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Abstract 

The slow dissolution of carbonate rocks produces geological landscape features called karst. 

As meteoric water percolates into the subsurface through permeable pathways, the 

encompassing rock can start to dissolve in a process called karstification. Given sufficient 

time, dissolution of soluble rocks may result in the expansion of the initial pore space and the 

formation of solutional enlarged fractures, vuggy pore networks, and karst caverns. The newly 

formed pore space may be partly or completely infilled by a range of sediment and breccias, 

resulting in heterogeneous facies distribution. 

One of the most common oil and gas producing reservoirs in the world are hosted in 

paleokarst. Paleokarst reservoirs occur at depths ranging from less than 200 m to 8000 m and 

typically comprise significant hydrocarbon volumes. However, they typically have low 

recovery factor potentially due to difficulties in resolving and delineating this reservoir type 

from seismic data, eventually resulting in over-/underestimation of STOOIP. High seismic 

velocities in carbonate rocks, heterogeneous facies distributions, and the relatively small scale 

of many paleokarst features often result in paleokarst reservoirs being inherently difficult to 

resolve and delineate from seismic data. 

Seismic modelling can help in understanding the signatures unique for various paleokarsts in 

the seismic data. Synthetic seismic data can be generated with the help of subsurface reservoir 

models and estimating an elastic property from well data or deriving an empirical relation for 

different properties using well data. The seismic response of the carbonates can vary 

depending upon the pore geometry and volume fraction of different pore infill (i.e., solids, 

fluids, and gas). An efficient way of modelling can be achieved using Point Spread Functions. 

The convolution of Point Spread Function with the 2D or 3D reflectivity model can generate 

more realistic results than the standard 1D Convolution method.  

In this study, a new seismic modelling workflow for paleokarst reservoirs will be carried out. 

A pre-built reservoir model of Loppa High, Southwestern Barents Sea was used as input for 

seismic modelling. The model comprises the stratigraphic and structural framework of the 

Loppa High, as well as an analogue of a paleokarst system. The Agios Georgios cave system 

in Northern Greece was used as analogue for simulating anticipated collapse and infill 

processes and rendering the post-collapse morphology and facies distribution. was 

repositioned into the Loppa High area between Orn and Falk formations to model and analyze 

the seismic response of cave system on seismic data.  
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Chapter 1 

1. Introduction 

1.1.  Motivation 

It is estimated that ~20% of the Earth´s ice-free continental surface is occupied by karst 

landscapes (Ford and Williams, 2013). The largest hydrocarbon fields around the world are 

produced from carbonates (e.g., Middle East, Europe, America, and South-East Asia), many 

of which are karstified. Karstified carbonate rocks also hold a large amount of ground water 

but can also be excellent sited for industrial minerals like uranium, aluminum, nickel, 

vanadium, and phosphates (Mazzullo and Chilingarian, 1996). The discovery of Gotha, Alta, 

and Neiden on the Loppa High in the Norwegian Barents Sea are likely the paleokarst 

reservoirs on Norwegian Continental Shelf (NCS) expected to comprise sufficient resource 

estimates for production. 

Carbonate rocks are often soluble and start to dissolve in contact with meteoric water. A 

surface or subsurface feature developed on or within the soluble rocks, such as limestone, 

marble and gypsum is termed as karst and the process of dissolution which generates karst is 

known as karstification (Ford and Williams, 1989).  The general term for preserved ancient 

karts is paleokarst and most commonly these features get filled with stratified sediments 

(Simms, 2014). The caves, sinkholes, and karst towers (Figure 1.1-1) are the dominant karst 

features (Ford and Williams, 1989). The carbonate paleokarst reservoirs are adjacent to the 

paleo-weathering unconformities, with complex spatial distribution and interconnected 

relationships (Tian et al.,2019). Mostly caves get subjected to high overburden due to burial 

depth and the cave ceiling collapses resulting in cave channel filled with sediments or 

collapse material. The infill can be allochthonous and autochthonous sediments, breakdown 

material from walls/roofs, precipitates from various processes (fluvial, aeolian, gravitational 

etc.). The caves or sinkholes can still have cavities which are usually encountered while 

drilling as bit drop (Zeng et al, 2011a). These reservoirs can hold a significantly larger volume 

of hydrocarbons than conventional clastic reservoirs. High seismic velocity in carbonate 

rocks, compared to siliciclastic rocks (Janson and Fomel, 2011), typically result in relatively 

low horizontal and vertical seismic resolution.  
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Carbonates are often very complex because of the different depositional settings and the later 

stage changes due to dissolution and diagenesis. The effect of dissolution and diagenesis also 

lead to generation of pore types with different shape and size. Compared with siliciclastic 

rocks, which mainly have one pore type, carbonate rocks have a variety of different pore types 

(Xu and Payne, 2009) & (Lonoy, 2006). The process of karstification can result in solutional 

widened cracks, caverns, and vuggy porosity. These secondary pore types add to other 

primary pore types present in the host rock and may result in a complex distribution of a wide 

range of pore types. Elastic-wave velocity, which is the controlling factor in seismic data, will 

be highly affected by how large the pores are and the type of fluid present inside the pore. 

This is the main challenge in the characterization of carbonates. 

 

Figure 1.1-1 Karst features that can occur in carbonate Rocks (Zeng et al., 2011a) 

 

The validation of seismic interpretation in paleokarst reservoirs area can be done by 

comparison with modeled seismic data. To create realistic models of known karst features and 

then use these models to generate synthetic seismic data. These characteristics of modelled 

data can then be used to analyze real seismic data to identify similar features. The variation of 

multiple petrophysical properties like fluid type, water saturation and porosity can be 

introduced to study the parameter which has the most effect on the seismic behavior. 
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1.2. Aim of Study 

Significant lateral and vertical variations in paleokarst reservoirs often lead to less reliance on 

well data; therefore, the mapping of these complex structures is typically based on seismic 

data. The aim of this thesis is to develop a workflow for seismic modelling of paleokarst 

reservoirs using geocellular reservoir models from Loppa High as input. The seismic 

modelling results can be benchmarked against the reservoir model and assist seismic 

interpreters in potentially identifying seismic signature indicative of paleokarst features. In 

turn, these signatures could potentially be resolved from real seismic data. In this study, a 

reservoir model of the Loppa High, that comprise a paleokarst analogue of the Agios 

Georgios cave system in northern Greece, will be used. Generally, rock physics models are 

used to define the elastic properties of rock. However, for carbonate rocks, the rock physics 

models for carbonates are not well defined and erroneous values can be generated. A new 

approach of estimating velocities and density based on porosity and pore type is used here to 

generate the input elastic models. The variation of overburden and water saturation will be 

introduced in the different models to see the change in seismic response. A 3D Point -Spread 

Function convolution modelling will be used to simulate the seismic.  
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Chapter 2 

2. Geological Settings, Carbonates and Karsts 

2.1. Geological Settings 

The area of interest lies in the Barents Sea. It is located North of the Norwegian Sea, West of 

Kara Sea and East of Greenland Sea. The Barents Sea is further divided into tectonic 

provinces. The stratigraphic succession in the region shows consistent sedimentary packages 

from Carboniferous to Quaternary. The tectonic activity in Jurassic and afterwards generated 

most of the structural configuration in the region with uplift playing the most important role. 

(Nyland et al. 1992). It includes multiple basins, structural highs and fault complexes. Some 

of the major tectonic provinces of the Barents Sea include Hammerfest Basin, Finnmark 

Platform, Loppa High, Bjarmeland Platform, Nordkapp Basin, Ringvassøy-Loppa and 

Bjørnøyrenna fault complexes, the Bjørnøya Basin, the Barents Sea western margin and 

Stappen High/Bjørnøya (Larssen et al. 2005) (Figure 2.1-).  

The area of study is part of the Loppa high which is a structural high in the South-Western 

part of Barents Sea is Loppa high situated between 71°50’N, 20°E and 71°55’N, 22°40’E and 

72°55’N, 24°10’E and 73°20’N, 23°E (Gabrielsen et al. 1990). Loppa high is bounded by 

Asterias Fault complex in the South, monocline towards Hammerfest Basin and the 

Bjarmeland Platform in East and South-East, Ringvassøy-Loppa and Bjørnøyrenna Fault 

Complex to the West and Svalis Dome & Maud Basin in the North-East (Gabrielsen et al. 

1990). 

The initiation process of Loppa High started with the Caledonian Orogenic event which lasted 

from Late Cambrian to Early Devonian. The predominant configuration of the basement 

blocks was controlled by orogeny. The area was subjected to multiple episodes of uplifting 

and subsidence followed by tilting and erosion (Larssen et al. 2005). The development of 

Loppa High started with the rifting episode in the mid Carboniferous. Large basins such as 

Bjørnøya Basin, Tromsø, and Hammerfest basins were created during this period, which also 

affected the structural high like Loppa High, Stappen High and Veslemøy High (Smelror et 

al., 2009). Rifting topography was followed by uplifting and tilting of the flank during the late 

Permian to early Triassic. The low-lying areas were filled with the eroded sediments of Upper 

Paleozoic and Lower Triassic.  
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Figure 2.1-1 Structural Elements of the Barents Sea (modified from NPD,2022) 

The angular unconformity at the crest of the structure can be identified in the seismic profiles 

(Figure 2.1-2) which truncates the Upper Paleozoic and Basement strata, overlain by younger 

sediments of Triassic and Jurassic (Gudlaugsson et al. 1998). The shallow water carbonates 

were deposited at the Loppa High from mid-Carboniferous until the Late Permian (Stemmerik 

et al., 1999). Two distinct units of carbonates are identified at the Loppa High which are the 

Gipsdalen Group of Pennsylvania age and Bjarmeland group of early Permian age (Figure 

2.1-3). The environment of deposition for the Gipsdalen group is marine carbonate-ramp. The 

base of this group is characterized by transgressive clastic, siliciclastic sediments and 

carbonates, whereas stacked build-ups of warm water carbonates are present at the top 

(Carrillat et al., 2005). The presence of evaporites in the area indicates that the deposition 

took place in arid to semi-arid conditions. The presence of stacked shelf deposits which are 

often truncated by sub-aerial exposure, suggests that high amplitude and high frequency 

relative sea level fluctuations were the controlling factor of sedimentation (Stemmerik and 

Worsley, 1989; Stemmerik et al., 1998; Worsley et al., 2001). 
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Figure 2.1-2 Seismic line SG8737-102 Loppa High from its crest eastwards towards the Bjarmeland Platform (Larssen et al., 

2002) 

The deposition of the Bjarmeland group took place in steepened open marine carbonate ramp 

environment during the early Permian (late Sakmarian to the Artinskian) (Larssen et al., 

2002). The carbonate of this group is characterized by cool temperate water condition, 

dominated by bryozoan build-ups (Blendinger et al., 1997). The mapped horizons of the Falk 

and Ørn formation dip towards east and are truncated by angular unconformity in the west. A 

significant column of 350-m to 500-m strata was eroded due to sub-aerial exposure at the 

crestal location and later the process of karstification changed the carbonate units (Stemmerik 

et al., 1999; Elvebakk et al., 2003) 
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Figure 2.1-3 Lithostratigraphic Chart of the Barents Sea (Courtesy of NPD) 

2.2. Carbonate Rocks 

The most common sedimentary rock types on earth are either clastic or carbonate rocks. 

