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ABSTRACT 

 

The Northern Gulf of Mexico Basin is part of an ocean basin characterized by a 

complex structural framework. The complex structural framework is shaped by the 

dynamic interaction between salt tectonics and sedimentation.  Salt withdrawal mini-basins 

are among the structural features produced by this interaction and are of particular interest 

to hydrocarbon exploration. The mini-basins provide significant accommodation in which 

thick packages of sediments can accumulate. The accumulation of sediments can be very 

rapid during episodes of high sedimentation, such as occurred in the middle Miocene 

episodes in the northeastern Gulf of Mexico. Rapid accumulation of sediment in turn 

changes the local topography of the mini-basin and also leads to significant buildup of 

overpressure.  In such settings, the structure and stratigraphy in the vicinity of a mini-basin 

are influenced by salt movement.  Moreover, the rock properties can be altered due to salt 

movement and overpressure development. Therefore, the factors of salt movement and 

overpressure development are crucial in understanding the evolution of the petroleum 

system in mini-basins. Insights on the roles of these factors in defining the evolution of the 

petroleum system are beneficial for hydrocarbon exploration. Such insights are of use in 

addressing practical problems in reservoir characterization, pore pressure prediction, and 

basin and petroleum system modeling (BPSM).  

This dissertation establishes insights on the roles of these factors through 

meticulous quantification of related geologic processes to address some of the stated 

practical problems above. Chapter 1 quantifies the spatial variations in sediment 

compaction and clay diagenesis to define spatial trends of elastic properties, which are used 

for seismic reservoir characterization.  We demonstrate the advantages of using this 
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integrated method in a frontier area. Chapter 2 studies the impact of high sedimentation 

and salt movement on the thermal history of a mini-basin to propose a workflow for 

predicting the effects of smectite to illite diagenesis on overpressure. Chapter 3 investigates 

the implications of lateral slip along salt-related faults to pressure and thermal history to 

address the proper application of BPSM techniques in constructing paleo-geometry when 

modeling these faults. All three chapters of this dissertation focus on the Thunder Horse 

mini-basin in the Mississippi Canyon area by integrating 3D seismic data with well logs, 

biostratigraphic data, and borehole measurements of pore pressure and temperature.  

Chapter 1 evaluates spatial changes in effective stress and smectite to illite 

diagenesis across Thunder Horse mini-basin using a 2D basin model that accounts for salt 

movement and properly calibrated with a single well. The results from the 2D model 

indicate that the central part of the mini-basin known as Thunder Horse field is associated 

with higher effective stress and shallower zone of smectite to illite transformation than the 

northwestern part known as Thunder Horse North field. Proper rock physics models are 

subsequently built to link the basin modeling results to seismic impedances and use them 

for quantitative seismic interpretation with spatially limited well control. The rock physics 

models are designed to account for the effects of sediment compaction and smectite to illite 

diagenesis on seismic impedances. 

 The results from the quantitative seismic interpretation with a single well and basin 

modeling extrapolations of seismic impedance (extrapolation workflow) are comparable in 

their quality with those results obtained through the quantitative seismic interpretation with 

multiple wells scattered across the area (reference workflow).  The training data sets of the 

seismic impedances of lithofacies corresponding to both of these workflows are similar in 
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terms of the distribution of values and the pronounced spatial trends. In addition, the 

seismic inversion results of both of them are similar in terms of the quality of inverted 

impedances. Ultimately, these two workflows are close to each other in estimating the net 

pay volume of the reservoir and show the same degree of uncertainty in mapping reservoir 

lithofacies.  

This chapter was published first in AAPG Bulletin in May, 2017 ‘Ahead of Print’ 

and officially appeared in the April, 2018 Bulletin.  The publication focused on showcasing 

the workflow of combining basin modeling with seismic reservoir characterization. A 

refined version of this workflow that rigorously addresses spatial variability of training 

data of seismic impedances of lithofacies and uncertainty was accepted for publication in 

Geophysics in March, 2018. Both publications are co-authored with Tapan Mukerji, 

Allegra Hosford Scheirer and Stephan A. Graham. Dr. Tapan Mukerji contributed to the 

conception and design of the study. Dr. Allegra Hosford Scheirer provided guidance on 

building the basin model. Dr. Stephan A. Graham provided guidance on relating seismic 

impedances to geologic processes in the subsurface.  

