deepest part of the 

basin lies to the south of the mine, there is no source of gravitational instability to drive 

transport towards the north. Note that in the other three lignite mines in the Ptolemais 

Basin there is no evidence for such a large scale bed-parallel slip. 

Given the values of reverse-drag radius of ca 2 km from the basement breaching fault 

(Gibson et al., 1989), the throw of the breaching basement fault (ca 330 m) and the 

average spacing between the bed-parallel slip surfaces (ca 13 m), a circular reverse-drag 

profile can be constructed through the point at which a bed intersects the fault. Assuming 

that the beds are pinned at the outer limit of reverse-drag (Fig. 5.15a, inset), the amount of 
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bed-parallel slip on each bed-parallel slip surface due to the flexural-slip mechanism can be 

calculated as the difference in lengths of arcs of circles with radii that differ by the spacing 

between the bed-parallel slip surfaces (Watterson et al., 1998). The calculated value of 

average bed-parallel slip is ca 3 m. While this is 4.5 times larger than the measured average 

amount of slip on bed-parallel slip surfaces in Kardia mine (ca 0.65 m), this calculation 

demonstrates that folding related to reverse drag is a plausible means of generating the 

observed bed-parallel slip. Considering that bed-parallel slip took place early in relation to 

the Quaternary normal faulting, we conclude that the recorded bed-parallel slip in Kardia 

mine (Figs. 5.4 and 5.5) corresponds to a late phase of flexural-slip reverse-drag folding on 

the hanging wall of the north-dipping basement normal fault. Therefore, the additional 

expected amount of bed-parallel slip may not be recorded due to the absence of markers 

(Quaternary faults) when the bed-parallel slip first occurred.  

Schematic sequential cross-sections in Figure 5.15 illustrate our interpretation of the 

development of bed-parallel slip in relation to the normal faulting observed in Kardia lignite 

mine. The synsedimentary, breaching basement normal fault was initiated and grew during 

the Late Pliocene due to the first NE-SW extensional episode which is responsible for the 

formation of the Ptolemais Basin during the Late Miocene to Late Pliocene (Fig. 5.15a). This 

was accompanied by the development of large scale hanging wall reverse drag folding 

which is responsible for the bed-parallel slip due to the flexural-slip mechanism (Fig. 5.15a). 

During the Early Pleistocene, the normal faults in Kardia mine were initiated and they 

began to grow due to the second NW-SE extensional episode in combination with the 

synchronous growth of the favourably oriented breaching basement fault resulting in the 

cross-cutting relationships between the bed-parallel slip surfaces and the synchronous to 

later normal faults (Fig. 5.15b). From Pleistocene until the present day, the breaching 

basement fault was inactive while the later normal faults continued their growth, 

accommodating additional throw accounting for about 80% of their total throw (Fig. 5.15c).  
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5.6. Discussion 

5.6.1. Bed-parallel slip characteristics  

Bed-parallel slip has been widely described in the literature. It is generally found in 

sequences thought to have significant mechanical heterogeneity, e.g. interbedded 

sandstones and siltstones (e.g. Tanner, 1989), with slip occurring preferably on the 

mechanically weaker units. The sequence in Kardia Mine, however, is uniformly weak and 

does not display significant mechanical heterogeneity. For example mechanical tests show 

that the lignite has an average Young’s modulus of 41.5 MPa and an average cohesion of 

219 KPa while the marl has slightly higher values of 74.1 MPa and 246.5 KPa respectively. 

These values are 3 orders of magnitude lower than those described for the Buda Formation 

(Young’s modulus of 16.5 GPa and cohesion of 80 MPa respectively) which accommodates 

bed-parallel slip due to fault propagation folding on bedding planes and thin shale layers 

between massive limestones (Ferrill et al., 2007; Smart et al., 2010). The lack of significant 

mechanical heterogeneity at the time of bed-parallel slip is suggested by the even 

distribution of bed-parallel slip through the section. While this is largely due to 

synchronous faulting offsetting bed-parallel slip surfaces, it does nevertheless demonstrate 

that bed-parallel slip surfaces can be maintained at any level in the section and in any 

lithology. While the fact that bed-parallel slip can occur in this mechanically relatively 

homogeneous sequence is itself instructive, it is also interesting to consider how bed-

parallel slip can occur. Here we discuss some of the aspects of bed-parallel slip in Kardia 

that may be relevant to this question. 

