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Presentation Notes
The title of this talk is ” Integrating Stochastic Rock Physics in Seismic Pre-drill Prospect Risk and Reservoir Quality Assessment”. It is a collaboration between the Norwegian Computing Center and StatoilHydro, and I would like to thank my co-authors Ragnar Hauge, Odd Kolbjørnsen, and Arild Buland for nice collaboration.
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Our goal

• Method for pre-drill assessment of potential 
well locations
– probability of discovery
– hydrocarbon volumes with uncertainty 

• Using seismic amplitude 
data

• Studying 1D vertical profile

Presenter
Presentation Notes
Our goal is to develop a method for pre-drill assessment of potential well locations, based on seismic amplitude data. We ask questions such as ”What is the probability for hydrocarbon discovery?”, and ”What are the expected volumes, including uncertainty?”.



We study a 1D vertical profile, and the reason for this restriction is to keep the simulation times down while answering the questions on volume distributions and discovery probability.. 
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Predicting HC volumes
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Presentation Notes
To motivate you for our method, I will start by considering a toy example. Assume we by some means, irrelevant how, have information about point-wise lithology and fluid probabilities for a single vertical profile (point along vertical axis). We here have a case with shale, brine sand, and HC sand, and for each descrete cell we have stacked the probability for each of the lithology-fluid classes on top of each other, and they summarize to 1.



The question is now: What do these point-wise probabilities tell us about discovery probability and volumes. And the answer is: Not at all the whole story. I illustrate this in the right figure.
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Predicting HC volumes
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It shows three different curves for the probability that the hydrocarbon volume will be larger than the v displayed along the horisontale axis. The three curves are made by using different assumptions about the vertical correlations of the lithology-fluid classes in the leftmost figure. For the black curve I assumed the lithology-fluid probabilities in different cells were totally independent. The blue curve assumes there is a very strong vertical correlation, and the red curve assumes medium correlations. 



It is clear that the probability for having a volume larger than 0, shown as the intersection between the curves and the vertical axis, strongly depends on which assumption we make about the vertical correlation. If there is vertical independence, the discovery probability is very high. If the correlations are high the discovery probability is much lower, but there is a siginificant probability even for the largest volumes. With medium correlations we find something inbetween. 



All three curves are consistent with the point-wise probabilities, and the expected HC volume is the same for all three cases. But the discovery probability and the volume distribution function depend on the correlations.



So the point here is that point-wise probabilities do not provide us with enough information to discriminate between the three curves. More information is needed. And our opinion is that this should be done through careful and sound modeling. The rest of this talk will present to you our method for doing this.
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Model overview
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Presentation Notes
Let us start with an overview. There are three main building blocks of our model: 

	the combined lithology and fluid for the whole vertical profile, described by the vector f; 

	the elastic parameters, described by the vector m; 

	and the seismic, described by the vector d. 

Each of these vectors contain information about the whole vertical profile we are studying.



Each block has an associated probability distribution, and there is a rock physics model that determines the probability distribution for elastic parameter, given the lithology-fluid, and a seismic forward model that describes what the seismic amplitudes are, given elastic parameters and lithology-fluid.
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Model overview
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From these building blocks we form the posterior. That is, the probability for simultaneously observing a certain profile of lithology-fluid, and a certain set of elastic parameters, conditioned on the seismic data at hand. The posterior is expressed in terms of the likelihood, which comes from the seismic forward model, and the prior, which is the combined a priori description of lithology-fluid and elastic parameters (point to the combined left part of the building blocks figure).



In the following few slides we will look somewhat into the details of the likelihood and the prior, starting with the prior.
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Presentation Notes
The first part of the prior is the lithology-fluid model. It consists of independent modeling of lithology and fluid contacts, and this slide considers the lithology. Our lithology model consists of a shale background (point) into which sand objects  are embedded (point). The number of sand objects, their position in the vertical profile, and their length are all drawn independently from probability distributions. The use of an object based lithology model ensures that there are vertical correlations built into our model. 
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Prior lithology-fluid model
facies realisation

tim
e =

lithology

shale

sand +

fluid contacts =+

GOC
OWC

)( fp

gas

brine

oil

gas sand

oil sand
brine sand

shale

Presenter
Presentation Notes
With the lithology in place, the fluid contacts are modelled independently. We use two ordered fluid contacts, the GOC and OWC. Combining the lithology realization and the fluid contacts, the sand objects are filled with the fluid as determined by the fluid contacts. Our resulting lithology-fluid realization, here denoted the facies realization, consists of shale, gas sand (point to both), oil sand, and brine sand (point to both). The three sand are ordered, never oil sand above gas sand, and never brine sand above any hydrocarbon sand.
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The prior distribution function of the combined lithology-fluid consists of the product of the distribution functions describing the sand objects (point to lithology) and the fluid contact (point).
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Prior rock physics model