Chapter 2 simulates thermal history of the mini-basin to quantify the impact of 

high sedimentation and salt movement. Then, the chapter integrates the modeled thermal 

history with rock physics models to predict the generation of overpressure due to smectite 

to illite diagenesis. A time-dependent solution of thermal history, simulated with a 2D basin 

model across Thunder Horse mini-basin, shows calibration to corrected bottom hole 

temperatures and illitic content of XRD data when combined with the proper kinetics. The 

time-dependent solution indicates fluctuations of the high heat flux by the middle Miocene 

due to high sedimentation. In addition, the solution suggests mitigation of the transient 
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effects of high sedimentation by the high conductivity of the extruded salt sheet that 

completely covers Thunder Horse North field. Comparing the time-dependent solution 

with a steady state solution, the steady state solution overestimates temperature and illitic 

content through time and the differences between the two solutions are more significant in 

Thunder Horse field.  

After building rock physics models that account for thermal history to define a 

relationship between effective stress and both P-wave velocity and density on the basis of 

illite content, the rock physics models show a predictive power of pore pressure that is 

sensitive to the incorporated solution of thermal history. On one hand, incorporating a 

solution of thermal history that addresses the geologic factors of high sedimentation and 

salt movement (i.e., time-dependent solution) yields accurate prediction of pore pressure 

from seismic P-wave velocity based on the rock physics models. On the other hand, 

oversimplification of the solution of thermal history with a steady state solution leads to 

inaccurate estimation of pore pressure by the rock physics models. Therefore, addressing 

the geologic factors controlling the thermal history is essential to accurately predict pore 

pressure from seismic velocity using rock physics. 

This chapter is submitted into Marine and Petroleum Geology and co-authored with 

Tapan Mukerji, Nader C. Dutta and Allegra Hosford Scheirer. Dr. Tapan Mukerji 

contributed to the design of the study, rock physics modeling, pore pressure prediction, and 

thermal history modeling. Dr. Nader C. Dutta advised on the design of the study and the 

rock physics modeling and pore pressure prediction. Dr. Allegra Hosford Scheirer guided 

on constructing the basin model.  



viii 
 

Chapter 3 compares the techniques for constructing paleo-geometry in BPSM (i.e., 

pure porosity controlled backstripping vs imposing structural restorations on paleo-

geometry) in terms of the simulated pore pressure and thermal history across a salt related 

structure of lateral slip. This chapter focuses on an expulsion rollover fault to the northeast 

of Thunder Horse mini-basin (i.e., listric fault that soles in a salt decollement). The two 

techniques of constructing paleo-geometry differ exclusively in the thickness of 

stratigraphic layers and stratigraphic contacts with salt through geologic time.  

These differences in paleo-geometry cause differences in the simulated pore 

pressure and thermal history. The technique of imposing structural restorations on paleo-

geometry results in higher pore pressure build up over time and higher temperatures earlier 

in the history of the mini-basin when compared to the technique of porosity-controlled 

backstripping. These differences between the two techniques are spatially concentrated in 

the vicinity of the expulsion rollover fault. Therefore, the lateral slip impacts pressure and 

thermal history across the structure and the spatial extent of this impact depends on the 

amount of lateral slip.  

This chapter is submitted to Basin Research and co-authored with Kristian E. 

Meisling, Tapan Mukerji and Allegra Hosford Scheirer. Dr. Kristian E. Meisling provided 

guidance on seismic interpretation across the salt structures and on the sequential structural 

restoration. Dr. Tapan Mukeri helped with the initial design of the study and with some of 

the interpretations of the basin models. Dr. Allegra Hosford Scheirer helped with some of 

the interpretations of the basin models.  
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Integrating Statistical Rock Physics and Pressure and Thermal History Modeling to 

Map Reservoir Lithofacies in the Deepwater Gulf of Mexico 

Wisam H. AlKawai1, Tapan Mukerji2, Allegra Hosford Scheirer1 and Stephan A. 

Graham1 

1. Department of Geological Sciences, Stanford University.  

2. Department of Earth Resources Engineering, Stanford University. 

 

1. ABSTRACT 

 We present an integrated approach combining statistical rock physics with pressure 

and thermal history modeling for quantitative seismic interpretation. Extending the training 

data for quantitative seismic interpretation and deriving distributions for scenarios not 

available in the original training data are key steps that require knowledge about geologic 

processes affecting the elastic properties in the subsurface. We model pressure and thermal 

history and corresponding smectite to illite diagenesis with a basin model across Thunder 