Bed-parallel slip surfaces in Kardia mine do not develop fault rock (Fig. 5.16) and the 

existence of striations and slickenfibres is very rare, in contrast with their presence on the 

bed-parallel slip surfaces described in other studies (Tanner, 1989; Fowler and Winsor, 

1997; Sharp et al., 2000; Ferrill et al., 2007). Furthermore, bed-parallel slip surfaces in 

Kardia mine don’t hinder normal fault propagation (Figs. 5.3, 5.6 and 5.9), in contrast with 

the bed-parallel slip surfaces in clay units described by Roche et al. (2012a) that act as 

stronger restrictors to fault propagation than the lithological interfaces. We suggest that a 
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significant contributing factor to the formation of bed-parallel slip surfaces in Kardia mine, 

apart from the folding that drives the shearing, is the low depth of burial at the time of 

faulting (maximum ca 200 m) so that overburden stresses are low. Fluid overpressure is 

commonly invoked as a means of reducing the effective normal stress on detachment 

surfaces. While there is no direct evidence for elevated pore pressures in the Ptolemais 

mines and significant overpressures would not be expected at shallow depths of burial, 

some contribution cannot be ruled out. A significant factor may well be the impact of water 

on the mechanical properties of the sequence whereby the frictional strength of clay rich 

intervals becomes significantly weaker than the surrounding lithologies in the presence of 

water. Evidence that this is the case is provided by bed-parallel slip surfaces that have been 

reactivated recently due to the excavation unloading during the mining operations causing 

concerns regarding the stability of the excavated slopes, especially after heavy rains. 

Mechanical tests on the Ptolemais lignites have highlighted that their shear strengths are 

strongly dependent on moisture content (Kavvadas et al., 1994). Low frictional properties 

of the fine grained lithological components in the mine are very clear when the mines are 

wet and it becomes difficult for mine vehicles to climb even very shallow inclines. 

The spacing of the bed-parallel slip surfaces studied here ranges from a few cm up to 60 m 

with an average value of ca 13 m at any location within the mine. Other studies have 

described that spacing between movement horizons developed by flexural-slip folding 

during progressive shortening can range from 0.2 to 11.7 m, with the majority up to a few 

metres. Spacing decreases with increasing the fold limb dip (or the interlimb angle) which 

results in the formation of new movement horizons (Tanner, 1989; Fowler and Winsor, 

1997; Horne and Culshaw, 2001). This is consistent with the higher values of spacing 

recorded in Kardia mine as they are associated with an open folding in comparison with the 

much tighter folds (chevron folds) described in the literature. However, we believe that the 

nature of the multilayer sequence and the range of the bed thicknesses within it may also 

play an important role in controlling the spacing between movement horizons during 

flexural slip. As far as we know, there are no published data for spacing of bed-parallel slip 

surfaces associated with flexural-slip folding in extensional tectonic settings. Nevertheless, 

Ferrill et al. (2007) calculated the bedding-parallel shear strain, associated with extensional 
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fault propagation flexural-slip folding, by summing the total bed-parallel slip, and dividing 

by the total layer thickness. The calculated bedding-parallel shear strain ranges from 0.11 

to 0.26 and it increases with the limb dip which has a range from 5 to 45 degrees (Ferrill et 

al., 2007). In Kardia mine, the average bedding-parallel shear strain is ca 0.05 and is 

calculated in an area with an average limb dip of ca 6º which increases towards south to a 

maximum dip of ca 20º. The considerably lower values of bedding-parallel shear strain in 

Kardia mine were attributed to the fact that these recorded values correspond only to the 

late phase of flexural-slip reverse-drag folding and also that the maximum limb dip of the 

fold in Kardia mine is less than half of the maximum limb dip in the case of the fold was 

shown by Ferrill et al. (2007). Smart et al. (2010) have shown that bedding-parallel shear 

strain increases with increasing maximum limb dip of an extensional fault propagation fold. 

5.6.2. Segmentation of bed-parallel slip surfaces 

It is well established that a common feature of all types of faults is their segmented nature. 

Irrespective of the mode of faulting and depending on the sense of overlap between the 

fault segments and the volumetric strains required to transfer displacement, they might 

form neutral, extensional or contractional relay zones (e.g. Walsh et al., 1999). Our dataset 

shows that bed-parallel slip surfaces are also segmented in the same way as the other 

types of faults. In Kardia mine, extensional relays along the bed-parallel slip surfaces are 

much more common than contractional relays (ca 95%) and transfer of displacement 

between their bounding segments is achieved by bookshelf faulting or connecting normal 

faults (Figs. 5.2, 5.3, 5.10 and 5.11). Ferrill et al. (2007) have also pointed out that 

extensional relays and bends predominate along bed-parallel slip surfaces associated with 

an extensional fault propagation monocline. In contrast, contractional relays are 

predominant along movement horizons related to flexural slip folding in contractional 

tectonic settings (Tanner, 1989, 1992; Horne and Culshaw, 2001). In addition, relays with 

connecting faults with a normal sense of movement are associated with extensional 

tectonic settings (this study; Gross et al., 1997a; Ferrill et al., 2007) and reverse sense of 

movement with contractional tectonic settings (Tanner, 1989, 1992; Horne and Culshaw, 

2001). These observations suggest that there is some control on the stepping direction of 
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the segments along the bed-parallel slip surfaces, with bed-parallel slip surfaces stepping 

up-section in the transport direction in compressional settings and down-section in 

extensional settings. Tanner (1992) highlighted the absence of extensional steps in bed-

parallel slip in flexural slip folding but did not propose a model to explain this observation. 

