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Abstract 

In the Oil and Gas industry, reservoir characterization using quantitative interpretation methods focuses 

on increasing the understanding of subsurface rock properties spatial distribution away from well control. 

Predicting properties such as Vp, Vs, density and P-Impedance from a marine seismic reflection data is 

commonly approached or solved using an inverse problem which can be tackled using several different 

methodologies, with deterministic seismic inversion being used as industry standard approach and 

stochastic seismic inversion being a more specialized and complex approach. While the deterministic 

approach generates a single subsurface model that best fits the data, geostatistical approach produces 

several realizations that will allow to access multiple subsurface models bringing a greater ability to 

interpret uncertainty about the spatial behaviour of the geological features. A rock physics model 

incorporates depth dependency and geostatistical uncertainty to help with rock properties prediction 

away from the well control, having a great importance in quantitative interpretation studies. The quality 

of the input data has a direct impact on the results retrieved by both inversion algorithms. Therefore, 

applying a suitable level of pre-conditioning to the data is always good practice. This thesis focuses on 

a case study dataset looking at a reservoir characterization problem involving the identification of 

differences between reservoir and non-reservoir lithologies over a producing field. For this case study 

both deterministic and geostatistical seismic inversion methods were applied and compared in terms of 

retrieved geological properties. Generally, both methodologies retrieve possible solutions for the 

subsurface geology, with good results for lithology prediction. 

Key-words: Geostatistical Seismic Inversion, Deterministic Seismic Inversion, Statistical Rock Physics, 

Lithology Prediction, Rock Properties, Probability Density Functions 

 

INTRODUCTION 

Seismic data whether marine or land acquired, is 

the most common and widely used data type in the 

oil and gas industry for both exploration and 

development activities. Seismic data is commonly 

used for helping a geoscientist to get a detailed 

characterization of the subsurface geology which 

contributes to understanding the components of a 

hydrocarbon play, often with an ultimate focus of 

identifying a hydrocarbon prospect to drill. The 

nature of how seismic data is acquired results in it 

being laterally extensive data set often covering 

large spatial areas. However, along the vertical 

direction its resolution can be considered fairly 

coarse, being measured in tens of meters when 

compared to other data such as well-data which 

resolution is measured in tens of centimetres. This 

mean that for meaningful reservoir 

characterization using quantitative interpretation it 
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is necessary to integrate several data types with 

the seismic data. 

Well-log data (Eidsvik et al. 2004) represents 

direct measurements of the petro-elastic 

properties of interest (e.g. lithologies, acoustic 

impedance, p and s velocities) with high vertical 

resolution. Through the integration of both seismic 

and well-log data, it is possible to achieve models 

of the subsurface properties of interest 

conditioned to two different domains, spatially to 

the seismic reflection data and locally to well-log 

data. 

Besides well-log data, the extraction of subsurface 

geologic information from seismic data though 

seismic interpretation is also an important piece of 

information to be integrated in the quantitative 

interpretation process as it will allow to enrich the 

reservoir characterization. This interpretation 

process aims for the definition of some horizons 

that will be important in further study stages.  

Using a combination of different data types ad 

subsurface information will help predicting the 

spatial distribution of the subsurface petrophysical 

properties (e.g. facies, porosity, and fluid 

saturations), but first it is necessary to transform 

the seismic amplitudes into geological properties. 

This is achieved by carrying out a process called 

seismic inversion. Seismic inversion is based on a 

nonlinear inverse problem with multiple solutions 

(Tarantola 2005) due to the limited bandwidth of 

the seismic data, errors associated to the 

measurements, noise, uncertainties in time-to-

depth conversions and numerical approximations 

(Bosch et al. 2010). As this is a non-unique 

problem, different solutions satisfy the observed 

seismic data equally. Once the forward model is 

assumed to be valid, the obtained model will be 

one possible solution for modelling the subsurface 

reality within a wide range of possibilities. Solving 

this problem will allow to transform the seismic 

responses into a model that will be interpreted to 

retrieve quantitative rock property which describes 

the reservoir. 