Horse mini-basin in the Gulf of Mexico. By comparing the mapped lithofacies with and 

without basin modeling extrapolations against the results of a reference workflow, we show 

the value of integrating basin modeling results and statistical rock physics with quantitative 

seismic interpretation workflows. The reference workflow model utilizes all available data 

from two wells in the quantitative seismic interpretation. The first workflow performs the 

same lithofacies classification but utilizes data from only a single well and does not account 

for spatial trends away from the well. In the second workflow for lithofacies classification, 

we utilize data from only a single well, the same well as in workflow-one well, and brings 

in extrapolation from basin and petroleum system modeling at the location of the second 

well.  Results for the first workflow compared to the reference workflow show significant 

differences in the training data, the quality of the inverted impedance volumes, and the 
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classified reservoir lithofacies. In the second workflow, the guided extrapolation of the 

training data accounts for spatial trends away from the well. The quality of the impedance 

inversion significantly improves in the second workflow. The predicted lithofacies map in 

this scenario shows only minor differences from the reference workflow and the posterior 

probabilities of lithofacies show less uncertainty compared to the first workflow. The 

superiority of the second workflow demonstrates the added value of the integration 

workflow to quantitative seismic interpretation in cases of spatially limited well control.  

2. INTRODUCTION 

Quantitative seismic interpretation (QSI) workflows combine rock physics, 

statistics, and information theory to address uncertainties in predicting lithofacies of 

heterogeneous reservoirs (Mukerji et al., 2001; Avseth et al., 2005). Briefly, in these 

workflows, rock physics models relating seismic signatures to rock properties are 

combined with statistical methods such as correlated Monte Carlo simulations to establish 

facies-conditioned probability density functions (PDFs) of elastic properties and 

corresponding seismic signatures such as seismic impedances. These PDFs are then used 

in statistical classification methods to assess the posterior probabilities of lithofacies and 

to classify the most likely lithofacies at each location, given the values of the impedances 

(or other attributes) inverted from seismic data. One challenge for these workflows is 

building a training dataset that captures a representative distribution of the elastic 

properties in the subsurface, extending to conditions not observed in the original training 

well data. This requires extrapolating beyond well control (Avseth et al., 2005). An 

example of using statistical rock physics to extrapolate beyond well control is the study by 

Mukerji et al. (2001) in which Gassmann’s fluid substitution was applied to build PDFs of 
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oil-saturated sandstone based on brine-saturated sandstone training data at the well. 

Another example is the study by Avseth et al. (2003) where empirical compaction trends 

of different lithofacies were applied to predict the PDFs of amplitude versus offset (AVO) 

properties at different depths, extrapolating beyond the training well. In both of these 

examples, extrapolation is driven by knowledge of the geologic processes that can affect 

the seismic signatures of various lithofacies. However, extrapolation in structurally 

complex areas, such as salt withdrawal mini-basins, requires meticulous quantification of 

pressure and thermal history to guide statistical rock physics, because multiple geologic 

processes (e.g., sedimentation and salt movement) can vary significantly over the spatial 

extent of a mini-basin affecting pressure and thermal history and hence the elastic 

properties, and associated seismic signatures.  

An emerging trend of estimating seismic attributes based on pressure and thermal 

history is integrating basin and petroleum system modeling (BPSM) with rock physics 

(Petmecky et al., 2009; Brevik et al., 2011, 2014; Szydlik et al., 2015; De Prisco et al., 

2015; AlKawai and Mukerji , 2016). BPSM accounts for deposition, erosion, subsidence, 

and uplift throughout the geologic history of a sedimentary basin when numerically solving 

coupled partial differential equations for different rock properties on discretized spatial and 

temporal grids (Al-Hajeri et al., 2009; Hantschel and Kauerauf, 2009; Peters, 2009). In 

some of the previous studies integrating BPSM with rock physics, rock physics models 

transform BPSM outputs of properties such as porosity and effective stress into upscaled 

(usually deterministic) models of seismic attributes (e.g., seismic velocities and 

impedances). In this study, we take this a step further to show the advantage of combining 

statistical rock physics with BPSM results in QSI scenarios of limited well control. First, 
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we combine BPSM results with statistical rock physics in extending the PDFs of the 

training data. Additionally, we follow the workflow proposed by AlKawai and Mukerji 

(2016) to constrain the background models used in seismic impedance inversion based on 

BPSM results. At the end, we discuss the value added by these two steps (BPSM and rock 

physics constrained impedance inversion, and BPSM guided extension of statistical rock 

physics PDFs) to the QSI workflow in mapping reservoir lithofacies.   

3. STUDY AREA AND DATASET 

 We focus on mapping reservoir lithofacies of one of the key reservoir rock units in 

the Thunder Horse mini-basin of the Mississippi Canyon, Gulf of Mexico (Figure 1a). The 

Thunder Horse mini-basin includes Thunder Horse North and Thunder Horse oil fields. 