Neutral relays are also interpreted to be very common in Kardia mine, but associated 

connecting faults were not identified. We believe that this may be an artefact due to the 

orientation of exposed outcrops which is parallel to the expected strike of these connecting 

faults, making their identification in the field difficult. Additionally, such faults will not 

offset bedding and therefore are invisible in these rocks. Other studies have identified 

these connecting faults and they describe them as lateral ramps with branch lines parallel 

to the movement direction of the bed-parallel slip surfaces (Horne and Culshaw, 2001; 

Perritt and Roberts, 2007). 

5.6.3. The effect on fault zone structure 

Bed-parallel slip due to the mechanism of flexural-slip folding has been long discussed (e.g. 

Tanner, 1989; Fowler and Winsor, 1997; Horne and Culshaw, 2001; Ferrill et al., 2007) but 

not many studies have been made on its significance for the development of other types of 

faults in the case of their synchronous growth (Salehy et al., 1977; Watterson et al., 1998; 

Chapter 4). Some of the outcrop examples presented in this paper demonstrate the 

significant impact of synchronous bed-parallel slip on growth and architecture of normal 

faults. For example, the presence of neutral relay zones between bed-parallel slip surfaces 

results in fault segmentation accompanied by the formation of ramps on the fault surfaces 

(Fig. 5.9b). Depending also on the number of repetitions of bed-parallel slip and normal 

faulting, the resulting 3D fault zone structure can be very complicated (Chapter 4). In 

general, the relatively high internal complexity of the bed-parallel slip surfaces in three-

dimensions shown here can increase the fault zone complexity, something which might 

have many practical applications, such as defining the connectivity of faulted reservoirs and 

earthquake hazard assessment. Bed-parallel slip during fault growth effectively introduces 

a new displacement marker at some time (or times) after fault displacement has already 
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accrued so that there is a potential to use bed-parallel slip surfaces to study the growth of 

blind faults. 

 

5.7. Conclusions 

 Bed-parallel slip in Kardia Lignite Mine has a persistent top to the north slip 

direction, ranging from a few cm up to 4.5 m. The spacing between the bed-parallel 

slip surfaces ranges from a few cm up to 60 m, with an average value of ca 13 m at 

any location and an average amount of slip of 0.65 m. 

 Bed-parallel slip can occur in relatively weak and mechanically homogeneous rocks. 

In Kardia mine, there is no preferred stratigraphic level or lithology for bed-parallel 

slip due at least partly to synchronous faulting. 

 Bed-parallel slip surfaces can be segmented both parallel and normal to the slip 

direction and on a wide range of scales. Displacement transfer between them 

happens in the same fashion as in the other types of faults.  

 Displacement gradients on bed-parallel slip surfaces lie within the range of the 

global dataset for other types of faults and they are lower than on normal faults in 

the same sequence. 

 Layer-confined, minor normal faulting can be associated with segmented bed-

parallel slip surfaces. Two types of minor faults were identified in Kardia mine; (a) 

the “bookshelf-style” faults and (b) connecting normal faults. Their displacements 

range from a few cm up to half a metre and their strikes are normal to the bed-

parallel slip direction. 

 Bed-parallel slip within the multilayer sequence in Kardia mine happened early in 

relation to Quaternary normal faulting and it formed due to the flexural-slip folding 
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associated with reverse-drag in the hanging wall of a north dipping, synsedimentary 

basement normal fault at the southern end of the mine. 

 The 3D internal complexity of the bed-parallel slip surfaces and their synchronous 

activity with the growth of the normal faults can result in complicated normal fault 

structures with unexplored geometries such as ramp geometries on fault surfaces. 
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Figure 5.3: a) Outcrop photograph of a 20 cm throw normal fault which was affected by bed-parallel slip 

during its growth. The bed-parallel slip direction is opposite to the fault dip direction resulting in a 

contractional sense of step on the fault. The thickness of missing sequence is equal to the fault displacement 

before the bed-parallel slip. Subsequent reactivation of the normal fault after the bed-parallel slip results in 

the formation of the breaching fault. b) Displacement profiles along the fault slip surfaces (orange and green) 

showing a displacement singularity at the point that they cross the bed-parallel slip surface which is the 

transition from the pre-existing fault segments to the post bed-parallel slip fault segment. c) Sequential 

illustration of the fault zone growth starting from the stage at which the normal fault hasn’t been affected yet 

by bed-parallel slip (1) and ending with the final fault zone structure (3) observed in (a). The yellow lines are 

minor connecting faults formed to transfer displacement between bed-parallel slip surfaces (see text). 
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Figure 5.5: (a) Stratigraphic log of the Ptolemais Formation as it is exposed in Kardia Lignite Mine. Dark grey 

colour is lignite, grey is grey marl, white is beige marl and black lines indicate bed interfaces. (b) Amount of 

bed-parallel slip recorded on each bed-parallel slip surface. (c) Frequency (%) of recorded bed-parallel slip on 

each horizon. (d) Stratigraphic level of bed-parallel slip grouped by the fault zone which it displaces. (e) Ratio 

of throw before bed-parallel slip to total throw of the fault zone for each fault zone (see text). The recorded 

horizon on which the bed-parallel slip occurred is on the south side of each displaced fault. See map in Fig. 