2100

2200

2300

2400

)( f|mp

LF

AI (kg/(s m2))

V
p/

V
s

1.
5

2.
5

2.
0

6 8 10

Cell-wise stochastic 
RP model

TW
T 

(m
s)

2100

2200

2300

2400

Vp Vs Rho

2.5 3.5 1.0 2.5 2.0 2.6
(km/s) (km/s) (103 kg/m3)

• stochastic model per 
lithology–fluid (LF) class
• vertical correlations

)( f|mp

Presenter
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The last piece of our model’s prior infomation is the elastic parameters. The prior rock physics model is the link between any lithology-fluid realization, illustrated to the left and the corresponding elastic parameters, shown to the right. 



This model is based on a depth-independent stochastic model that for each lithology-fluid class provides a probability distribution for the cell-wise elastic parameters Vp, Vs, and rho. This is illustrated by the scatter plot of the cell-wise Vp/Vs-ratio against the acoustic impedance. There is one probability distribution for shale, shown in black, the blue is for brine sand, green oil sand and red is for gas sand. 



The depth independent stochastic model is combined with a vertical correlation structure. This gives a prior rock physics model for the whole vertical profile, i.e. the probability for the elastic vector m given the facies vector f.



The right figure shows one vertical sample of elastic parameters that are consistent with the lithology-fluid realization to the left. There are rather clear elastic levels consistent with the lithology-fluid intervals in the left-most figure, most clearly seen in the density. For instance is the transitions between shale and gas or oil clearly visible. Due to the stochastic model per lithology-fluid there are fluctuations around the elastic levels.
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Likelihood
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For the seismic forward model we use the linear Aki & Richards approximation and colvolve the reflection coefficients with an estimated wavelet. For a vertical profile with elastic parameters as shown to the left, this gives the seismic amplitudes shown to the right. 



The seismic forward models provides all the information needed to calculate the likelihood.



The details of this approach can be found in the cited Geophysics-paper by Buland and Omre.
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Posterior

• Compute volumes and discovery probabilities 
from posterior

• Posterior not available on analytic form
• Construct sampling algorithm 

)()(),(),( ff|mmf|dd|mf pppp ∝
posterior priorlikelihood
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We now have the described all elements of the prior and the likelihood, so time has come for the posterior. The posterior is used to compute volumes and discovery probabilities. Unfortunately, it is not available on analytic form. So to study it we construct a sampling algorithm. That is, we will generate a large number of samples from the posterior, and use these samples to achieve information on expected volumes, uncertainties, and discovery probabilities.
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Sampling posterior

• Markov chain Monte Carlo method
– iterative algorithm
– generates samples of lithology–fluid and elastic parameters
– tailor made sample generation

• Observe regularly
– lithology–fluid
– volumes and porosity
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Presenter
Presentation Notes
Sampling of posterior is done by means of a Markov chain Monte Carlo method. This is an iterative algorithm. In each iteration we generate a lithology-fluid realization and elastic parameters for the vertical profile we are studying. Typically a new sample is generated by modifying the previous sample. This is done by means of a tailor-made algorithm.



Throughout the simulation we regularly observe the lithology-fluid vector, and also volumes and porosity. These observations give the information we need to predict expectation values, uncertainties, and the probability for discovery.
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Case study. Seismic data from 
prospect
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We will now turn to studying what results our modelling efforts give when we apply the described method to real seismic data.



This figure shows seismic data from a prospect outside Norway, showing sesmic amplitudes for three different angles. From structural information it is expected that the center of the prospect contains hydro-carbons, and we have chosen one trace from this part of the prospect. It is labeleld ”center” in the figure. We will also study a trace from the outskirts of the prospect, where no HC is expected to be found.
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Case study. 
Lithology–fluid prior
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Prior information consists, as you may recall, of a lithology-fluid prior and a rock physics prior. We use the same prior for both traces, in order to study the impact of the seismic data. This slide shows the lithology-fluid prior information.