The seismic inverse problem may be described as 

the following:  

𝐦 = 𝐅−𝟏(𝐝𝐨𝐛𝐬) + 𝐞 

 

There are several seismic inversion methods to 

predict subsurface geological properties. 

Generally, from an industry point of view, two 

categories can be identified among the available 

techniques: deterministic (or optimization 

approaches) and stochastic (Monte Carlo or 

simulation approaches) (Bosch et al. 2010). 

Deterministic methodologies can be defined as 

optimization processes whose aim is the 

minimization of an objective function to 

accomplish the solution that best fits the data. 

On the other hand, inside the wide category of 

stochastic seismic inversion techniques is the 

iterative geostatistical approach (Soares et al. 

2007) that provides multiple solutions, retrieving 

different models that equally fit the data. The 

models retrieved by these techniques are 

conditioned to the recorded seismic data and well-

log measurements which will ensure the 

reproduction of those values in the retrieved 

models. From the well-logs, variograms can be 

modelled to add some information regarding the 

spatial continuity pattern of a property, adding 

another level of detail to the inversion results. 

METHODOLOGY 

Back in 1960’s and 1970’s, seismic data was used 

mainly for the interpretation of geological 

boundaries and mapping structures with little 

application or knowledge of quantitative 

interpretation techniques. This resulted in most 

interpretation involving seismic amplitude mainly 
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qualitative in application. However, in the last 

decades seismic data has been extensively used 

for quantitative interpretation due to the 

development of technology and constant 

challenges in reservoir characterization as the 

targets get more complex and harder to reach. 

Quantitative techniques for seismic interpretation, 

such as seismic inversion, are set to be a trend 

amongst other techniques used by the oil and gas 

industry since they allow the validation of 

hydrocarbon anomalies and provide additional 

information in prospect evaluation stages (Simm & 

Bacon 2014). 

For the development of this thesis, two different 

seismic inversion workflows were applied, 

according to the different methodologies. Input 

data, such as the seismic and the well-logs used 

to apply those methodologies were the same, but 

first, some pre-conditioning was applied to the 

seismic data in order to improve its quality. 

Deterministic and stochastic inversion 

workflows 

The following schematic representation (Figure 1) 

explains the main steps that were followed until 

the application of the deterministic algorithm. 

 

Besides deterministic workflow, also geostatistical 

inversion workflow was applied to the data as 

shown in Figure 2. 

 

GEOLOGICAL SETTING 

The available dataset is composed by seismic and 

wells located in Prinos-Kavala basin, offshore 

Greece. This sedimentary basin was formed 

during Palaeogene at the southern margin of the 

Rhodope Massif and is controlled by NE-SW and 

NW-SE faults (Kiomourtzi et al. 2008). Figure 3 

shows the present-day location of the basin. 

The basin’s development started during Miocene, 

with the deposition of terrestrial conglomerates, 

sands, silts and clays, along with a salt layer in a 

restricted hyper saline environment. The 

sedimentation was then marked by the deposition 

of rich organic matter deposits, clastics and 

carbonates, overlaid by turbidites that correspond 

to the hydrocarbon reservoirs. The Prinos 

reservoir turbidite system is a deposit associated 

to sediment slides due to slope failures. 

Figure 1. Schematic representation of quantitative 

interpretation workflow followed under the scope of this 

thesis to the application of deterministic seismic inversion 

approach. 

Figure 2. Schematic representation of the applied stochastic 

inversion workflow. 

Figure 3. Lithologies and geological structures in Prinos-

Kavala Basin. Wells drilled in different oils fields are also 

shown (adapted from Kiomourtzi et al. (2008)). 
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During Messinian, the basin was exposed to dry 

climate and its isolation led to the deposition of a 

thick succession of evaporite layers which were 

overlaid by turbidites. Those geological conditions 

allowed the formation of a good trap for 

hydrocarbons. During Pliocene-Pleistocene, the 

deposition of sedimentary units, namely, clastic 

marine deposits continued after the basin’s 

isolation until nowadays (Kiomourtzi et al. 2008). 