5.4 for the locations of the fault zones. 
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Figure 5.6: (a) Fault map showing the locations of the recorded bed-parallel slip along the same horizon on 

the footwall of the fault zone which is displaced by it. The arrows indicate the slip direction and their size 

indicates these relative amounts of slip. The two dots show the locations of fault outcrops which are not 

displaced by bed-parallel slip along this horizon. (b) Bed-parallel slip profile normal to the direction of bed-

parallel slip and along the displaced fault zone. (c), (d), (e), (f) and (g) are outcrop photographs along the 

same fault zone which is displaced by bed-parallel slip at the locations shown on (a). The location of this 

structure in the mine is indicated by a black arrow in Figure 5.4. 
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Figure 5.7: Maximum throw-slip versus length for bed-parallel slip surfaces in Kardia mine (red crosses), 

normal faults from the lignite mines in Ptolemais Basin (blue circles) and from numerous published sources 

for different types of faults (black circles; Freund, 1970; Elliott, 1976; Nelson, 1980; van den Bark and Thomas, 

1980; Verdier et al., 1980; Muraoka and Kamata, 1983; Walsh and Watterson, 1988; Marrett and 

Allmendinger, 1990; Peacock, 1991; Gillespie et al., 1992, 1993; Dawers and Anders, 1995; Cartwright et al., 

1996; Jackson et al., 1996; Nicol et al., 1996; Schlische et al., 1996; Rowan, 1997; Fossen and Hesthammer, 

1998). 
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Figure 5.8: (a) Outcrop photograph showing several bed-parallel slip surfaces which offset large and small 

normal faults. (b) Bed-parallel slip profiles along the bed-parallel slip surfaces at the outcrop in (a) showing 

the displacement transfer between them and their segmented nature. (c) and (d) are close-up photographs of 

the outcrop on (a) showing in more detail the normal faults displaced by bed-parallel slip. 
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Figure 5.9: (a) Two outcrop photographs along a 12 m throw normal fault zone which is displaced by bed-

parallel slip early in its growth. The distance between the two outcrops along the strike of the fault zone is 43 

m. (b) Cartoon showing the segmented nature of the bed-parallel slip surfaces, normal to the bed-parallel slip 

direction, resulting in the formation of a relay ramp as it is preserved on the displaced surface of the normal 

fault. This cartoon shows the geometry of the normal fault and the bed-parallel slip surfaces exactly after the 

bed-parallel slip event and before the reactivation of the normal fault zone on (a). The colours of the horizons 

correspond to the colours of the horizons used on the outcrop photographs on (a). 
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Figure 5.10: a) Vertically exaggerated (2:1) and true scale outcrop photograph showing “bookshelf-style” or 

“domino-style” faulting related to the bed-parallel slip in Kardia lignite mine. b) Cartoons showing our 

interpretation of the role of the bookshelf-style faulting and the associated layer parallel extension in 

transferring displacement between bed-parallel slip surfaces which bound extensional relay zones. The 

equations for calculating the amount of extension (ε) and the amount of the bed-parallel slip (b) which is 

transferred between the bed-parallel slip surfaces are also provided. Note the clear structural thinning of the 

sequence bounded by overlapping bed-parallel slip surfaces. 
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Figure 5.11: Outcrop photograph showing layer-confined ‘connecting’ normal faults associated with transfer 

of displacement between the segmented bed-parallel slip surfaces which form extensional relays zones as 

shown in (b). 

 

 

 

Figure 5.12: Histogram of the ratio of the throw before the bed-parallel slip to the total throw of the fault 

zone for 291 measurements performed on cross-sections along the interpreted fault zones in Kardia Mine. 
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Figure 5.13: (a) Fault map showing the locations (1 and 2) of the recorded bed-parallel slip which displaces 

the FW fault of a north-dipping normal fault zone in Kardia lignite mine. (b) Profiles of the throw before the 

bed-parallel slip and the total throw of the normal fault which has been displaced by the bed-parallel slip, 

showing the increase in throw gradient with increasing throw along this relay bounding, fault segment. The 

range of the estimated position of the fault tip is based on the available outcrops. 
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Figure 5.15: Schematic sequential cross-sections illustrating the development the bed-parallel slip in relation 

to the normal faulting in Kardia lignite mine. The location of the cross-section is shown on Fig. 5.1. (a) Late 