To illustrate the information contained in the lithology-fluid prior, we have drawn many LF-realizations from this model. From these samples we can aggregate the point-wise facies probabilities throughout the profile. This is shown in the rightmost figure. It shows that the prior gives a uniform shale probability. The sand probability is shared among the three sands, with gas sand dominating in the top of the profile, and brine sand dominating towards the bottom of the profile. This corresponds to the natural layering of fluids.



The samples can also be used to predict the prior discovery probabilities. The overall probability for finding hydrocarbons at all is 53%, and it can also be broken down to the case of having only oil, 18%, only gas, 20%, or both oil and gas, 15%.
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Case study. Rock physics prior
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The prior rock physics model is illustrated here, showing a depth independent scatter plot of the Vp-Vs ratio versus the acoustic impedance. The black dots are for shale, blue for brine sand, green for oil sand and red for gas sand. In this 2D-plot the shale is rather well separated from the sands, but the oil sand and gas sand overlap significantly. Be aware that this is a 2D projection of a 3D distribution, and when the 3rd dimension is taken into account it is possible to distinguish also the oil and gas sands. (This will be clear from our results.)
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Lithology–fluid results
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This figure shows our results for the point-wise lithology-fluid probabilities. To the left are the prior probabilities, for reference, followed by seismic amplitude data and posterior probabilities for the prospect center and outskirrts, respectively.



The two posterior profiles get very different results, showing that the data has large impact on the posterior results. For the prospect center we identify two rather well separated reservoir regions where the gas probabilitie dominates. At the top of this trace we find high shale probability, and also in the bottom, with some probability that there instead might be brine sand. At the outskirts of the prospect there is altogether very small point-wise probabilities for hydrocarbons.



After we made this study, the center of the prospect was actually drilled, and two separate gas layers were found, consistent with our results.
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Volumes and discovery probability
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In this figure I have combined oil sand and gas sand into one class, hydrocarbon sand. The figure shows the probability for finding a HC volume larger than the number along the horisontale axis. We show three curves: the prior (point), the prospect center (point) and the prospect outskirts (point). 



Each of these curves is consistent with its respective point-wise lithology-fluid probability that I showed on the previous slide, and are based on the samples our simulations collected during the Markiv chain Monte Carlo simulation. For all three curves, the vertical correlation structure inherent in the curves stems from our model, as presented to you. 



The prior volume curve shows a discovery probability of 53%, then falling off, and with very little probability for there being a 1D volume larger than, say 30 m. For the outskirts curve the discovery probability has decreased relative to the prior, the expected volume (the area under the curve) is lower than for the prior, and the probabilities are generally lower than it was for the prior. Not so for the prospect center curve. In this case there is a significant increase in discovery probability, and the expectation value (area) is much larger. The probability for very high volumes, say larger than 50 m is practically zero, but all probabilities are otherwise significantly larger than for the prior.



Since we used the same prior model for the two prospect profiles, we conclude that the difference in volume predictions is solely due to the seismic data.



We can break each of these curves further down, to identify probabilities related to each of the hydrocarbon scenarios. This is done for the prospect center curve in the next figure.
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Oil and gas scenarios at prospect 
center

Gas Gas and Oil

Gas pore volume (m) Oil pore volume (m)

G
as

 p
or

e 
vo

lu
m

e
(m

)

Pr
ob

ab
ilit

y

No HC Oil Gas Gas and Oil
Prior 0.47 0.18 0.20 0.15
Prospect center 0.03 0.06 0.45 0.46

Discovery probabilities

Presenter
Presentation Notes
Here we see the discovery probabilities for the prior (as shown before) and for the prospect center. There is a significant increase relative to prior for the HC-scenarios ”only gas” and ”both gas and oil”.



The left figure shows the volume distribution for the case of only gas, a rather symmetric probability distribution centered at approximately 24 meters. The right figure is a scatter plot of gas volume and oil volume for the case ”both gas and oil”. There is a clear correlation, more oil implies less gas, and vice versa.
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Concluding remarks
• Pre-drill assessment of well locations 

• Realistic modeling
– seismic amplitudes
– rock physics
– vertical continuity in lithology–fluid and elastic 

parameters
– correct ordering of fluids

• Gives realistic results
– probability of discovery
– hydrocarbon volumes

Kjønsberg, Hauge, Kolbjørnsen, and Buland: to appear in Geophysics

Presenter
Presentation Notes
Paper in Geohysics presents all details of our model, and also has a case were results are compared to well logs.
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