Below Prinos turbidites, another formation is 

thought to have some hydrocarbon potential, the 

“Greece” sands. A complex barrier island system 

depositional environment is proposed for this 

formation (Tylor-Jones 2017). 

INTEGRATION OF GEOPHYSICAL DATA FOR 

RESERVOIR CHARACTERIZATION 

Figure A-1 shows the spatial extent of this thesis’ 

study area. The two main reservoir areas are 

delimited by the polygons. The results obtained 

are illustrated along the vertical well section 

represented by the yellow line in the figure. 

The available dataset comprises a pre-stack 

seismic data volume from were four angle stacks 

were built, with mean reflection angles of 15°, 25°, 

35° and 45°. The corresponding wavelets for each 

angle stack were inferred and a set of five well-

logs composed by P- and S- Impedance, density 

and water saturation is also part of the available 

data. 

Seismic data and pre-conditioning 

Seismic amplitudes are a key information to 

assess the subsurface geological information. 

Interpreting seismic amplitudes require seismic 

data properly processed and from an amplitude 

interpretation point of view, there are some goals 

that should be achieved while processing the 

seismic data such as, recover the correct 

amplitudes, improve the signal-to-noise ratio, 

enhance the data for a better amplitude 

interpretation through spectral balancing and 

bandwidth studies, imaging the data correctly by a 

good pre-stack time or depth migration and finally, 

align reflections across the gathers (Simm & 

Bacon 2014). 

The processing steps applied to the seismic data 

will influence directly the models obtained from the 

application of seismic inversion algorithms. The 

implementation of those algorithms requires the 

best data quality possible, being perhaps the most 

important issue faced in seismic reservoir 

characterization studies and particularly in 

quantitative interpretation workflows. The 

necessity of imaging properly the structures 

located in deeper domains keeps increasing as 

the targets get more complex and unreachable, 

demanding high quality seismic and well-log data. 

Seismic data is frequently used as partial stacks 

as an input to inversion algorithms, and before the 

application of those methodologies, it is good 

practice to condition the gathers in order to 

remove noise, multiples and flatten events.  

The first step was applying Radon Transform 

which is a process currently used to remove 

undesired linear, parabolic or multiple energy 

considering the moveout behaviour (Thorson & 

Claerbout 1985). In this thesis, the Radon 

Transform was used with a denoise purpose, 

removing not just linear but also coherent noise. A 

100 ms moveout range was applied since it is the 

interval that allows the removal of noise while 

keeping most of the signal. 

In order to determine the best ranges of angle to 

use when creating angle stacks, forward 

modelling of the wavelets with P and S-velocity 

and density logs was performed at the wells at 

different angles of incidence to create a synthetic 

seismic trace for each angle. The match between 
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real and synthetic gathers as well as the start of 

very steep dips (introduction of noisy information) 

were the criteria to choose 30° as the farthest 

angle considered to the creation of angle stacks.  

Four angle stacks with a 10° angle range each 

within 0° to 40° interval, with mean angles of 5° 

(near stack), 15° (mid stack), 25° (far stack) and 

35° (ultra-far stack) were produced from 

conditioned gathers in order to simplify the 

gradient calculation across the angles.  

At this stage, the frequency content of each angle 

stack will be different because higher frequencies 

are less well preserved in larger offsets. As a 

result, the near angle stacks will have higher 

amplitudes in the higher frequencies compared to 

the far angle stacks. Therefore, it is necessary to 

ensure that the amplitude changes are only 

caused by angle of incidence variations, rather 

than frequency content. Spectral balancing 

process was applied so all the stacks have roughly 

the same bandwidth and the mid-stack was 

chosen as the reference for the corrections to 

ensure the loss of as less information as possible. 

After the amplitude correction, if events in the 

gathers were not flat before stacking, they may still 

display a shift up or down across the angle stacks. 

Misalignments can lead to incorrect calculations of 

the gradient during inversion. Applying a stack 

alignment process ensures that the events across 

the angle stacks are shifted up or down in TWT so 

that they better match the events in a reference 

volume. 