Pliocene, initiation and growth of the synsedimentary, breaching basement fault due to the first NE-SW 

extensional episode which is responsible for the formation of the Ptolemais Basin during the Late Miocene to 

Late Pliocene. This was accompanied by the development of a large scale HW reverse drag folding which is 

responsible for the bed-parallel slip due to the flexural-slip mechanism. (b) Early Pleistocene, initiation and 

growth of normal faulting in Kardia mine due to the second NW-SE extensional episode, which in combination 

with the synchronous growth of the breaching basement fault resulted in the cross-cutting relationships 

between the bed-parallel slip surfaces and the later normal faults. (c) From Pleistocene till recent, 

inactivation of the breaching basement fault and continuation of growth of the later normal faults. The Late 

Pleistocene unconformity and the location of Kardia mine are also shown. 
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Figure 5.16: Thin section across a bed-parallel slip surface with a displacement of ca 1.5 m which is 

accommodated on a single, planar slip-surface without the presence of fault rock. Marl (above the bed-

parallel slip surface) is juxtaposed with lignite (below the slip surface).  
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Chapter 6 

 

Conclusions and suggestions for future research 

 

6.1. Conclusions 

This study examines a 3D dataset of seismic scale normal fault zones at outcrop resolution 

which has been acquired in the active, opencast Kardia lignite mine in the Ptolemais Basin, 

NW Greece. Repeated visits at 3-monthly intervals over a 5-year period have allowed serial 

sections of the faults to be examined. These sections have been analysed three-

dimensionally, providing a unique insight into the structure of normal faults. 

 

Quantitative analysis of throw partitioning along seven, seismic scale and outcrop 

resolution fault zones has shown that:  

 Throw partitioning decreases with increased throw consistent with progressive 

localisation during fault growth within the scale range observable in this mine. 

 The degree of throw partitioning and the rapid lateral variations in throw 

partitioning over a fault zone are related primarily to the range of scales of 

segmentation of the initial fault. 

 The contribution of continuous deformation to total throw decreases as the total 

throw increases suggesting that continuous deformation, such as normal drag 

develops during the early stages of a fault zone development. 
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 The throw on subsidiary synthetic faults increases with increasing total throw and 

its contribution to total throw appears to be more or less constant within the scale 

range observed in this study. However it is possible that a tendency to a diminishing 

contribution from subsidiary faults is obscured by data from the largest sampled 

scale of segmentation. 

 

Three-dimensional mapping of a seismic scale, exceptionally well exposed normal fault 

reveals a high variability on the internal fault structure with the following main 

characteristics: 

 The smooth and regular aggregate throw distribution resembles that of a single 

isolated fault and demonstrates that the array of fault segments is a geometrically 

and kinematically coherent structure. 

 The distributions of throws on individual fault surfaces along the fault appear to be 

dependent on the size, throw distribution and the 3D arrangement of other 

elements of the fault so that geometric and kinematic coherence can be achieved. 

 On the largest scale of observation the fault comprises two main slip-surfaces; the 

degree of segmentation progressively increases with finer scales of inspection. 

 Large scale fault segments tend to be unconnected in 3D and the degree of 

connectivity of segments increases at smaller scales as small separation relay zones 

are breached at lower throws than large separation relay zones. 

 Continuous deformation constitutes an integral element of the fault structure in all 

stages of fault growth. Segment boundaries and fault surface irregularities can 

significantly increase the contribution of continuous deformation to total throw. 

 The total throw along the fault is variably partitioned into different throw 

components with the throw on the largest fault strand ranging from 10 to 88 

percent of the total throw. The proportion of throw on the largest fault is an index 
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of fault localisation and the increase in this measure, at the expense of the 

proportion of throw accommodated by continuous deformation, indicates that 

strain becomes more localised as the fault zone evolves. 

 Shear strains along the normal fault overlap with all the fault geometric 

components used to define fault evolution in the published literature. Fault zone 

geometrical features indicative of linkage between fault segments occur over the 

full range of shear strains supporting a model in which fault segment linkage is the 

primary control on fault zone structure and is also the primary control on fault rock 

thickness in areas where detailed fault zone structure is not preserved. 

 

Bed-parallel slip within the multilayer sequence in Kardia mine as a mechanism of asperity 

formation along the normal faults has been explored. Examination of the role of bed-

parallel slip on fault segmentation has shown that: 

 The process of faulting followed by bed-parallel slip can lead to (1) vertically 

segmented faults, (2) fault zones with paired slip-surfaces and (3) wide fault zones 

with multiple slip-surfaces, accompanied by enormously high displacement 

gradients on individual fault segments and repeated or missing parts of the 

stratigraphic sequence within the fault zone. 