Carbonate rocks are a type of rock that are primarily composed of carbonate minerals, such as 

calcite (CaCO3) and dolomite (CaMg(CO3)2) which are most common and widely spread on 

Earth (Figure 2.2-). Some of the more rare minerals which can only be found as small 

deposits or lenses include magnesite (MgCO3), ankerite (Fe, Ca(CO3) 2), Siderite (FeCO3), 

strontianite (SrCO3) and others. These rocks form through a variety of processes, including 

biogenic, chemical, and evaporation. Carbonate rocks are commonly found in marine 

environments and are often associated with shallow, warm seas but can also be found in 

lacustrine environments. Examples of carbonate rocks include limestone (primarily composed 
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of calcite) and dolostone (primarily composed of dolomite). They are widely used in 

construction, agriculture, and chemical industry. 

 

Figure 2.2-1. Limestone with Shell Fragments (Fossen, 2008) 

2.2.1. Depositional Settings 

Carbonates can form through a variety of processes, including biogenic, chemical, and 

evaporation. Carbonate rocks are commonly found in marine environments and are often 

associated with shallow, warm seas. Carbonate rocks such as limestone and chalk can form in 

these settings through the accumulation of shells and other biogenic debris. These rocks are 

commonly found in shallow marine environments, such as shelves and platforms, and are 

often associated with coral reefs and other biogenic structures (Dunham, 1962). The highest 

production of carbonates take place in clear tropical waters, where organisms have an 

abundant population (Moore, 2001) 

Carbonate rocks can also form through the precipitation of minerals from evaporating bodies 

of water, such as lagoons or playas. These rocks are commonly found in tropical arid 

environments and are often associated with ancient marine and lacustrine basins (Froelich & 

Murray, 1978). Cold waters can also produce carbonates, where mollusks, bryozoan, 

foraminifers and barnacles support the carbonate production, but also through the settling of 

pelagic particles. The depth where the rate of dissolution of CaCO3 equals the supply of 

CaCO3 which is between 3500-5500 m is known as CCD (Boggs, 2006), above this depth 

carbonate can be preserved whereas below it is dissolved (Coe, 2003) 
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Different depositional environments will lead to different depositional facies of carbonates. 

The position and process of formation of carbonate will also influence the porosity, and 

permeability of the rock and will also dictate the potential of a reservoir (Wilson, 1975). 

2.2.2. Diagenesis  

The post-depositional changes in any rock due to the depth of burial and other chemical 

changes like dissolution and cementation are known as diagenesis. It is a common 

understanding that diagenesis decreases the porosity in clastic reservoirs, but it is not 

necessarily the case in carbonates. Deep burial of carbonates decreases the porosity by the 

process of compaction and cementation whereas enhances the porosity, through dissolution, 

either by increasing the pore size of existing pores or by generation of new pores. Such 

changes are associated with the depth of burial, temperature, or hydrologic history of the 

basin (Mazzullo and Harris, 1991). 

2.2.3. Porosity 

A carbonate rock can be made up of different shapes and sizes of grains, which depends upon 

the locality of the deposited grains. This amalgamation of different grains can generate 

different types of pores within a carbonate rock. The diagenetic changes will further modify 

the pore types. In carbonates, porosity can be characterized as primary or secondary. The 

porosity which forms at the time of deposition is termed as primary porosity whereas the 

porosity which develops after the deposition period is known as secondary porosity (Moore-

2001). The preservation of primary pores depends upon the prevailing conditions. The 

majority of pores in carbonate rocks are secondary in nature (Choquette and Pray, 1970). 

A particularly descriptive scheme of different pore types in carbonates was provided by 

Choquette and Pray (1970) (Figure 2.2.3-1). This was further enhanced by Lønøy (2006) by 

developing the classification based on pore size instead of grain size. The major types of 

porosity are: 

Interparticle or intercrystalline porosity 

The pore spaces that lie between particles are called interparticle porosity whereas the pores 

between the crystals are termed intercrystalline porosity. This type of porosity is usually 

associated with secondary porosity. 
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Intraparticle and intracrystalline porosity 

The porosity within grains and crystals is referred to as intraparticle and intracrystalline 

porosity. These forms of porosity are exclusive to carbonate rocks and are not present in 

siliciclastic rocks (Moore, 2001). The presence of this type of porosity can either result from 

primary porosity, which occurs due to small open chambers within the carbonate material, or 

from the breakdown of organic material in carbonate skeletons (Lønøy, 2006). 

Moldic porosity 

The formation of moldic porosity is a result of the selective dissolving and recrystallizing of 

carbonate components and is considered a secondary form of porosity (Lønøy, 2006). 

Vuggy porosity 

Vuggy pores are characterized by their large size and the fact that they do not conform to the 

fabric of the rock. They are created by expanding fabric-selective pores, which lack 

connectivity, through dissolution, such as in the case of moldic pores (Lønøy, 2006). 

Channel porosity 

The dissolution along the fracture generates channel porosity and is of secondary origin. 

Cavernous porosity 

The enhancement of channels or vuggy pores to significantly bigger size is termed as 

cavernous porosity. 

Framework and fenestral porosity 

The framework porosity is a primary type of porosity, formed through the accumulation of 

frame-building organisms such as corals, coralline algae, or sponges in reef environments 

(Moore, 2001). On the other hand, fenestral porosity is characterized by its larger openings 

compared to inter-grain openings and is a secondary form of porosity. This type of porosity is 

created by the breakdown of sediment-covered algal mats. 

Fracture Porosity 

The brittle nature of carbonates makes them fracture due to excessive overburden. The 

fractures increase the porosity and are of secondary nature. 
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Figure 2.2.3-1 Classification of porosity types in carbonate rocks (Choquette and Pray, 1970) 

 

2.3. Karst and paleokarsts 

Karst is defined as ‘a special type of landscape feature containing caves and extensive 

underground water systems that are formed in soluble rocks’ (Ford and William, 2013), 

whereas paleokarsts are the karsts features that are no longer undergoing active karstification 

(Lockus-1999). Karst represents a landscape consisting of complex geological features and 

specific hydrogeological characteristics which are generally formed in carbonate rocks and 

are highly heterogeneous (Figure 2.3-1). The development of karst starts with the dissolution 

of carbonate rocks either by meteoric water, mixing of fresh- and salt water (i.e., along the 

freshwater lens) or by ascending hypogenic waters from deep seated source.  
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Figure 2.3-1 Different paleokarst types of reservoirs in Tahe Oilfield. a). A large karst cave on the outcrop of Tabei, height 

>10 m. b) Small-scale dissolved, height in cm’s, c) Large-scale fracture with length >20 & width > 15mm, d- Small fractures 

on the core are 8 to 16 mm (Lyu et al.-2023) 

 

Karsts can be divided into two main types: epigene and hypogene Karts (Lockus-1999). 

Epigene karsts are generated by the dissolution of the carbonate rock by surface water 

(meteoric water) which is enriched with CO2. Epigene karsts are formed in coastal marine 

environments and produce flank margin caves (Mylroie and Carew, 1990) whereas hypogene 

karsts are generated by the dissolution of carbonates by chemically enriched subsurface water.  

Epigene karsts can be classified into different zones based on the water saturation in the caves 

and faults. The upper part of the epigene profile is called vadose zone and it consists majorly 

of the drained or partially saturated conduits, caves, and fissures. The deeper part is known as 

phreatic, and it contains fully saturated conduits. Vadose zone can further be divided into 

upper and lower vadose zone (Lonoy et al., 2020). The upper vadose zone consists of the 

roots and soil system and is also termed as epikarst (Figure 2.3-2). Generally, meteoric water 

is active and abundant in this zone which leads to either dissolution or precipitation. The 
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epikarst can exist just below the soil forming vertical to sub-vertical shafts that can be filled 

with silt, clay, or sand.  (Esteban and Klappa, 1983). The water movement in the lower vadose 

zone is through already formed vertical to sub-vertical shafts. Horizontal passages can also be 

present in this part which would be remains of older phreatic tubes. Dissolution is generally 

low, and conduits have high sedimentation or collapse material. The sediments fill in both 

upper and lower vadose show red color indicating oxidizing conditions (Esteban and Klappa, 

1983). 

 

Figure 2.3-2 The profile of epigene karst cave system (Fabio et. al.-2022) 

The phreatic zone is defined dominantly by the horizontal to sub-horizontal cave passages 

(Figure 2.3-2). The dissolution takes place at the water table or below which leads to the 

generation of cavern porosity. The mixing of marine and fresh-water, hot or cold water, and 
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pressure differential causes the dissolution process (Esteban and Klappa, 1983). The phreatic 

tubes can form up to several hundred of meters below the surface and at or below water table 

which is based on density, dip of the strata and fracture orientation (Lockus, 1999). 

The permeability of the karst rocks is enhanced either by the enlargement of ambient pore 

networks or by water seeping through the faults and fractures expanding these and creating 

cavities and caves networks.  Once the aperture expands above a certain threshold (typically > 

5-11 mm diameter) the flow goes from laminar to turbulent, resulting in a rapid expansion of 

the conduits. Once the conduit diameter surpasses the grain size of unconsolidated clastic 

sediments, various processes (e.g., fluvial, aeolian, glacial, etc) can transport the sediments 

(Lockus, 1999). 

 

2.3.1. Cave Collapse and Controlling Factors  

Karst systems form over thousands of years by the slow dissolution or solubility by 

aggressive fluids. The cave systems can have lengths of several kilometers and diameters up 

to hundreds of meters. The development of the cave is based on many controlling factors 

which influence the shape and size of the cave. The most common features of karsts are 

dolines (sinkholes), karst towers, breccia pipes, karrens, and disappearing streams. Some of 

the major controlling factors in the development of caves are water table position and 

thickness, climate, duration of exposure, and tectonic settings. Precipitation plays a critical 

role in the intensity of dissolution. If the precipitation rate is higher than the evaporation rate 

then it is significantly increased dissolution (Mylroie and Carew, 1995; Ford and Williams, 

2013). The position of the water table decides the area where karstification will take place and 

the size of the area which will be subjected to karstification. The change in sea level will 

affect the water table configuration and when and where the exposure will take place 

changing the shape of the cave (Mylroie and Carew, 1995). The exposure duration affects the 

porosity and permeability of the cave. 

The paleokarsts are subjected to increase overburden and stress with time as the depth of 

burial increases. This leads to diagenetic changes in the karst system as the caves start to 

collapse. The collapse depth is dependent on the mechanical strength of the rock and the 

thickness of the overlying stratigraphic column (Ford and William 2013; Lockus 1999). With 

increasing burial depth, a stress dome is generated above the cave, leading to maximum stress. 

After a critical point, the cave walls and ceiling will collapse due to mechanical rupturing. If 
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two caves intersect due to continuous dissolution, it will further lead to caves collapse. This 

also increases the porosity and permeability of the reservoir (Ford and William 2013; Lockus 

1999). The breakdown material of the ceiling will accumulate inside the cave. The cave 

collapse will continue until the whole cave is filled with sediments (Figure 2.3.1-1). If there is 

a continuous process of sediment removal from the cave due to the subsurface stream, then a 

breccia pipe will be generated (Ford and William 2013). If the cave is exposed to floodwater, 

the rise and fall of sea level will affect the cave system as the cave will then be drained and 

filled with water several times, which will flex the ceiling leading to higher dissolution and 

sediment collapse (White and White, 1969). 

 

Figure 2.3.1-1 Idealized model for cave development a) No removal of sediments b) Removal of sediments by stream leading 

to the cave collapse up to surface (James and Choquette 1988) 

The breakdown material inside the cave can consist of different facies. Some of the most 

common are chaotically distributed and oriented breccias of multiple sizes, cave ceiling and 

cave wall crackle breccias, and a combination of chaotic and crackle breccias called mosaic 

breccias (Lockus-1999). The sediments carried by the flowing water outside of the cave 

system can be part of the facies existing inside the paleokarst cave (White and White, 1969). 