Only after correcting events’ alignment in each of 

the stack volumes, it is possible to extract a 

statistical wavelet that matches the bandwidth of 

the seismic in order to create the best well ties 

possible. 

Frequently, it is necessary to match the well-logs 

to the seismic, adjusting the time/depth curve. To 

correctly position the well in TWT, synthetic 

seismic traces were created at each well, which 

were then matched to the events in the angle 

stacks. 

At this stage, it is important to estimate as best as 

possible a representative wavelet per volume that 

approximates not only the amplitude content, but 

also any phase rotation that might be present in 

the seismic data. Bayesian wavelet extraction 

encompasses a convolution between the 

estimated wavelets, and the angle-dependent 

reflection coefficients computed from the well-logs 

will allow the creation of a new wavelet that will be 

compared with the real seismic, generating the 

“most likely” wavelet for 1 second extraction time 

window. For both deterministic and geostatistical 

inversion, the same wavelets were used to allow a 

fair comparison between the obtained results. 

Well-log data and rock physics 

Well-log data is an important input of real 

measurements that will enrich the inversion 

results. Generally, deterministic algorithms make 

use of well-log data in low-frequency model 

estimation, through the interpolation of all relevant 

wells while stochastic methodologies, particularly 

geostatistical seismic inversion, highly depend on 

well-log data to condition the inversion results. 

When this type of data is acquired, raw information 

is obtained and most of the times it is necessary 

to apply some filtering to remove data that may 

influence negatively posterior interpretation work. 

Conditioning this type of data is another important 

step to achieve the best inversion results possible 

and that is one of the reasons why during its 

acquisition, some procedures must be adopted to 

avoid measurement errors. Sometimes, some of 

those are associated to poor calibrations, incorrect 
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scales or poor borehole conditions which are 

problems that with technological development 

have been minimized (Boyer & Mari 1994).  

Well-log data is also important to build depth 

trends as they provide information about the 

different elastic responses of each lithology and 

are a source of geological information, especially 

for the deterministic algorithm. The signatures can 

be very diverse, and it is common to have multiple 

trends within a certain area. Local geological 

trends have a strong influence in rock elastic 

properties and even within the same sedimentary 

basin, temperature and sedimentation rate have 

considerable changes depending on the in-depth 

section being studied. Also, depositional 

environment and burial history define different 

geological conditions and consequently, define 

the quality of a possible reservoir. Therefore, 

understanding the behaviour of each lithology in 

depth will allow to have more knowledge of the 

geology which will be helpful in hydrocarbon 

prediction, particularly in areas with poor or no well 

control. 

To perform this characterization, all the relevant 

well-logs are interpreted (i.e. gamma-ray, density, 

resistivity, water saturation, sonic and P 

impedance) to identify and pick end-members 

which can be defined as intervals that correspond 

to the cleanest examples of any lithology recorded 

in well-logs, characterized by a distinct elastic 

properties signature. After being picked on well-

logs, end-member intervals’ elastic properties are 

upscaled using Backus approximation to form 

single values and then cross-plotted into the 

crossplot space to form depth-dependent trends 

(Ronghe & Locke, 2018), as observed in Figure B-

1. 

 

 

Stochastic Forward Modelling 

From the previously build depth-dependent end-

member trends, Probability Density Functions 

(PDF’s) are designed for each possible facies in 

order to estimate rock and fluid probabilities from 

the inversion results in two different domains: P-

Impedance versus Vp/Vs or LambdaRho versus 

MuRho. DUG Distill® was the software used to 

perform Stochastic Forward Modelling (SFM), 

where a range of parameters and different fluid 

and lithologies combinations were tested. From 

these tests it is expected to obtain geological 

consistent information about the behaviour of the 

lithologies in rock property space (P-Impedance 

versus Vp/Vs), displayed as ellipses. This resulted 

in the generation of probability density functions 

which include uncertainty.  

Under the scope of this thesis, PDF’s were built 

considering an in-depth division of the study area 

in sections, considering the petroleum system 

elements as shown in Figure C-1. This division 

was also used for interpretation purposes, in the 

results chapter. 