 The geometries produced by this process are even more complex in three-

dimensions resulting in significant variability in the fault zone structure and 

thickness. 

 The resulting fault zone structure consisting of multiple fault slip-surfaces in 

combination with the repeated or missing parts of the stratigraphic sequence 

within the fault zone may have implications for fault juxtaposition analysis used to 

assess connectivity between reservoir units. Additionally, the repetition of this 

process might play an important role in the development of clay-shale smearing 

along the fault surfaces within suitable sequences.  
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 Bed-parallel slip can be used to establish propagation direction of the reactivated 

offset fault segments providing for the first time a means of establishing fault slip 

propagation direction from outcrop. 

 

Investigation of the cross-sectional and map-view distribution of the geometric and 

kinematic characteristics of bed-parallel slip within the multilayer sequence in Kardia mine 

has shown that: 

 Bed-parallel slip in Kardia Lignite Mine has a persistent top to the north slip 

direction, ranges from a few cm up to 4.5 m and the spacing between the bed-

parallel slip surfaces ranges from a few cm up to 60 m with an average value of ca 

13 m at any location and an average amount of slip of 0.65 m. 

 Bed-parallel slip can occur in relatively weak and mechanically homogeneous rocks. 

In Kardia mine, there is no preferred stratigraphic level or lithology for bed-parallel 

slip due at least partly to synchronous faulting. 

 Bed-parallel slip surfaces can be segmented both parallel and normal to the slip 

direction and on a wide range of scales. Displacement transfer between them 

happens in the same fashion as in the other types of faults.  

 Displacement gradients on bed-parallel slip surfaces lie within the range of the 

global dataset for other types of faults and they are lower than on normal faults in 

the same sequence. 

 Layer-confined, minor normal faulting can be associated with segmented bed-

parallel slip surfaces. Two types of minor faults were identified in Kardia mine; (a) 

the “bookshelf-style” faults and (b) connecting normal faults. Their displacements 

range from a few cm up to half a metre and their strikes are normal to the bed-

parallel slip direction. 
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 Bed-parallel slip within the multilayer sequence in Kardia mine happened early in 

relation to Quaternary normal faulting and it formed due to the flexural-slip folding 

associated with reverse-drag in the hanging wall of a north dipping, synsedimentary 

basement normal fault at the southern end of the mine. 

 The 3D internal complexity of the bed-parallel slip surfaces and their synchronous 

activity with the growth of the normal faults can result in complicated normal fault 

structures with unexplored geometries such as ramp geometries on fault surfaces. 

 

In some ways the faults and the sequence they offset in the Ptolemais mines are 

anomalous and not necessarily representative of faults in stronger, more typically brittle 

rocks. However it is the fact that these faults are something of an oddity that makes them 

particularly useful for studying fault zone geometry. For example folding in the form of 

normal drag associated with the faults in Ptolemais mines is widespread and significant; 

drag is, with some exceptions (e.g. forced folds), relatively rare in normal faults. This aspect 

of the faults in Ptolemais provides the opportunity to quantify the contribution of drag and 

to demonstrate, as in Chapter 3, that drag is an integral part of a geometrically coherent 

fault structure. The importance of drag and other forms of continuous deformation is 

difficult to establish in sequences that are more indurated and more brittle than in 

Ptolemais. Similarly there is little or no fault rock developed within the faults in Ptolemais 

and the lenses and sheets of variously crushed and mixed wall rock associated with most 

faults are absent here. For this reason the fine details of fault zone structure that record 

the evolution of the faults are preserved providing the potential, which is partly realised in 

this thesis, to improve our understanding of the same processes within typical, destructive 

fault zones. The chapters related to bed-parallel slip are the most clear illustration of this. 

The evidence for synchronous faulting and bed parallel slip and the means to study the 

details of fault evolution in this situation is unlikely to be preserved in most rock types. The 

mines at Ptolemais therefore provide many opportunities for further research into the 

growth of faults and fault zones some of which are described in the next section. 



6 - Conclusions and suggestions for future research 

158 
 

6.2. Possible lines of future research 

Apart from the features of normal faults analysed in chapters 2-5, a variety of intriguing 

normal fault related structures are observed in Kardia mine. However, given the timeframe 

of this study, not all of these structures could be investigated in detail. A brief description 

of aspects of some of these technical issues is provided below.   

6.2.1. Fault-related folding 

Fault-related folding in the form of normal drag is very pronounced in Kardia lignite mine. 