It is difficult to identify a complete sequence inside a paleo cave because the sediments can 

deposit inside the cave at multiple stages and can have different facies (Lockus, 1999). 
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As the paleokarst gets buried at higher depths, the mechanical compaction takes effect and 

further degradation of the facies takes place. More collapse material accumulates inside the 

cave and the existing breccias are re-brecciated leading to closely packed facies 

(Lockus,1999). Due to close packing coarse inter breccia porosity decreases and fine inter 

breccia pores and fracture appears with increasing mechanical compaction (Figure 2.3.1-2). 

Porosity will also decrease if the pressure solution among grain contact takes place at very 

high depths (Lockus, 1999). 
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Figure 2.3.1-2 An example of development of phreatic tube from near surface where collapse takes place at higher depths 

where re-brecciation take place due to mechanical compaction leading to decreased porosity (Lockus,1999). 
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2.3.2. Paleokarst Reservoirs 

Paleokarst reservoirs are one of the most common reservoirs in carbonates and can hold large 

amounts of hydrocarbon volumes. The presence of paleokarst reservoir has been seen all 

around the world e.g., Thamama Field in the Middle East (Melville et al., 2004), the Yates 

Field in West Texas (White and White, 1995), the Casablanca Field in Spain (Lomando et al., 

1993), the Kashagan Field in Kazakhstan (Kaiser and Pulsipher, 2007); the Kirkuk Field in 

Iraq (Trice, 2005), the Tarim basin in China (Zeng et al., 2011a) and Loppa high in the 

Barents Sea (Sayago et al., 2012). Although the existence of these reservoirs is widely 

common, characterizing them is very difficult because of their heterogeneous nature. 

The varying condition of the deposition of the carbonates along with the chance of the cave 

being filled with sediments or not, make facies prediction and forecast of production behavior 

of the reservoir difficult. Some of the common problems linked with these reservoirs are 

unpredictable water breakthrough, irregular sweep and heterogeneous reservoir pressure 

(Agar and Hampson, 2014). Another major problem linked with paleo karst reservoirs is the 

determination of the original oil or gas in-place volumes. The volume calculation is highly 

dependent on the cave geometry, morphology, and recovery factor (Montaron et al., 2014). 

The mean recovery factor for oil-saturated horizontal caves is considered to be 48% and it is 

very sensitive to the slope of the karst cave. The change in the karst slope can increase or 

decrease the recovery factor by huge margin (Montaron et al., 2014). Due to these reasons, 

paleokarst reservoirs are considered to be high-risk plays. 

The detection of paleokarst features during drilling can help in identifying and quantifying the 

system. Commonly, paleokarsts are detected while drilling as bit drops. The bit drop can 

range from a few meters to tens of meters (Loucks, 1999). Therefore, the key to the successful 

development of such reservoirs is by better understanding of local pore type to regional facies, 

which will lead to better interpretation and forecasting of the reservoir behavior (Sayago et 

al., 2012). 
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Chapter 3 

3. Geophysical Understanding for Seismic Modelling 

Paleokarst reservoirs are very complex and imaging properly these features on seismic data is 

very challenging. The changes in the karst shape and cave geometry can change the 

behaviours of the seismic data. The pore size and shape can have significant differences over 

very small distances and usually, there is no consistent relationship between porosity and 

permeability (Ringrose and Bentley,2015). Along with this, the resolution of seismic data is 

also a critical factor as in carbonates, one has often the highest possible frequency of seismic 

e.g., up to 40-60 Hz. But the velocity is high too and this decreases the resolution of seismic 

data. 

The carbonate rocks exhibit very high seismic velocities due to their brittle nature for example 

Zheng et al., (2011b) note limestone host rock velocities of 6000 m/s. The velocities are also 

very sensitive to the pore shape, size, and pore saturation (Xu and Payne, 2009). Due to high 

velocities, the extrinsic attenuation increases, and high frequencies cannot penetrate to higher 

depths, and this leads to poor resolution of the seismic data. Acoustic impedance is the 

product of seismic velocity and density; contrasts (rapid variations) in acoustic impedance 

yield reflectivity, thus seismic reflections. If the contrast is high between two layers, seismic 

amplitudes will be higher and vice versa. However, the impedance contrast between two 

carbonate layers will often be small, hence weak reflectors yielding low amplitudes on 

seismic (Decker et al., 2015). 

3.1.  Key Features for Identification of Paleokarsts on Seismic Data 

Paleokarst zones can be identified on seismic data by locating the paleo topographic highs and 

expression of subaerial exposure such as onlapping of sediments on structural highs and 

chaotic seismic events (Fontaine et al., 1987). The structural lows on paleo topographic map can 

be indicative of sinkholes and these can be diagnostic of karst towers and residual hills (Lockus, 

1999) 

Seismic mapping of an unconformity surface can reveal sinkholes, karst towers, and fluvio-karst 

features like channels, canyons, and valleys (Zheng et al., 2011b). Sinkholes can be identified 

on seismic data as circular features (Ahlborn et al., 2014). Breccia pipes can be seen as 

disruptive zones with chaotic reflection pattern vertically and a cylindrical or conical view in 
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the horizontal section (Cartwright et al., 2007; Sun et al., 2013). Isopach maps can also help in 

locating paleo cave systems and circular faults (Lockus, 1999; Zheng et al., 2011b). The 

presence of bright spots and anomalous amplitudes can be linked with paleokarsts (Figure 

3.1-1), whereas the relief map with vertical exaggeration can also help in locating different 

features (Figure 3.1-2). Minor faults and chaotic reflections pattern can divide the bright spots 

(Zheng et al., 2011b). Localized sag features can also be indicative of paleokarst reflections. 

 

Figure 3.1-1 Seismic Section flattened on Silurian reflector to show the paleo-topography of the Ordovician unconformity in 

Tarim Basin, China (Zheng et. al,. 2011b) 

 

Figure 3.1-2 Relief map of Ordovivian unconformity surfaces (Zheng et. al., 2011b) 



Seismic Modelling of Paleokarsts 

21 

 

3.2. Seismic Velocities 

The ‘sound’ waves (elastic waves) generated by a seismic source propagates through the 

subsurface with a velocity known as seismic velocity. During the propagation, multiple waves 

are produced but the most important for seismic data are compressional (P-wave) and shear 

Wave (S-wave). P-waves corresponds to a particle movement along the direction of the wave 

propagation (compression and dilation), while S-waves have a particle movement 

perpendicular to that movement (Kearey et al., 2013) (Figure 3.2-1). 

The compressional nature of P-waves allows it to pass through all materials, whereas shear 

waves only pass through solids because liquids do not stand any shear. The difference 

between these waves can be sometimes indicative of hydrocarbons. The velocity of P-waves 

and S-waves are given, respectively, by. 

𝑉𝑝 =  √
𝐾+

4

3
𝜇

𝜌
       (3.1) 

𝑉𝑠 =  √
𝜇

𝜌
       (3.2) 

where K is the bulk modulus, µ is the shear modulus and ρ is the density. These equations 

indicate that the P-waves will always be faster than S-waves, K and µ being positive values in 

rock material.  

 

Figure 3.2-1 Particle movement in the elastic medium for a) compressional waves (P) b) shear waves (S) (Kearey et al., 

2013)  
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3.3. Seismic Reflection 

Seismic data result from reflection and diffraction of elastic waves within the subsurface. 

When an elastic wave (P- or S-wave) passes through two layers having different elastic-

impedance properties, it splits into up-to four different waves, two as reflected waves and two 

as transmitted ones (Kearey et al., 2013). The reflected energy will propagate towards the 

surface and will be recorded at the surface geophones, whereas the transmitted (refracted) 

energy will further propagate downwards, until reaching a new impedance contrast where a 

similar splitting will take place (Figure 3.3-1). The partition of energy depends on the incident 

angle θ1 and the contrast in impedance. This is expressed by a reflectivity coefficient function 

of the incident angle. For θ1 = 0, the normal incident reflectivity Ro is given by: 

𝑅𝑜 =  
𝐴𝐼2−𝐴𝐼1

𝐴𝐼1+ 𝐴𝐼2
   ,   (3.3) 

Where AI1 is the acoustic impedance of layer 1 (incidence side) and AI2 is the acoustic 

impedance of layer 2 (reflection side). The higher the impedance contrast, the higher the 

amplitude of the reflectivity and less energy will be transmitted or refracted (Kearey et al., 

2013). The exact equations for non-zero incidence reflection coefficient are more complex, as 

driven by Zoeprittz (1919), but approximations exist such as below (Aki and Richards, 1980 

Eq 3.4, and Shuey, 1985 Eq. 3.5). 

𝑅𝑝𝑝(𝜃) ≈
1

2
(1 − 4𝜌2𝑉𝑠

2) (
∆𝜌

𝜌
) +

1

2 𝐶𝑜𝑠2(𝜃)
 .

∆𝑉𝑃

𝑉𝑃
−  4𝑉𝑆

2 𝜌2 ∆𝑉𝑆

𝑉𝑆
  , (3.4) 

where Δρ = ρ2 – ρ1, ΔVP = VP2 – VP1, ΔVS = VS2 – VS1, ρ = (ρ2 + ρ1)/2,  

VP = (VP2 + VP1)/2, VS = (VS2 + VS1)/2, and θ = (θ2 + θ1)/2. 

𝑅𝑝𝑝(𝜃1) ≈ 𝑅𝑝 + (𝐴𝑜𝑅𝑝 +  
∆𝜎

(1−𝜎)2
) 𝑠𝑖𝑛2𝜃1 +  

1

2
 

∆𝑉𝑝

𝑉𝑝𝑎
 (𝑡𝑎𝑛2𝜃1 − 𝑠𝑖𝑛2𝜃1) , (3.5) 

where Rp is the normal incidence reflection coefficient (same as Ro) and 𝐴𝑜 is given by; 

𝐴𝑜 = 𝐵𝑜 − 2 (1 + 𝐵𝑜 (
1−2𝜎

1−𝜎
))   ,   (3.6) 

with    𝐵𝑜 =  

∆𝑉𝑝

𝑉𝑝𝑎
∆𝑉𝑝

∆𝑉𝑝𝑎
+

∆𝜌

∆𝜌𝑎

            (3.7) 
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Figure 3.3-1 An incident P wave partitioned into reflected P and S wave and refracted P and S wave on an interface due to 

acoustic impedance contrast (Castagna and Backus, 1993) 

 

3.4. Seismic Rays and Ray Paths 

The elastic waves generated by a seismic source propagates, in homogeneous medium, as 

circular wavefronts. Seismic rays are a mathematical representation of the propagation 

direction of the waves and are perpendicular to the wavefronts in isotropic media (Kearey et 

al., 2013) (Figure 3.4-1).  

 

Figure 3.4-1Representation of wavefront and ray paths (Mussett et al., 2000) 

 

The reflection and transmission (refraction) of rays at an interface, where a change of velocity 

occurs, are governed by Snell’s law (Eq. 3.9): 
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sin 𝜃1

𝑉𝑃1
=  

sin 𝜃2

𝑉𝑃2
=  

sin ∅1

𝑉𝑆1
=  

sin ∅2

𝑉𝑆2
  ,  (3.8) 

where V P1 = P-wave velocity in medium 1, V P2 = P-wave velocity in medium 2; V S1 = S-wave 

velocity in medium 1, V S 2 = S-wave velocity in medium 2, θ1= incident P wave angle, θ2 = 

transmitted P-wave angle, Ø1 = reflected S-wave angle, and Ø2 = transmitted S-wave angle. 