 

Low frequency Model Building 

Conventional seismic data is band-limited, lacking 

low- and high- frequency components. As a result, 

low-frequency models frequently act as 

information suppliers, providing elastic property 

information at frequencies below the resolution of 

seismic data, from zero to approximately 6 Hz. 

Using well-log data to low-frequency model 

estimation is an advantage since it often contain a 

full range of frequencies, from zero to values 

above the highest seismic frequencies and 

provides real measurements of P- and S-Velocity 

and density. 
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Three different low-frequency models were built 

for P-Impedance, S-Impedance and density using 

information from “Z”, “U” and “V” well-logs. 

 

REAL CASE APPLICATION RESULTS 

Deterministic Inversion Results 

Trace by-trace deterministic inversion was used to 

predict P-Impedance, density and Vp/Vs. Each 

inversion parameter was tested by calculating 

inversion results at the well for a range of 

parameter values and then a pilot area was used 

to perform an inversion in order to test the chosen 

parameterization (Lamont et al. 2008). After visual 

quality control (QC) and parameters adjustment, 

an inversion for the full area can be run.  

A 3 seconds time gate was considered for the 

inversion and both seismic and the low-frequency 

model weight the same. The weight given to the 

stacks and the frequency information that will 

contribute to the inversion will be key elements to 

good inversion results.  

The P-Impedance result (Figure C-4) show a good 

match particularly in “U” and “T” wells through the 

evaporite section and “Sea” reservoir. The match 

observed in “X” and “V” wells is still good but the 

values observed in the inverted model are a bit 

lower than the ones registered in the wells for 

“Sea” A sands. 

Going down into B and C “Sea” sands, the quantity 

of shales increases as the sand’s presence 

decrease. This can be observed in the high values 

of P-Impedances measured in “Z”, which match 

with the inversion result. This change can also be 

observed through the bottom section of “V”. 

At “Greece” section, the match with the logs is 

good as a contrast in impedances is also 

registered at the base of “U” well, associated to 

the increase of the quantity of shale. 

 

 

The retrieved Vp/Vs deterministic solution (Figure 

C-6) is very consistent as a good match with the 

well-logs is observed. Well “X” shows a poorer 

match with the inversion results in the initial 

section as it is improved closer to the bottom of the 

well. 

Through the evaporite section, all the wells show 

a good match with the inversion results and the 

same is observed for “Sea” reservoir. In A sands 

section, the retrieved inversion results match “Z” 

well-log and also “V” well. In B and C sands, the 

match is also good, particularly below C reservoir 

top marker. 

Through “Greece” section, a contrast in Vp/Vs 

values is observed in “U” well from the beginning 

of the section until the bottom of the well which is 

successfully matching the inversion results. Well 

“T” also registers the sharp contrast in Vp/Vs 

values also with a good match with retrieved 

result. 

Facies were predicted using the P-Impedance and 

Vp/Vs volumes retrieved from the deterministic 

inversion. Figure C-7 shows the result of the most 

likely lithology prediction throughout the area for 

“Sea” reservoir and “Greece” section. 

Lithology prediction at “Sea” show a good match 

with “Z”, “V” and “T” wells. The results predict a 

considerable presence of shale throughout the 

area, showing a good match with the well-logs. 

“Sea” sands show a good match with the Vsand 

logs (Figure C-8), with the A sands being more 

present in the lithology prediction. The shales 

have a good match at the bottom of “Z” well still in 

“Sea” reservoir. 
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High sand probabilities are found in “Sea” 

reservoir and match the well logs (“Z”, “X” and “V”). 

Through the “Greece” section there is lower sand 

probability which is associated to the difficulty in 

predicting thin layers of sands (below seismic 

resolution) at deep domains. Another reason for 

the challenge to predict these sands is the 

complex depositional environment that is 

associated to “Greece” Sands – barrier island 

system (Tylor-Jones 2017). 