Quantification of continuous deformation in Chapters 2 and 3 has shown that segment 

boundaries and fault surface irregularities can significantly increase the proportion of total 

fault throw accommodated by continuous deformation. However, a more detailed 

investigation of the fault-related fold characteristics is needed in order to examine possible 

relationships between the nature and spatial and temporal distribution of fault-related 

folding and the geometrical characteristics of segment boundaries and fault surface 

irregularities in combination with the distribution of the total throw along them. This 

approach requires quantification of fault-related folding in three-dimensions in such a way 

that can captures both synthetic (i.e. normal drag) and antithetic continuous throws within 

a rock volume affected by normal faulting. Shear strain profiles along several cross-sections 

and stratigraphic levels along a normal fault zone (i.e. Fig. 3.6 in Chapter 3) could capture 

this information and also could provide details regarding the size and relationships 

between fold amplitudes and wavelengths, and the geometry of the associated discrete 

faults. It would be also very interesting to examine all these aspects of fault-related folding 

in a range of scales, from one single fault to a basin-scale fault system.  

6.2.2. 3D arrangement of a segmented fault array 

Detailed 3D mapping of a normal fault in Chapter 3 has shown that description of the 3D 

geometrical arrangement between fault surfaces is not as simple as it is for faults observed 

in 2D sections. Overlap and separation between two fault surfaces can have a wide range 



6 - Conclusions and suggestions for future research 

159 
 

of values when observed in 3D space. Furthermore, the 3D arrangement between fault 

surfaces commonly defines oblique relay zones that display relay zone characteristics when 

observed both in map-view and in cross-sections. Although faults are 3D objects, most of 

the descriptions of their structure in the published literature are based on their 2D 

characteristics even if they were originally mapped in 3D space. Therefore, a better way of 

defining and quantifying the 3D arrangement of a segmented fault array is needed.  

Furthermore, the 3D geometrical arrangement of fault segments in combination with the 

throw distribution along each fault surface, can result in a variety of volumetric strains 

within a relay zone with characteristics of all types of relay zones, contractional, 

extensional and neutral relay zones. Therefore, determination of the actual 3D geometrical 

arrangement between fault surfaces by examination of individual 2D sections across 

normal fault zones can have many uncertainties. This issue often leads to misinterpretation 

of fault structures studied in outcrops which to some extent can also introduce significant 

noise in datasets investigating relay zone evolution. A better understanding of the fault 

features associated with the development of different volumetric strains within relay zones 

may improve our interpretations of fault structures with limited 3D exposures. Such fault 

features could be the direction and the degree of obliquity of the branch-lines within 

breached relay zones.  

6.2.3. Quantification of syn-sedimentary fault movements 

Steenbrink et al. (1999) have shown that the small-scale layering within the Ptolemais 

Formation is controlled by Milankovitch type orbital cycles and they have calculated an 

average duration of 21.8 ± 0.8 kyr per lignite–marl cycle by dating nine volcanic ash beds 

located within the 3 members of Ptolemais Fm. We have not been concerned with these 

precise stratigraphic details in this study, although the existence of a high resolution 

chronostratigraphic log may be of great benefit to quantifying movements on syn-

sedimentary faults. Thickness changes across faults indicate that some fault zones in Kardia 

mine were active during deposition of the Ptolemais Fm (fault zones P and T in Chapter 2) 



6 - Conclusions and suggestions for future research 

160 
 

and therefore a relatively high resolution determination of their movement rates might be 

possible. 

6.2.4. Displacement propagation and accumulation along fault surfaces 

Reactivation of normal faulting after a bed-parallel slip event results in reactivation and 

propagation (downward or upward) of one or both offset fault segments (Chapter 4). 

Which normal fault segment(s) are reactivated after a bed-parallel slip event, may reflect 

the direction of fault propagation during reactivation, something which is likely to be 

determined by the location of the bed-parallel slip surface relative to the displaced normal 

fault surface and the displacement distribution on the fault surface. Therefore, a detailed 

analysis and mapping of the propagation direction of the reactivated offset fault segments 

along each fault surface in combination with the displacement distribution along each fault 

surface may provide insights on the controls of the direction of fault propagation but also 

on how displacement propagates and accumulates along a fault surface during sequential 

events of fault growth. 

6.2.5. Synchronous faulting and bed-parallel slip in other fault systems 

The significance of bed-parallel slip for fault segmentation would not be recognised in the 

field without detailed examination of fault zone structure, including the displacement 

gradients on individual fault segments, and of the succession of the layers within the fault 

zones. The nature of the multilayer sequence in Kardia mine has contributed to the 

identification and study of the role of bed-parallel slip in fault zone structure as it allows 

the preservation of fault zone internal structure at high strains, which does not generally 

occur. Bed-parallel slip effects on fault zone structure may be more common than 

expected. Watterson et al. (1998) have identified normal faults affected by bed-parallel slip 

at two different areas, Lancashire, UK and Moab, Utah, US. It might be the case that 

consideration of the potential role of the bed-parallel slip in increasing fault complexity 

(Chapter 4) could provide insights into the development of previously considered 

complicated fault outcrops. Increasing the number of case studies of fault systems where 
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faults are affected by bed-parallel slip in combination with a better understanding of the 

nature and origin of bed-parallel slip in each case study may provide a means for 

identifying likely structures where faults are expected to be affected by bed-parallel slip.  