 

3.5. Seismic Resolution 

Seismic resolution is key factor in seismic because indicating the level of details at which 

elastic waves can image geological structures. It is dependent on the dominant wavelength 

(λ), which is given as λ =v/f where f is the dominant frequency, of the data. Generally, both 

the vertical and lateral resolution decreases with depth due to geometrical spreading, and 

attenuation, both intrinsic and scattering (Gelius and Johansen, 2012). The resolution can be 

determined by estimating the dominant frequency and velocity of the layer at a given point 

(Kearey et al., 2013). The vertical resolution of the seismic data is the limit where two vertical 

events can be imaged. Generally, the vertical resolution is approximated as the quarter of the 

wavelength (λ/4).  

Lateral resolution is dependent on the Fresnel zone. The ray path gives a point on the interface 

from where it is reflected but the energy moves in wavefronts form. The area or zone from 

which the energy is reflected with constructive interference is called the Fresnel zone (Gelius 

and Johansen, 2012) (Figure 3.5-1). It can be represented in numerical form as 

𝑅𝑓 =  √
𝑧𝜆

2
  or  𝑅𝑓 =  √

𝑧𝑣

2𝑓𝑑𝑜𝑚
   ,  (3.9) 

where λ is the wavelength, z is the depth, and fdom is the dominant frequency. After the 

process of seismic migration (cf. 3.7), however, the lateral resolution is reduced to about half 

a wavelength in standard 3D seismic. It should ideally be a quarter of a wavelength, as for the 

vertical resolution, but the limited aperture of seismic surveys (sources and receivers only 

located at the surface and over a limited extent) prevents that. 
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Figure 3.5-1 The reflected rays from an interface within the Fresnel zone (Kaerey et al., 2013) 

Note that, in terms of detectability, i.e., whether or not a structure can be “seen” (detected) on 

seismic, even if not resolved (i.e., one cannot determine its exact form), the limit can reach 

down to λ/8 to λ/16 or even less, especially on horizontal slices and via seismic attributes, 

depending upon the frequency content of seismic data, size of structures and impedance 

contrast. 

3.6. Convolution and Fourier Transform 

A geological model consists of multiple layers in the subsurface and to relate these layers to 

seismic data, the mathematical operator of convolution plays a central role. In analogy to 

electronics, the input signal going through an electronic filter yields an output signal 

expressed as the convolution of the input signal with the filter. Similarly in seismic, the 

combined effect of the Earth’s structures and the elastic waves can be modeled in 1D by 

convolving the reflectivity series of ta geological model (input signal; function of the elastic 

properties of subsurface layers) with a wavelet (the filter; function of the seismic source, 

propagation effects, etc) (Figure 3.6-1) (Kaerey et al.,2013);. 

𝑦(𝑡) = 𝑔(𝑡) ∗ 𝑓(𝑡)    ,   (3.10) 
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where g(t) is the input signal (reflectivity series), f(t) is the filter response (wavelet) and y(t) is 

the resulting seismic trace. 

 

Figure 3.6-1Overview of geological model to seismic trace by convolution of reflectivity series with a wavelet (Kaerey et al., 

2013) 

The process of convolution takes place in the time domain. The choice of wavelet also affects 

the output of the synthetic trace. This type of convolution is called 1D convolution (Figure 

3.6-2) and is a common industry practice (Lecomte et al., 2015). However, 1D convolution 

does, e.g., neither account for lateral variation of geological models, nor limited-illumination 

issues. 

 

Figure 3.6-2 Examples of 1D convolution where convolved traces are added to generate synthetic trace. a) showing more 

bed thickness than b) (Huang et al., 2007) 
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 Fourier Transform (FT) is a mathematical method to used convert the time domain data into 

the frequency domain. A time-domain signal is composed of sine and cosine waves of 

different frequencies f and having different amplitudes. After FT the same signal will be 

decomposed into its different frequencies yielding a amplitude spectrum and phase spectrum 

(Gelius and Johansen, 2012) (Figure 3.6-3). Convolution in the time domain is equivalent to 

multiplication in frequency as described by the function: 

g(t)  =  FT(G(f))   ,   (3.11) 

where g(t) is the signal in the time domain and G(f) is the signal in the frequency domain. 

G(f) can be further described as: 

𝐺(𝑓) = 𝐴(𝑓)𝑒𝑖𝜃𝑓      (3.12) 

where A(f) represents the amplitude spectrum and eiθf represents the complex number for the 

phase spectrum. The time a wave takes to repeat itself or to reach its starting position in the 

time domain is known as the time period (T) and frequency f is the inverse of that time period 

(f =1/T). In the space domain, the distance a wave travels within a period T is the wavelength 

mentioned earlier (Gelius and Johansen, 2012). Similarly to FT in the time domain, which 

generates amplitude and phase spectrum for different frequencies, FT in the space domain can 

also be done and it will generate amplitude and phase spectrum for different wavenumbers 

(inverse of wavelength) which are also called spatial frequencies (Kaerey et al., 2013).  

The illumination or resolution of any point in the subsurface is defined by the scattered 

wavenumber. The plane wavefront perpendicular to the scattering wavenumber can be 

achieved by performing an inverse FT in the space domain (Lecomte, 2008). The Point 

Spread Function (PSF) for an image point can be obtained by performing inverse FT from the 

wavenumber domain to the space domain on set of source receiver-pairs for a given point 

(Lecomte, 2008). 
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Figure 3.6-3 Fourier transform of different zero phase wavelets (Kaerey et. al., 2013) 

3.7. Pre-Stack Depth Migration (PSDM)  

As the name suggests, migration is the process of moving the recorded reflection point from 

recoded position from the source and receiver pair to the actual subsurface location (Herron, 

2011). The location of reflection point can be placed at several different locations depending 

on the time signal was recorded at the receiver (Figure 3.7-1). By applying the migration, the 

event is geometrically corrected and placed at its actual subsurface location (Sheriff and 

Geldart, 1995). If the migration is applied on the time domain data before stacking it is known 

as Pre-Stack Time Migrated (PSTM) seismic data and if it is applied in depth domain before 

stacking is applied, then it will Pre-Stack Depth Migrated (PSDM) data.  

 

Figure 3.7-1 The case of reflection from dipping layer with angle u in subsurface where the recoded point with time t from 

source and reciever SR is blow the SR because of zero offset. Point is moved to actual position after migration having 

dipping angle of m (Herron, 2011) 
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PSDM is the migration that is applied on shot gather and before stacking of the seismic data 

and it is applied in the depth domain. The variation in velocity affects the outcome of the 

subsurface and can change the location of the image point significantly, therefore PSDM is 

best suited for these areas (Herron, 2011). The 2(3)D convolution modelling used in the 

present work simulates PSDM images, whereas the 1D modelling generates Post-stack Time 

Migrated image (Lecomte et al., 2015). 

3.8. Illumination Vector and Point Spread Function (PSF) 

A key element to explain the seismic modelling used in the present work is illumination 

vector ISR (Lecomte, 2008). The ray paths are the same as the slowness vector which is 

perpendicular to the wavefront (Lecomte, 2008). The magnitude of the slowness vector is 

inverse to the velocity and is usually measured in microseconds per foot (Claerbout, 1985). 

The slowness vector can be used to define an illumination vector at any point in the 

subsurface (Lecomte, 2008). The illumination vector will define how many rays will hit the 

target point and whether it will be resolved or not. In a background velocity model, two local 

slowness vectors are needed to generate as ISR for each source (S) and receiver (R) of a 

seismic survey; the slowness vector of the incident wave traveling from the source to the a 

reference point in the targeted area (pS) and the slowness vector of the wave traveling from 

that reference point to the receiver (pR) (Figure 3.8-1) (Lecomte, 2008).  

𝐼𝑆𝑅 =  𝑝𝑅 −  𝑝𝑆   ,   (3.13) 

If the medium is isotropic and there is no wave conversion, both slowness vectors have the 

same length (because of same velocity v), but their direction/orientation are different, hence 

generating ISR with different length and orientations (Lecomte, 2008) (Figure 3.8-1 b, c, and 

d). The length of the generated ISR will affect the resolution of the seismic image. The angle 

between the incident and scattered wavefield is called the opening angle (θSR), which 

constraints that length. Longer ISR results in better resolution than shorter ones; as θSR 

increases with increasing offset, the length of ISR decreases with increasing opening angle 

(Figure 3.8-1 c and d). The best resolution can thus be achieved at zero offset when, i.e., θSR = 

0ͦ corresponding to an ISR length of 2/v, where V is the velocity of reference point. 
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Figure 3.8-1Illustration of the illumination vector. a) Representation of the background velocity model with image point in 

the subsurface where ray paths are reaching the object passing through different layers. b) Illumination vector ISR is shown 

for source and receiver with their respective slowness vector ps and pr and opening angle θs c) Illumination vector for zero 

offset case d) Illumination vector for higher offset case which cause the decrease in opening angle and resolution (Lecomte 

et. al., 2008) 

 

After the generation/selection of ISR, wavelet is assigned (Figure 3.8-2 a and b). and a so 

called, PSDM filter is generated in the wavenumber domain (Lecomte et al., 2008). Applying 

FT to the PSDM filter yields the Point Spread Function (PSF) in the space domain (Figure 

3.8-2c). If the velocity model is not known for the subsurface location, a generic illumination-

vector span is generated by assigning an average background velocity for the targeted area 

(where the seismic image is modelled) and selecting the steepest geological dip of illuminated 

reflectors (Figure 3.8-3a). Based on this information, a PSDM filter will be generated and a 

FT on that filter will give the PSF for the modelling (Lecomte et al., 2016). 
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Figure 3.8-2 Description of how PSF is generated a) Illumination vector for a subsurface point in the Gulfaks field 

represented as green point b) All illumination points ISR and the Ricker Wavelet of 20HZ to be multiplied c) the resultant 

PSDM filter in space domain having max frequency of 20 HZ as of wavelet d) the PSF generated after applying Fourier 

Transform (Lecomte et al., 2015) 

 

The shape of the PSF depends on the PSDM filter. The maximum geological dip of 

illuminated reflectors will control the cross pattern of the PSF (Lecomte et al., 2015). A 

“perfect” PSF, in the sense of a perfect illumination, would then ideally look like a “thick dot” 

in the space domain, because all possible dips of the strata are illuminated (Figure 3.8-3b). 

The “dot” remains, however, thick (about a quarter of a wavelength in all directions) because 

constrained by both the frequency content of the waves and the velocity at the considered 

point. These two elements cannot be changed. 
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Figure 3.8-3 Illustration of PSF a) Left: PSDM filter with maximum frequency of 20 Hz having zero offset and background 

velocity of 3 Km/s. The maximum illumination dip is 45 degree. Right: Shows the PSF generated by applying the Fourier 

transform in the spatial domain. The cross pattrens show ther are perpendicular to each other. b) Same as ‘a’ where left 

shows PSDM filter but with perfect iilumination covering all the possible source and recivers span and right showing 

circular PSF (Lecomte et al., 2016) 
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Chapter 4 

4. Seismic Modelling Methodology 

An essential ingredient needed to simulate the seismic, besides geological structure itself, are 

the associated elastic properties (e.g., Vp, Vs, and density), making it possible to generate the 

reflectivity model. Such elastic parameters can either be calculated from the actual well logs 

recorded in the field, or they can be estimated by using petrophysical properties (i.e., porosity, 

mineral composition, fluid content, etc) through rock physics modelling (Johansen, 2018). 

The general method for seismic modelling of paleokarst reservoirs is through rock physics 

modelling. But rock physics modelling for carbonates, especially in the context of paleokarsts, 

is a very challenging topic (Johansen, 2018). An important issue is, e.g., porosity because it 

can reach critical porosity, at least for a certain portion of the reservoir, making it difficult to 

estimate accurate bulk and shear moduli for the rocks. Therefore, there is not yet a well-

defined workflow for modelling elastic parameters of such reservoirs. In this study, a new 

approach is carried out to generate the paleokarst reservoirs models, this in relation to the 

Loppa High cases. 