 

Global Stochastic Inversion Results 

Geostatistical seismic inversion (GSI) was ran to 

the acoustic domain in order to study the P-

impedance spatial behaviour throughout the area, 

both vertically and horizontally. This analysis was 

performed following a simple workflow. First, 

vertical variograms with one, two and three 

structures were modelled with specific parameters 

where P-Impedance spatial behaviour at very 

small- (nugget), medium- and large-scale was 

studied. The two other scenarios included the 

addition of a low-frequency model in the inversion 

and also the assumption of different regions, 

modelling one variogram per zone. 

Adopting a variogram per zone allows to model the 

P-Impedance spatial behaviour within a smaller 

time gate. The regionalization model scenario 

retrieved geologically consistent results which are 

presented in Figure D-9. 

For the elastic domain, the geostatistical AVA 

inversion was ran to study the predicted spatial 

behaviour of Vp, Vs and density. These properties 

were used for further lithology prediction through 

the area. Two different elastic inversions were run 

in order to access the influence of the low-

frequency model in the stochastic inversion 

results, with and without adding an explicit low-

frequency model. 

P-Impedance (Figure E-12) and Vp/Vs (Figure E-

14) results from the inversion run with the low-

frequency model weighting 30% are a good match 

with the wells. In deeper sections it is harder to 

predict the properties as “U” and “T” are the wells 

that show the best match. Through the blind well 

(“Z”), the match is good for these properties with 

Vp/Vs model being the best match for this well. 

Facies were predicted using the P-Impedance and 

Vp/Vs volumes retrieved from the geostatistical 

AVA inversion. Figure E-6 shows the result of the 

most likely lithology prediction throughout the area 

for “Sea” reservoir and “Greece” section. 

Most likely lithology prediction at “Sea” show a 

good match with all the wells, predicting a 

considerable presence of shale throughout the 

area. This model shows variability in the spatial 

continuity pattern since different scales are being 

modelled in the variogram. 

Sand probability throughout the area was also 

predicted and is shown in Figure E-7 with a higher 

occurrence through “Sea” Reservoir and in deeper 

domains, at “Greece” section. Sands within the 

evaporite section, even out of the scope of this 

thesis are worth to reference, as some sandy 

component is observed. 

High sand probabilities are found in “Sea” 

reservoir and match the well logs (“Z”, “T” and “V”), 

and a clear difference is noticed from the A sands 

to B and C sands, where the sands probability is 

lower possible due to a thin layering and the 

difficulties associated to predictions in deeper 

domains.  
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CONCLUSIONS AND FURTHER WORK 

Deterministic and geostatistical seismic inversion 

methodologies were applied successfully to the 

dataset. Both methodologies retrieve different 

solutions for the elastic subsurface properties that 

are possible solutions for the subsurface 

properties (P-Impedance, Vp, Vs and density) and 

lithologies. 

In the geostatistical acoustic domain, the best P-

impedance prediction is obtained using a 

regionalization model were a variogram is 

modelled for each zone. This result show a good 

match with the wells and the model shows a 

clearly different P-impedance response through 

the three zones which is consistent with the 

different lithologies found in each section. This 

model has some differences from the P-

impedance model retrieved from the deterministic 

inversion particularly in the values’ variability 

throughout the layers. 

From the geostatistical AVA inversion scenarios, 

the low-frequency model weighting 30% was the 

result chosen to compare with the deterministic 

elastic solution since both have the incorporation 

of the low-frequency model and the match in the 

wells is good. Generally, deterministic and 

geostatistical seismic inversion predict sands 

within “Sea” reservoir, as a difference is observed 

between A, B and C sands prediction. While 

deterministic total sand probability predicts a 

higher probability of A sands, geostatistical result 

retrieves a higher sand probability of B and C 

sands. Similar differences can be observed 

throughout other sections, with some difficulties in 

sands prediction at deeper domains, due to 

decrease of signal-to-noise ratio and possible 

PDF overlap. 

As future work, a review on the rock physics trends 

and detailed study on the PDF’s for both “Sea” and 

“Greece” sands should be performed in order to 

evaluate and possible reduce the overlap between 

the lithologies ellipses. Also, different proportions 

should be tested when applying the Bayesian 

classification to lithology prediction aiming for 

some improvements, particularly at deeper 

domains. 
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