6.2.6. Fault zone structure 

Models for the evolution of fault zone structure involve incorporation of volumes of wall-

rock into fault zones by a combination of fault segmentation leading to the formation of 

fault bound lenses and the removal of wall-rock asperities. There is at present no means of 

evaluating the relative importance of these mechanisms because there is no objective 

means of distinguishing between them in a fault zone. In Kardia mine however the 

distinction between relay zones and asperities formed by bed-parallel slip is clear and it 

may be possible to define general geometric criteria to distinguish between these two 

mechanisms.  
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Appendix - Glossary 

Coherence – geometric and kinematic 

A fault array is characterised as geometric coherent when the aggregate displacement 

profile resembles that of a single isolated fault. If the geometrical coherence exists at all 

stages in the growth of a fault array, then the fault array is also kinematic coherent (Walsh 

and Watterson, 1991). 

Drag – normal and reverse 

The displacement associated with a fault decreases with distance from the fault, giving rise 

to a progressive decrease in horizon dip away from the fault i.e. a ‘reverse drag’ profile 

(Hamblin, 1965). Normal drag is a deflection of bedding in the opposite direction to reverse 

drag immediately adjacent to a fault (Barnett et al., 1987). 

 

Fault zone 

Fault zone is defined as a system of related fault segments that interact and link and are 

restricted to a relatively narrow band or volume (Peacock et al., 2000). Often we refer to 

the fault zone simply as ‘fault’. An individual slip plane that is part of a set of sub-parallel 

faults that together form a fault zone is referred to as fault segment. 
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Intact and breached relay zones 

An intact relay zone is one in which all of the displacement transfer across the relay zone is 

accommodated by a ductile rotation. A breached relay zone is used to refer to relay zones 

where some of the displacement transfer is accommodated by a linking fault or breaching 

fault connecting the bounding segments. Doubly breached relay zones form where two 

breaching faults cross cut the relay zone leading to the formation of a volume of rock which 

is bounded entirely by fault surfaces. Lens is used to refer to any such volume of rock which 

is completely bounded by fault surfaces, however, lens has no kinematic significance and 

lenses can be formed by many mechanisms. Two types of linkage of overlapping fault 

segments in 2D can be distinguished; these are referred to as plane-to-plane and tip-to-

plane (Kristensen et al., 2008). Plane-to-plane linkage is where a ‘connecting fault’ forms 

between the two overlapping fault segments while tip-to-plane segment linkage is where 

one of the segments is deflected towards the other segment to connect with it at a branch 

point. Tip-to-plane linkage can occur on either the hanging wall or footwall side. In addition 

to the two types of linkage, which may occur between overlapping faults, underlapping 

fault segments (i.e. no overlap between the segments) may coalesce by tip-to-tip linkage. A 

fault segment boundary bypassed by tip-to-tip linkage is preserved as a bend on the 

through-going fault trace with an associated displacement low. 
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Overlap - Separation 

The term overlap area (or zone) is a purely geometric term used to refer to the area or 

volume between two adjacent overlapping fault segments in 2-D or 3-D, respectively. A 

related term is the overlap length, which is the fault-parallel length of the overlap zone in 

map view. The fault strike perpendicular distance between two segments is referred to as 

relay zone separation. 

Relay zone 

Where there is demonstrable transfer of displacement between two overlapping faults, 

displacement is said to be relayed between the faults and the intervening rock volume is 

termed a relay zone. Depending on the nature of the strains within the relay zones we can 

distinguish three end member types of relay zones. Relay zones between normal fault 

segments, which overlap on vertical cross-sections, are referred to as ‘contractional’ or 

‘extensional’ depending on the sense of overlap of the fault segments and the nature of 

the volumetric strain required to transfer displacement between them. Relay zones 

between normal faults, which overlap along strike, are referred to as ‘neutral’ as no 

volumetric strains are required to transfer displacement between the relay bounding 

faults. A relay ramp is a relay zone in bedded rocks where the layering forms a rotated 

ramp. Many relay zones do not conform to these simple end-member types but are 

oblique, displaying relay zone characteristics both in cross-section and in map view. 

 



Appendix - Glossary 

175 
 

Segment boundary 

The term segment boundary is a general term for the boundary between any two adjacent 

segments in a fault array; it can be used irrespective of the geometry of the boundary, the 

connectedness of the fault segments or the mode of faulting. 

Throw partitioning 

In general, recorded fault throws can be divided into two components, discontinuous and 

continuous throws. Discontinuous throw refers to throw which occurs on discrete fault 

surfaces and continuous throw refers to throw accommodated by deformation of the wall 

rock due to normal drag and bed rotations within the fault zone. In this study we subdivide 

the discontinuous throw into the throw on the largest fault strand and the remaining 

component which is the sum of throws on subsidiary synthetic fault strands. 

 

 