4.1. Seismic Data 

Seismic data are the first and most important building blocks for input of proper geomodels 

into seismic modelling. A common approach generally uses Pre-Stack Time Migrated 

(PSTM) seismic volumes to infer the geological structure, especially the surrounding ones. 

Seismic interpretation is carried out to generate surfaces of the key horizons and then depth 

conversion is applied to build a geomodel in depth. However, in this study, the data provided 

by Lundin Norway were a Pre-Stack Depth Migrated (PSDM) seismic data volume, hence no 

need for depth conversion. The dominant frequency of these data lies between 25 and 30 Hz. 

The data quality is poor-to-fair in the study area with fair horizon continuity and poor-to-fair 

fault visibility in the area of interest (AOI). 

4.2. Seismic Interpretation 

The seismic interpretation used in the modelling workflow is based on the work done by 

Lundin Norway. A total of four horizons were provided which included the; Top Havert 

Formation, Top Permian-Triassic (PT) Unconformity, Top Falk Formation, and Top Ugle 
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Formation, The Top Orn formation is considered to be the PT unconformity top until the Orn 

formation pinches out and the PT unconformity is converted into the Falk formation. The 

formation above the PT unconformity is the Havert Formation (Figure 4.2-1). Overall, the 

thickness of layers increases in the south-east (SE) direction whereas it decreases in the north-

west (NW) direction because of the uplifting and erosion on the PT unconformity (Figure 

4.2-2). 

 

 

Figure 4.2-1 Seismic Inline 5223 from the PSDM seismic volume showing the interpreted horizons and structure geometry. 

Note the thickness increase in the SE direction in the section. 

 

The Havert formation is onlapping on the PT unconformity whereas the formations below the 

unconformity are truncated in the NW direction. This shows that the crestal part of the 

formations was eroded, making it a pinch-out trapping mechanism. In the crestal part, the 

Triassic section lies above the basement. 
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Table 4.2-1 Reflection seismic signatures of the interpreted horizons with SEG normal polarity in the study area 

Name Seismic Phase 
Reflection 

Properties 
Seismic Signature 

Havert Formation 
Trough (negative 

amplitude) 

Medium-to-high 

amplitudes, 

continuous to 

discontinuous 

reflector 

 

PT Unconformity 
Peak (positive 

amplitudes) 

High Amplitudes, 

continuous reflector 

 

Falk Formation 
Peak (positive 

amplitudes) 

High Amplitudes, 

continuous reflector 

 

Ugle Formation 
Peak (positive 

amplitudes) 

Medium-to-high 

amplitudes, 

continuous to 

discontinuous 

reflector 
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Figure 4.2-2 Depth map of the PT unconformity with well locations of Alta field 

4.3.  Generating Geological Models 

The next step after the interpretation of the seismic data is to generate geological models. The 

geological model used in the study is based on the structural model of the Alta field 

discovered in the Barents Sea (www.npd.no) whereas the cave model used in the study is 

from the Agios Georgios cave in northern Greece (Lonoy et al., 2020) (Figure 4.3-1). The 

cave model was repositioned to the study area to represent the presence of paleokarst in 

geomodels. The cave model was positioned between the PT unconformity and Falk formation. 

http://www.npd.no/
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The Orn formation comes below the PT unconformity and above the Falk formation (Figure 

4.3-2). 

 

Figure 4.3-1 Cave model of Agios Georgios Cave system with associated Paleokarst facies 

The cave model is approximately 300 m x 200 m in width and 200 m in height and is placed 

near the Alta-3 well (7220/11-3). The reason for placing the cave model near this well is that 

Alta-3 encountered a bit-drop during drilling, so modelling this area could give some insight 

to the real seismic data. The seismic model has the same lateral dimension as the cave model 

whereas vertically it spans from 1450m to 1650m. 

To understand the effect of lithology and fluid saturation on paleokarst reservoirs, several 

models were generated. The elastic input data for the different models includes the actual data 

recorded in the wells and empirical calculations from the actual well data.  
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Figure 4.3-2 Representation of the cave in a cross section within the reservoir model with different lithological formations 

and paleokarst facies indicated. 

 

4.4.  Models 

Paleokarst reservoirs are highly heterogeneous in nature and their properties can vary 

significantly laterally. There is no single model that can give a perfect match with the actual 

representation of the subsurface at considered location, due to the inherent limits in seismic 

images (cf, chapter 3). However, to attempt accounting for the changes in the host rock and 

the paleokarsts, four distinctive reservoir models were constructed (Table 4.4-1). The 

common feature between all the models is the same porosity model, which is populated based 

on well data (Figure 4.4-1). The cores analyses and thin sections of Alta wells gave an 

estimate of the actual porosity of the subsurface and are representative of both the host rock 

and the karsts.  
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Table 4.4-1 Table of the generated models for modelling 

Model 
Host Rock: 

Vp, Vs, Rho 

Paleokarst 

Vp, Vs, Rho 

Oil or Water 

Saturation 
Comments 

1 Log N/A N/A Background Model 

2 Cal Cal 100 % So All dolomite 

3 Cal Cal 100 % So 
Permian: Dolomite 

Triassic: Shales 

4 Cal Cal 70% So 30% Sw All dolomite 

 

The porosity of host rocks ranges from 2% to 10 % whereas the porosity for the karsts ranges 

from 5% to more than 80% where there are open caverns (Figure 4.4-1). Other properties 

required for the seismic modelling were either populated purely from the well data or 

calculated via an empirical relationship established from porosity (cf. Chapter 5 Model 2)  
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Figure 4.4-1 The porosity model used for all the models A) shows the porosity in cross sectional view and B) shows the 

porosity in slice view C) intersection view of A &B. Porosity is very low in the host rock with a range from 2% to 10% 

whereas in the paleokarst, it changes significantly depending upon the type of paleokarst facies. In the open caverns it can go 

up to 100% as no host rock is present. 

 

B 

Very high 

porosity 

C 

Very high 

porosity 
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4.5.  3D Seismic Modelling 

The seismic modelling starts by importing geological models. Then the elastic properties were 

generated by using either the actual well values or by calculating them with the empirical 

formula (cf. Chapter 5). The P impedance and reflectivity are then generated for the different 

models. The last step to compute the synthetic seismic is to convolve the reflectivity models 

with a PSF. The PSF were generated analytically in this study, in lack of information about 

velocity model, acquisition-survey geometry, wavelet etc.The standard values used for the 

seismic modelling include a maximum illumination angle of 45°, as a proxy of a standard 3D 

acquisition (Dimmen et al., 2022), and a wavelet with a dominant frequency of 30 Hz because 

being close to actual seismic data. The angle of incidence was set 0° (zero offset) and 

primary-P reflection (PP) are considered, the original data being processed as such, i.e., not 

converted waves considered (Table 4.5-1).  

Table 4.5-1 The description of standard parameters used in the modelling study. 

Maximum illumination angle 45 ͦ 

Average velocity 3.5 km/s 

Angle of incidence 0 ͦ 

Wavelet- dominant frequency 30 Hz 

Reflection mode P-P 

 

4.6. Sensitivity analyses 

Sensitivity analyses were carried out on the background model (model 1) to select the 

parameters which will provide the best results. The 3D seismic modelling based on the PSF 

convolution with an input reflectivity grid can shed light on the impact of variations of 

parameters on the illumination and resolution of seismic (Dimmen et al., 2022 & Johansen, 

2018). The sensitivity was performed by varying some of the available parameters, including 

wavelet (dominant frequency) and illumination angle. 1D convolutional models were also 

generated to compare with the 3D models and see the effect of resolution. The changes in 

lithology and fluid saturation were accounted for in the geological models. The host reservoir 

rock is set to dolomite in all cases and the values used for the background model were 

populated from the Alta-3 well (7220/11-3). The list of varying parameters is: 
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• dominant frequency of wavelet (Hz):  30, 45 and 60 Hz 

• maximum illumination angle ( ͦ ): 1D, 45 and 90 

• host rock: dolomite, dolomite and Triassic shales 

• fluid saturation (%): 100, 70 & 30 

 

4.7. Modelling workflow summary 

The entire modelling workflow used in the present work is summarized in (Figure 4.7-1). 

 

 

Figure 4.7-1 The workflow performed while doing the seismic modelling. 

 

  

Seismic Modelling

Estimating P Impedance and Reflectivity

Build Geological Model

Seismic Interpretation

Import Seismic Data and well data

Sensitivity Analysis
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Chapter 5 

5. Results 

In this chapter, the results of the study will be shared. The results are based on the background 

and methodology explained in the former chapters. First, the P-Impedance and reflectivity 

calculated from Vp, Vs, and ρ (Appendix A, Appendix B, Appendix C, and Appendix D) will 

be explained for each model, secondly, sensitivity on the background model will be presented, 

and the choice of wavelet will be made according to the results. The corresponding wavelets 

and subsequent PSF will be used for modelling of models 2, 3, and 4. Thirdly, the 1D 

convolution modelling will be displayed for comparison and, in the end, the results of 3D 

seismic modelling will be illustrated. 

5.1. Generation of reflectivity 

5.1.1. Model 1 

The properties needed to model seismic data include Vp, Vs, and ρ. The first model used for 

seismic modelling is the layer cake model in which the properties for host rock and paleokarst 

were used from the actual well logs of Alta 3 (7220/11-3) well (Appendix E). All properties 

were populated in the layered model as single-point data and therefore do not show any 

variation between the host rock and paleokarst features. Using the elastic properties, which 

are Vp (Figure 5.1.1-1), Vs, and ρ, P-impedance (PIMP) can be calculated (Figure 5.1.1-2) as 

well as the reflectivity (Ro) in the present study, the latter being the necessary input to the 

PSF-based convolution modelling (Figure 5.1.1-3). This model can be considered as a 

background one.  
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Figure 5.1.1-1 Geological model of model 1 representing Vp (km/s) in vertical (YZ) direction at X = 0.1745 km. 

 

Figure 5.1.1-2 P Impedance (PIMP) of the model 1 in vertical (YZ) direction at X = 0.1745 km. There is no difference 

between host rock and the paleokarst features. 

1.45

1.50

1.55

1.60

1.65

Z
 (

km
)

1.45

1.50

1.55

1.60

1.65

Z
 (

k
m

)



Seismic Modelling of Paleokarsts 

45 

 

 

Figure 5.1.1-3 reflectivity of model 1 in vertical (YZ) direction at X = 0.1745 km, depicting smooth reflectors. 

5.1.2. Model 2 

As model 1 does not include any variation among the lithology and paleokarst, a different 

approach is taken for Model 2. The most important factor for seismic modelling is the 

(acoustic) impedance, hence a combination of Vp and ρ. To account for the changes in host-

rock and karsts, the available porosity model was used (see Figure 4.4-1). The time average 

equation of Wyllie et al. (1958) states that the slowness (inverse of velocity) is dependent on 

the matrix and pore fluid present in the rocks. It is described as 

1

𝑉𝑝
=  

(1− ɸ)

𝑉𝑚
+  

ɸ

𝑉𝑓
  ,   (4.1) 

where Vp is the overall P wave velocity of the rock, Vm is the P-wave velocity of the matrix 

alone; and Vf is the P-wave velocity of pore the fluid and ɸ is the porosity.  Raymer et al. 

(1980) proposed an improved version of the Eq. 4.1 with a new empirical transform based on 

extensive field observations of transit time versus velocity. This transformation is known as 

the Raymer-Hunt Gardner model. 

𝑉𝑝 = (1 − ɸ)2𝑉𝑚 +  ɸ𝑉𝑓  ,   (4.2) 

For the case of S-wave velocity the expression will change, as the velocity of S waves, the 

ɸVf term will be zero because the shear waves cannot pass through the liquids. So, the 

expression will be only for the solid part. 
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𝑉𝑠𝐷𝑟𝑦 = (1 − ɸ)2𝑉𝑠𝑚   ,    (4.3) 

where VsDry is the S-wave velocity of dry rock and Vsm is the S-wave velocity of solid phase. 

For wet case the equation can be written as (Dvorkin 2008) 

𝑉𝑠𝑊𝑒𝑡 =  𝑉𝑠𝐷𝑟𝑦√𝜌𝑏𝐷𝑟𝑦/𝜌𝑏𝑊𝑒𝑡   ,   (4.4) 

where VsWet is the S-wave velocity of wet rock, VsDry is the S-wave velocity of dry rock, ρbDry 

and ρbWet is the bulk density of dry and wet rock respectively. The calculations for density 

were performed on the following expression (Saberi 2017). 

𝜌 = (1 − ɸ)𝜌𝑚 +  ɸ𝜌𝑓   ,   (4.5) 

where ρm is the matrix density, ρf is the pore fluid density and ɸ is the porosity. In model 2 the 

host rock is considered as 100% dolomite and fully saturated with oil, to only account for the 

lateral changes in host rock and paleokarst features. Same as model 1 the PIMP (Figure 

5.1.2-2) and reflectivity (Figure 5.1.2-3) were generated using the elastic properties (Figure 

5.1.2-1). 

 

Table 5.1.2-1 The values used for estimation of velocities and density in Model-2, Model-3 and Model-4. 

Material Vp (m/s) Vs (m/s) Rho (g/cm3) 

Dolomite 5000 2750 2.84 

Triassic Shales 1800 500 2.115 

Water 1475 N/A 1 

Oil 1225 N/A 0.875 

 

The shear wave cannot pass through the liquids. Generally, the pore spaces are small and even 

though the pores are filled with fluids there is Vs for the rock. But in this study, there are few 

areas where there is no host rock present, and the open space is filled with fluids so for these 

places where there are open caverns the value used for Vs is close to zero. 
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Figure 5.1.2-1 Geological model of model 2 represented with Vp (km/s) in vertical (YZ) direction at X = 0.109 km 

 

Figure 5.1.2-2 P Impedance (PIMP) of model 2 in Vertical (YZ) direction x = 0.109 km The cave system can clearly be seen 

on the P Impedance with chaotic behavior between straight strata. 
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Figure 5.1.2-3  reflectivity of Model 2 in vertical (YZ) direction at X = 0.109 km. The open cavern shows the highest 

reflectivity among the reflectors. 

 

5.1.3. Model 3 

As model 2, the velocities of P- and S-waves and density were calculated by Raymer Hunt 

Gardner model (see Eq. 4.2, 4.3 & 4.5). Model 2 consisted of only one lithology for the host 

rock which is dolomite. No effect of changing lithology was included. In model 3, the effect 

of overburden with vertical changes in lithology is introduced (Figure 5.1.3-1). The lithology 

above the PT unconformity consists of Triassic shales whereas below the unconformity the 

property of dolomite is used to estimate the velocities and density from the empirical 

relationship (see Eq. 4.2 4.3 & 4.5). The reservoir is dolomite with 100 % oil saturation 

(Figure 5.1.3-2., Figure 5.1.3-3). 
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Figure 5.1.3-1 Geological model of model 3 represented by Vp(km/s) in vertical (YZ)  direction at X = 0.109 km 

 

Figure 5.1.3-2 The P Impedance of model 3 in vertical (YZ)  direction at X = 0.109 km. The effect of lithology change can be 

seen as the transition from triassic shales to permian dolomite. 
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Figure 5.1.3-3 The reflectivity of model 3 vertical (YZ)  direction at X = 0.109 km. The effect of paleokarst is clear along with 

the changing lithology. 

 

5.1.4. Model 4 

As the effects of single versus changing host-rock lithology on paleokarst imaging were 

accounted for in models 3 and, the effect of fluid saturation is tested within the reservoir in 

that last model (Figure 5.1.4-1). Lithology is considered as 100% dolomite, while the fluid 

saturations are 70 % oil and 30 % water. The estimation of velocities and density are based on 

the earlier-mentioned empirical formulas (Eq. 4.2, 4.3 & 4.5), thus having both the effect of 

lithology and different saturations in the pore system (Figure 5.1.4-2, Figure 5.1.4-3). 
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Figure 5.1.4-1 Geological model of Model-4 represented by Vp (km/s) in vertical (YZ)  direction at X = 0.109 km 

 

Figure 5.1.4-2 The P Impedance of Model-4 in vertical (YZ)  direction at X = 0.109 km. The values of P Impedance increased 

which will play crucial role in seismic response. 
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Figure 5.1.4-3 shows the reflectivity of Model 4 in vertical (YZ)  direction at X = 0.109 km. The reflectivity response 

increased in open caverns due to fluid saturation variation. 

The reflectivity of these four models was then convolved with either the sole wavelet to get 

results like these obtained by standard 1D convolution, or with a PSF (which includes the 

same wavelet as for 1D convolution, while adding the full 3D resolution and limited-

illumination effects). In output, 3D seismic-modelled cubes of PSDM-type are produced. The 

input elastic properties for all models can be seen in the appendices A, B, C, and D.  

 

5.2. Background Model 

The background model is the simplistic model in which all the properties were populated on 

the base of Alta-3 well (Appendix E). The data is a single point extrapolated in the whole 

model which is why it gives a layer cake representation of the subsurface with constant 

properties in each layer. The tricky part with this model is that the host-rock and paleokarst 

properties are mixed, making it difficult for reader to identify where paleokarst features are 

present. The sampling of the data is based on 50 cm in X and Y direction whereas in the Z 

direction 1m sampling is used for all models.  

The wavelets which were used to generate the PSF were of Ricker (Ryan 1994) type with 

dominant frequencies of 30, 45, and 60 Hz (Figure 5.2-1). First, the 30-Hz Ricker wavelet 

was used to better match the actual seismic data where the dominant frequency ranges 

between 25 and 30 Hz. The 45- and 60-Hz Ricker were used to assess and determine that 

paleokarst features are sensitive to which frequency and also to have better definition of the 
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reflectors. Table 5.2-1 shows the properties selected to generate a PSF including the before-

mentioned wavelets (Figure 5.2-2). 

 

Figure 5.2-1 Representation of three wavelets chosen for the seismic modelling on Model-1 

 

Table 5.2-1 Data properties required to generate the PSF from the wavelet. 

Maximum illuminated reflector dip 45 ͦ 

Average velocity in target model 3.5 km/s 

Incident angle 0 ͦ 

Wavelet – dominant frequency 30, 45 and 60 Hz 

Reflection mode P-P 

 

    

 

Figure 5.2-2 Illustration of PSF generated for the seismic modelling of model 1 with a) 30-Hz, b) 45-Hz and, c) 60-Hz Ricker 

wavelet and the parameters of Table 5.2-1 

a) b) 

c) 



Seismic Modelling of Paleokarsts 

54 

 

The 3D reflectivity grid illustrated in Figure 5.1.1-3 was then convolved with each of the 

former PSFs (Figure 5.2-2) yielding the 3D synthetic seismic (Figure 5.2-3). The comparison 

of the three synthetic seismic data shows, as expected, that the 30-Hz data is low-resolution 

and missing the details of the thin layering. The 45- and 60-Hz modelled data are similar to 

each other, though 60-Hz section has a better match with the reflectivity input, thin layers 

being better resolved, again as expected and resolving thin layers. 

Based on the above observations, seismic modelling of models 2, 3, and 4 will be carried out 

using 30- and 60-Hz cases as two end members for comparison. The 30-Hz data will thus be 

representative of a low-resolution case closer to the actual seismic. The 60-Hz data will 

represent, on the other hand, a near best-case scenario for which smaller details might be 

retrieved, thus possibly helping paleokarst characterization and their quantification for 

estimation of area and volumes. The polarity convention will be SEG normal polarity where 

positive amplitudes represent peak and negative amplitudes represent trough. 
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Figure 5.2-3 The output synthetic seismic data of model-1after convolution of PSF with reflectivity a) Geological model 

represented with reflectivity: synthetic seismic for b) 30 Hz c) 45 Hz d) 60 Hz in vertical (YZ) direction at X = 0.109 km. The 

corresponding PSF are superimposed 
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5.3.  1D convolutional – frequency effect 

1D-convolution modelling applied on models 2, 3, and 4 was first performed with the two 

selected Ricker wavelets of dominant frequencies 30- and 60-Hz (refer to 5.2). In 1D 

convolution, each trace of the model is convolved separately with the selected wavelet, the 

output (seismic) traces being displayed side-by-side to simulate 2D or 3D data (see 3.6). 

However, the results of 1D convolution do not provide an accurate picture of the subsurface 

as imaged per seismic (Grimstad 2018). It can give a first approximation of such seismic 

images, partially accounting for the vertical resolution effect due to frequency content of the 

wavelet, but it does not account for, e.g., lateral resolution and limited-illumination effects.  

The parameters needed for 1D convolution include the average P-wave velocity in the target 

(4.5 km/s), a wavelet, and the reflectivity model. The comparison of the 30- and 60-Hz cases 

for models 2, 3, and 4 suggests that the paleokarst features are represented as high amplitude 

anomalies with smearing effect vertically and laterally-constrained which makes them easier 

to identify (Figure 5.3-1). 

 

Figure 5.3-1 1D Convolution with 30 and 40 PSF in YZ direction. a) Shows Model-2 case b) shows Model-3 case and c) 

shows Model-4 case 

30 Hz 60 Hz

30 Hz 60 Hz

30 Hz 60 Hz

a)

b)

c)
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5.4.  PSF Convolution – frequency effect 

As earlier discussed, the resolution of seismic is mainly controlled by the frequency content of 

the wavelet (bandwidth and shape of spectrum around a possible dominant frequency). 

Changing the frequency content will thus change the seismic images. In this study, two 

frequencies 30 and 60 Hz were used to see the effect of bandwidth on output result. Still using 

the two dominant frequencies of 30- and 60-Hz for Ricker wavelet as discussed in 5.3, a PSF 

convolution is now applied.  The parameters used to generate the PSF are shown in Table 

5.4-1. In this section, only results of Model-2 are shown, results for model 3 and 4 will be 

shown in later sub chapters. 

 

Table 5.4-1 The properties used for models 2, 3 and 4 by changing the frequency of PSF. 

Maximum illuminated reflector dip 45 ͦ 

Average velocity in target model 4.5 km/s 

Incident angle 0 ͦ 

Reflection mode P-P 

 

The results with the 30-Hz wavelet show broad seismic reflectors through which it is very 

difficult to identify the karst system (Figure 5.4-1 b). High amplitudes are seen at the location 

of the karst system and in its surroundings making it difficult to separate them.  

Increasing the frequency to 60-Hz improve both vertical and lateral resolution of the seismic 

data, where the paleokarst can now be differentiated from the surrounding area by locally high 

amplitudes (Figure 5.4-1 c). However, even though a high amplitude anomaly helps 

identifying the main paleokarst body (detection), its actual shape and size of the paleokarst 

cannot be determined with certainty, being still partially unresolved (Figure 5.4-2). 
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Figure 5.4-1 PSF-convolution Model-2 impact of the dominant frequency of the wavelet in vertical (YZ) direction at X = 

0.1055 km a) reflectivity input; seismic results with b) 30-Hz c) 60-Hz wavelets, respectively 

30 Hz

60 Hz

a) 

b) 

c) 
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Figure 5.4-2 PSF-convolution Model 2 impact of the dominant frequency of the wavelet, the superposition of reflectivity and 

synthetic modelled seismic in vertical (YZ) direction.at X = 0.1055 km; seismic results with  a) 30-Hz b) 60-Hz, wavelet 

respectively.. 

  

30 Hz

60 Hz

a) 

b) 
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5.5.  PSF convolution - illumination effect 

The maximum illumination angle is the parameter that constrains whether the steepest 

reflectors are imaged or not (Lecomte et al., 2015). The maximum illumination angles used in 

this study are 45 ͦ, as a proxy for standard 3D PSDM results, and 90 ͦ, corresponding to a 

perfect illumination (all reflector dips are imaged, seldom achieved). Note that this parameter 

also influences the lateral resolution, which will be about half-a-wavelength for the 45 ͦ 

illumination (Simm and Bacon, 2014) and a quarter-of-a-wavelength for the perfect 

illumination. 

 The 45 ͦ -illumination case results in a more blurred seismic image, due to the decrease in 

lateral resolution, which thus increases the size of the high amplitude response in comparison 

to the – theoretical – perfect-illumination case (Figure 5.5-1 & Figure 5.5-2). This can be seen 

for both 30- and 60-Hz wavelets. The seismic images generated with perfect illumination 

results are better resolved, the shape of the paleokarst being better constrained (Figure 5.5-2). 

The lateral resolution is better than the 45 ͦ case. Comparing the results of 30 and 60 Hz shows 

that karsts are better resolved in the 60 Hz perfect illumination case (Figure 5.5-3). 

 

Figure 5.5-1 PSF-convolution Model 4 effect of changing the illumination angle 30 Hz PSF in horizontal (XY) direction at 

1600 m depth a) reflectivity input; seismic results with b) 45 ͦ c) 90 ,ͦ illumination angle respectively 

30 Hz

a) b) c) 
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Figure 5.5-2 PSF-convolution Model 4 effect of changing the illumination angle 60 Hz PSF in horizontal (XY) direction at 

1600 m depth a) reflectivity input; seismic results with b) 45 ͦ c) 90 ,ͦ illumination angle respectively 

 

Figure 5.5-3 PSF-convolution Model 4 effect of changing the illumination angle, superposition of reflectivity and synthetic 

modelled seismic in horizontal (YZ) direction at 1600 m depth. a) 30-Hz with 45 ͦ, b) 30-Hz with 90 ͦ, c) 60-Hz with 45 ͦ, b) 60-

Hz with 90 ͦ, illumination angle respectively. 
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60 Hz
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5.6.  PSF convolution – overburden effect 

As discussed earlier (see chapter 5.1.3) the effect of different lithologies was introduced in 

model 3. The reservoir was considered as dolomite, whereas, above the unconformity, the 

Triassic shales were introduced to account for the effect of overburden, in turn replicating 

close to real conditions. In model-2, the whole host-rock is considered as 100% dolomite. 

Modeled seismic was generated for both models, with 30- and 60-Hz dominant frequency, 

and with a maximum illumination angle of 45 ͦ (Figure 5.6-1). 

The paleokarst features are not identifiable for the 30-Hz case in model-2, whereas they can 

be detected for the 60-Hz case based on high amplitudes. The presence of high impedance 

contrast between shale and dolomite creates a challenging condition for the detection of 

paleokarst in seismic data. It can be seen in both 30- and 60-Hz cases that identification of the 

paleokarst is impossible as high amplitudes of PT unconformity reflectors mask the signature 

of karst facies making it very challenging to interpret the paleokarst (Figure 5.6-1). 
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Figure 5.6-1 PSF-convolution Model 2 & 3 effect of overburden in vertical (XZ) direction at Y = 0.072 km,  a) imput 

reflectivity for model 2; modelled seismic results b) 30-Hz, c) 60-Hz, wavelets respectively. d) input reflectivity for model 3; 

modelled seismic results e) 30-Hz, f) 60-Hz, wavelets respectively  

 

5.7.  PSF convolution - fluid saturation effect 

The next parameter which was changed to see its effect on seismic data is the fluid saturation, 

it was incorporated into the geological model by calculating velocity and density for different 

saturations in model 4 compared to model 2. Both model 2 and model 4 consist of 100% 

dolomite host-rock, Model 2 having 100% oil saturation, while model-4 has 70% oil 

saturation and 30% water saturation. The modelled seismic results are shown in Figure 5.7-1. 

Both 30- and 60-Hz cases were run for both models to see the effect of amplitude change. As 

described earlier (refer to 5.6) it is difficult to see the paleokarst features for a 30-Hz case, 

which is also the case here for both Model-2 and Model-4. The 60-Hz case is – again as 

expected - better at resolving the paleokarst in the form of high amplitude anomalies. The 
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change in velocity and density due to saturation change is very small, thus no significant 

change in result of both models can be seen, suggesting saturation change is not producing 

any significant effect on the results.  

 

Figure 5.7-1 PSF-convolution Model 2 & 4 effect of fluid saturation in vertical (YZ) direction at X = 0.109 km, a) imput 

reflectivity for model 2; modelled seismic results b) 30-Hz, c) 60-Hz, wavelets respectively. d) input reflectivity for model 4; 

modelled seismic results e) 30-Hz, f) 60-Hz, wavelets respectively  
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Chapter 6 

6. Discussion 

The study aimed at developing a seismic modelling workflow applied geomodels derived 

from Loppa High using well and seismic data, this for a better understanding and analyses of 

seismic signature of paleokarst reservoirs. The results were shown in Chapter-5; in the present 

chapter, the evaluation and synthesis of the result will be provided. First, seismic detectability 

and resolution will be discussed for different models; secondly, the effects of changing 

modelling, lithology, and saturation parameters will be reviewed and discussed, thirdly a 

comparison of actual and synthetic data will be analyzed; finally, the possible limitation 

regarding different features will be discussed. 

6.1. Seismic detectability and resolution 

The major challenge associated with paleokarst reservoirs is their detectability and resolution 

as they are discontinuous features that may extend to a few meters or ten of meters. The 

detection of these features in a well cannot help in understanding their lateral extension, 

therefore, hampering the process of volume estimation and field development. The only way 

is to detect and – even better - resolve them on seismic data. Several modelling cases based on 

real scenarios were evaluated.  

The seismic resolution calculated for the 30- and 60-HZ cases with the average velocity of 4.5 

km/s is 38 m and 18 m, respectively. The most common observations in the results are: 

• Paleokarst features are expressed as high-amplitude anomalies on seismic where the 

amplitude is governed by the (acoustic) impedance contrast (refer to Figure 5.4-1 & 

Figure 5.4-2). The amplitude anomalies do not represent the original shape and size of 

the cave system, due to lack of resolution, which means that the estimation of the size 

from seismic data will either be larger or smaller than the actual cave system in the 

subsurface (Figure 6.1-1). 

• Paleokarst facies which have low porosity close to the host-rock are difficult to resolve 

as the contrast is not high enough to generate amplitude anomaly. 
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Figure 6.1-1 Detectability and resolution of paleokarsts for model-2 with 60-Hz wavelet. Modelled seismic at a) Y = 0.0805 

km, b) X = 0.0635 m c) 0.1005 m; geological model superimposed on modelled seismic at d) Y = 0.0805 km, e) X = 0.0635 m 

f) 0.1005 m. 

• Layers which are less than 10- m thick cannot be resolved for both 30- and 60-Hz 

cases as they are way below the seismic resolution. 

• The open caverns in the paleokarst system which are fluid-filled will affect the seismic 

results generating bigger higher amplitude anomalies for even smaller areas of caverns 

(Figure 6.4-3). 

• By adding the Triassic shale lithology above dolomite in the geological model greatly 

reduces the resolution and the detection of paleokarsts becomes very challenging 

(Figure 6.3-1). 

• Changes in the fluid saturation do not affect the overall response of the seismic data 

for current dataset (Figure 5.7-1). 

• Paleokarst features can better be resolved at higher frequencies as lower frequency 

bands make the anomaly appear bigger than the actual size of the cave system. 

The seismic modelling of different models for the karsts system shows that they can be 

characterized on seismic data if they are above the seismic resolution or in some cases if they 

are detectable. With depth, the resolution decreases, due to increase of the velocities, while 

the higher frequencies get more and more absorbed; it will thus be difficult to identify these 

features at even higher depths. The volume estimation based on seismically marked 

paleokarsts can give uncertain numbers as the geometries are not truly represented. The caves 

with higher porosity values are most likely to be better detected/resolved than the ones which 
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are tightly packed. While planning wells, high-amplitude anomalies should be prioritized, as 

they can possibly be representative of better paleokarst facies and lead to better results. 

 

6.2.  Seismic Modelling Parameters 

In Chapter 5, the effects of changing different parameters were shown. The most important 

parameters are the frequency content of the wavelet (dominant frequency as a proxy of that 

content for the synthetic Ricker used here; cf. Ryan, 1994) and the maximum-illumination 

angle. As expected, changing the dominant frequency changes the output response of the 

seismic. The 60-Hz wavelet has a broader amplitude spectrum than the 30-Hz wavelet but the 

wavelength response for both is vice versa. Therefore 60-Hz gives a better resolution. 

 The results of these experiments show that changing the wavelet from 30 to 60 will make the 

shape of the anomaly more concise and closer to the real geometry of the body (Figure 6.2-1). 

The amplitude response for both modeled seismic is almost the same. One thing to remember 

is that real seismic data lacks higher frequency content and therefore identification of 

paleokarst features becomes more challenging and prone to errors. So, trying to infer the 

structural behavior of the karst based on seismic is not an easy task. 
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Figure 6.2-1 Shows the response of dominant frequencies on seismic data when frequency changes from 30-Hz to 60-Hz, the 

definition of paleokarsts get more aligned with actual shape of the structure. The seismic is super imposed on the geological 

model to have better understanding. 

The other important parameter which affects the response of seismic data is the maximum-

illumination angle. This is the angle of the dipping reflector which will be illuminated, hence 

imaged. The modelled seismic data shows that a maximum-illumination angle of 45  ͦ 

produces seismic images which are relatively poor in lateral resolution (Figure 5.5-1 & Figure 

5.5-2). The anomalies appear bigger than the actual size. On the other hand, perfect 

illumination, down to vertical dips, produced much better seismic sections depicting close-to-

real real geometry of the paleokarst features and relatively good lateral resolution. However, it 

is important to notice that in real-case scenarios, achieving perfect illumination is impossible 

because the angle of illumination depends on the velocity model of the overburden above the 

considered target, in combination with the location and aperture of the seismic survey 

(Lecomte, 2008). 

+

-

PT UNC

Falk FM

PT UNC

Falk FM

PT UNC

Falk FM

PT UNC

Falk FM

30 Hz

30 Hz

60 Hz

60 Hz

a) 

c) 

e) 

b) 

d) 



Seismic Modelling of Paleokarsts 

69 

 

6.3. Lithology and Fluid Saturation  

Lithology and fluid saturation can also affect the seismic response and their sensitivity was 

also tested and results are shown in chapter five. The effects of overburden were introduced in 

the geological model by adding Triassic shales above the dolomite reservoir in the Alta field. 

If the model is homogeneous with only one lithology as host rock the detection of paleokarst 

features is relatively better than the heterogeneous model. On the other hand, the introduction 

of shales causes a significant impedance contrast on the boundary of PT Unconformity 

because of the low velocity and density of shales. This creates a high amplitude reflector 

above the paleokarst features which masks the signature of karsts (Figure 6.3-1). In the 30-Hz 

case, no sign of paleokarst can be interpreted as there is no amplitude anomaly whereas in the 

60-Hz case, only a small indication of paleokarst is present which is not representative of the 

actual shape of the cave system. 
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Figure 6.3-1Shows that adding the lithological effect of shale above dolomite. The bright amplitude reflector of PT 

unconformity is more highlighted than the paleokarst features. a) Geological model in represented with Vp b & c) modeled 

seismic for model-3 with 30 & 60 Hz case d & e) geological model superimposed on modeled seismic of 30 and 60 Hz case 

respectively  

Another parameter that was tested for seismic response is fluid saturation. The case of 100% 

oil saturation and 70% oil & 30% water saturation was included in Model-2 and Model-4 

respectively. The results showed that there is no significant difference in the output of both 

models whether it is a 30Hz or 60Hz case (refer to Figure 5.7-1). The size and amplitude of 

the paleokarst features are the same for both models. But it should be remembered that this is 

modeled case and has certain limitations, the results of the actual subsurface may not be the 

same as this study.  
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6.4. Comparison of actual and synthetic data 

After discussing the parameters that affect the seismic response, the modelled seismic data is 

compared to the actual one from the Alta field on Loppa High. The PSDM seismic data of 

Loppa High was used courtesy of Lundin Norway. Comparing the synthetic seismic with the 

real recorded seismic data will give a better understanding of the paleokarst features and 

allows the interpreter to better evaluate these reservoirs. Synthetic seismic data can be 

compared with actual data because the geological models used for modelling seismic data are 

inferred from the structural model of Alta field interpretation. However, the paleokarst part is 

from an actual cave (Agios Georgios, northern Greece). It is also important to remember that 

the real seismic data shows the seismic images containing a band of frequencies (5-75 Hz) 

whereas the synthetic seismic data generated by convolution of PSF which is lacking the 

information about actual velocity model, survey geometry and wavelet extracted from actual 

PSDM data. So, the comparison of the two would never generate identical results but the 

signature of paleokarst reservoirs would be relatively same in both cases which can be used 

for qualitative comparison. 

The comparison will be carried out between the actual, and 30-Hz modeled seismic data 

because of the dominant frequency for both matches. The selected zones are based on 

observed similarities between actual and modelled seismic. Figure 6.4-1 shows an example 

where the seismic signature of the actual data is having low amplitude from reflector above 

whereas the synthetic seismic is showing a relatively higher amplitude but the overall 

trend/shape of the paleokarst feature is similar. In real seismic data, a sag can be seen at the 

top of the paleokarst features, indicating that it is a collapsed cave system from overburden 

pressure. This sag is not visible in the synthetic data because the Agios Georgios cave system 

used as a proxy is exposed to the surface, having no effect from overburden. 
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Figure 6.4-1 The example of comparison of real seismic data with synthetic seismic data where the seismic geometry of the 

cave system is appear similar in both cases a) geological model used for modelling represented by Vp b) synthetic seismic 

data for mode 2 with 30-Hz PSF c) real seismic data courtesy of Lundin Norway 

 

Another example of comparison is shown in Figure 6.4-2. In this figure, the geometry of the 

input geological model is complex, having two karst towers side by side but when modelling 

is performed, the synthetic seismic data shows only a single amplitude anomaly, especially 

due to lack of lateral resolution; the two karst towers are thus not resolved by seismic. This 

example also highlights the problem of over- or under-estimation of volume numbers based 

on the seismically interpreted bodies. In seismic data, the area of anomaly appears wider than 

the actual side of the body which is divided into two different parts. 

Seismic signature of the synthetic data can be found in the actual data where the response of 

amplitude is not as bright as in the synthetic data. In the actual seismic, there is no sag present 

above the marked features which would indicate that there is no collapse. Therefore, this 

feature could be interpreted as a breccia pipe in actual seismic. By comparing synthetic and 

actual seismic, this interpretation might be correct because pipe-like features are present in the 

input geomodel. Figure 6.4-3 shows also an example of an open cavern in the cave system. 

These caverns, although small in size can create significant amplitude anomalies (example of 

detectability without resolution) because of high impedance contrast as no rock is present in 

them, being filled with fluid, which creates high velocity and density difference from 

surroundings. The same behavior can be seen in the actual seismic data. 

+

-

a) c) b) 
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Figure 6.4-2 highlights the problem of over estimation of amplitude anomaly where the seismic response is not same as the 

input geometry of the paleokarst a)geological model for mode-2 represented wit Vp b) synthetic seismic modeled with 30 Hz 

PSF c) similar response found in real seismic data interpreted as Breccia Pipe 

 

Figure 6.4-3 showing the effect of open cavern in cave system which can produce high amplitude anomaly for despite of 

small size. a) geological model of model-2 represented by Vp b) synthetic seismic of Model-2 with high amplitude anomaly 

marked c) real seismic data showing same behavior as of synthetic data 

The study of above listed examples from synthetic and real seismic data shows the similarities 

between the two data sets. But it also highlights that interpretation of anomalies based on 

seismic is very challenging and can lead to erroneous results as one type of anomaly can 

correspond to different geological features. A mentioned earlier, the amplitude response 

varies for synthetic and real data so only qualitative comparison can be performed between 

synthetic and real seismic data. The interpreter should be cautious of the frequency selection 

for modelling the seismic data. 

 

6.5. Limitations Associated with the Study 

This part of the discussion is regarding the limitations associated with the modelling of 

paleokarsts. As the actual data is related to real – unknown! - subsurface structures at certain 

depth, the modelling approach can never replicate exactly the seismic. There are some 

+

-

a) c) b) 

a) c) b) 
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assumptions that were considered for building geological models. The sole well data of Alta-3 

(Appendix 0-E) was used for building the background model, but that meant extrapolating the 

properties from well logs as constant values, guided by picked horizons. Furthermore, 

building model 2, 3 and 4 was a challenging task. The porosities from the well data were used 

and an empirical formula was applied for converting porosities into different elastic 

properties. So, the first assumption was that porosity is the controlling factor for all properties 

used in modelling. The second limitation was the use of average (constant) values for density, 

Vp, and Vs. As the subsurface is heterogeneous in nature and the actual values change both 

vertically and laterally, using a single average value for each facies is not representing the 

actual scenarios, though it was deemed sufficient for modelling purposes of the present work 

(in lack of more well information, especially across paleokarst). The equation of the Raymer 

Hunt Gardner Model (1980) was also designed for clastic sediments, which have maximum 

critical porosity of 40%, whereas, in this case study the porosity in caverns ranges up to 80%, 

so the estimation of velocities in open caverns is also very much prone to error. 

Another limitation is associated with the PSF. In the ideal case, information on the survey 

geometry, migration velocity models and extracted wavelets at wells is required to generate a 

suitable PSF, e.g., by ray tracing methods (Lecomte et al., 2015). But for the current study, an 

analytical PSF had to be used to model the seismic data in lack of the above-mentioned 

information, especially for the actual seismic illumination of the subsurface target. As 

discussed earlier, the maximum illumination angle can affect the output response of the 

seismic data (see 6.2). However, looking at the results generated by the analytical PSF it can 

be said that it has done a fairly good job in generating seismic data to compare with the actual 

one. In further work, it would be in the interest of the interpreters to include more information 

to generate the PSF. 
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Chapter 7 

7. Conclusions 

The objective of this study was to define a workflow for seismic modelling of paleokarst 

reservoirs which would help in characterizing their behavior on real seismic data. Following 

conclusions can be inferred from the results and discussion. 

• The workflow presented in the study gives a methodology for generating geological 

models and performing seismic modelling using seismic data, well data, and empirical 

relation devised from the integration of two data. 

• Porosity can be used as a controlling factor for generating geological models and then 

in turn converting them to synthetic seismic data. 

• The seismic resolution and detectability are dependent on the thickness and lateral 

extent of the paleokarst features. The facies variation within the karsts also plays a role 

in resolution. 

• The study also revealed that the modelling results are also greatly affected by different 

parameters used like dominant frequency of the seismic wavelet, maximum 

illumination angle, and heterogeneity in lithology.  

• The increase in dominant frequency increases the vertical resolution of the modelling 

results, so to get a better resolution of paleokarst on real seismic data high-frequency 

content should be preserved. 

• Similarly, the increase in maximum illumination angle increases the resolution of data. 

1D convolutional models have low resolution whereas the 2(3)D modelling has better 

results. The perfect illumination angle gives the highest resolution, but it is difficult to 

achieve in a real-world scenario. 

• The lithological changes can affect the amplitude response and mask the response of 

paleokarst features making it difficult to interpret. 

• The paleokarst are identified on seismic as high amplitude anomalies where the shape 

and size of amplitude anomaly can be representative of the true geometry of the cave 

in some cases. Whereas on other occasions it can lead to under or over-estimation of 

the size and shape of the cave system which would result in the wrong estimation of 

hydrocarbon in-place volumetrics. 
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• Comparison of synthetic seismic data with actual recorded seismic data suggests that 

the same amplitude anomaly can be representative of multiple real-case geometries 

making it difficult for the interpreters to assign a structural model to the cave system. 

• The quantification of amplitudes for reservoir characterization is a very challenging 

task. 

7.1. Outlook 

The current study gives a structured workflow for seismic modelling, but the results can be 

improved with some additional improvements in the models and performing some extra steps 

for comparison with real data. Some of the suggestions for improvements are. 

• Improving the geological models by generating models by populating the well 

properties of all the wells in the field across the geological model. 

• Addition of survey geometry and background velocity information for performing ray 

tracing to generate PSF close to real seismic data. 

• Performing spectral decomposition on synthetic data and comparing it with the real 

spectrally decomposed data. 

• In this study all the modeled cases were oil-filled reservoirs with different saturations, 

it would be interesting in the future to add gas to the system and see the behavior of 

the resultant seismic data. 

• In this study, only zero offsets were considered while modelling, in future studies 

different incident angles and offsets can be included to get the effect of Amplitude 

versus Offset (AVO) or Amplitude versus Angle (AVA). 
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Appendices 

Appendix A 

The P wave velocity, S wave velocity and density for Model-1 used for generating P 

Impedance and reflectivity.  

 

Appendix 0-A Properties used in geological model of Model-1 in YZ direction a) Vp (km/s) b) Vs (km/s) c) Density (g/cm3.) 

a) 

c) 

b) 
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Appendix B 

The P wave velocity, S wave velocity and density for Model-2 used for generating P 

Impedance and reflectivity. 

 

Appendix 0-B Properties used in geological model of Model-2 in XZ direction a) Vp (km/s) b) Vs (km/s) c) Density (g/cm3.) 
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Appendix C 

The P wave velocity, S wave velocity and density for Model-3 used for generating P 

Impedance and reflectivity. 

 

Appendix 0-C Properties used in geological model of Model-3 in XZ direction a) Vp (km/s) b) Vs (km/s) c) Density (g/cm3.) 
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Appendix D 

The P wave velocity, S wave velocity and density for Model-3 used for generating P 

Impedance and reflectivity. 

 

Appendix 0-D Properties used in geological model of Model-4 in YZ direction a) Vp (km/s) b) Vs (km/s) c) Density (g/cm3.) 
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Appendix E 

The elastic properties used for model 1 were based on the well data of Alta-3 well (7220/11-

3). Appendix E illustrates the well logs of Alta-3 well. 

  

 

Appendix 0-E well log template for Alta-3 well (7220/11-3) with GR, density, compressional sonic and shear sonic from left 

to right respectively.  