Thunder Horse North field is characterized by a three-way closure against a rising salt 

diapir whereas Thunder Horse field is associated with the four-way closure of the turtle 

structure (Figure 1b). A previous study by Lapinski et al. (2004) suggested that the Thunder 

Horse area was initially a salt withdrawal mini-basin that inverted into a turtle structure 

due to salt withdrawal along its flanks. Lapinski et al. (2004) recognized that the key 

reservoir rock units are deepwater sandstones deposited during the middle Miocene.  

 We characterize one of the middle Miocene reservoir rocks using a dataset that 

includes 3D seismic volumes and well data. The 3D seismic volumes include post-stack 

and partial-angle stack (30o to 42o) data. The dataset includes six wells distributed between 

both oil fields. The well data include typical logs such as gamma ray, density, neutron 

porosity, and sonic logs. In addition, there are biostratigraphic data to constrain the ages of 

horizons interpreted from the seismic volumes. Pore pressure measurements from repeat 
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formation tester (RFT) as well as corrected bottom-hole temperatures are also available in 

the wells.  

4. METHODOLOGY 

 We first assessed pressure and thermal history differences between both the 

Thunder Horse North and Thunder Horse oil fields by simulating a 2D basin model that 

crosses the fields and a well in each field (Figure 2a). The basin model was calibrated for 

compaction and temperature conditions using information from only one well, well B. We 

restricted the model calibration to only one well to demonstrate the effectiveness of the 

workflow presented here in areas of limited well control. Then we built rock physics 

models suitable to estimate the differences in the distributions of elastic properties 

(porosity-effective stress and Vp and Vs-porosity relationships) for each lithofacies due to 

spatial variations in pressure and thermal history. We applied these rock physics models to 

extrapolate the training data and derive multi-variate probability distribution functions 

(PDFs) to better represent the spatial variation of impedances in the background models. 

Again only data from Well B were used. 

 In these two steps, we compared the resulting training data PDFs and the 

impedance volumes from using Well B alone (and those of workflow-BPSM resulting from 

using Well B together with BPSM based extrapolations at the location of well A) to a 

reference workflow that is based on using multiple wells from both fields (Table 1). In the 

seismic inversion part, first we inverted the post-stack seismic data to obtain acoustic 

impedance and the far-angle stack to approximate the elastic impedance at 36 o following 

Connolly (1999). We used all wells from both fields beside these two wells to build 

different background models for the reference workflow seismic inversion and to check 
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the quality of the resulting impedance volumes. Finally, for each scenario we obtained the 

most likely lithofacies and the probability of each lithofacies using Bayesian classification, 

following the QSI workflow (Avseth et al., 2005). To assess the results, we compared the 

lithofacies maps at the top of the reservoir rock unit for each scenario with the reference 

workflow lithofacies map.  

5. BPSM RESULTS 

 To estimate differences in pressure and temperature across the Thunder Horse mini-

basin turtle structure, we built a 2D basin model (using a commercial software PetroMod) 

along a seismic line crossing wells A and B (Figure 2a). We accounted for salt movement 

through time in the model using a series of salt paleo thickness maps constructed by 

comparing each of the horizons deformed due to salt with its regional elevation. Regional 

elevation is defined by Marshak and Woodward (1988) as the elevation of a bedding 

surface in the absence of structural deformation. We combined the salt paleo thickness 

maps with calibrated porosity compaction curves corresponding to the rest of the 

stratigraphic layers in the model to simulate the burial history of the 2D basin model. The 

burial history captures mini-basin filling episodes followed by inversion into a turtle 

structure which are important for simulating pressure and thermal history of the middle 

Miocene reservoir. After the construction of the burial history, we calibrated the model to 

density, pore pressure, and corrected bottom-hole temperature data from Well B. Details 

of the 2D model construction and calibration are discussed by AlKawai et al. (2017).  

The basin model predicts that at present day, the effective stress and the temperature 

in the reservoir rock layer at the location of Well A are higher by about 2.5 MPa (Figure 

2b) and 18oC (Figure 2c) respectively than in Well B. The temperature differences between 
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the two wells has implications for the depth of the smectite to illite transformation, which 

in turn has implications for P and S velocities, densities and impedances. Several studies 

suggested that the elastic properties of shale change due to this transformation (e.g., Avseth 

et al., 2008; Lahaan and Swarbrick, 2011; Dutta, 2016). When combining temperature 

outputs in Well B with the chemical kinetics of Dutta (1986), the resulting curve of illitic 

fractions (Figure 3) are in good agreement with the values obtained from the XRD data of 

high clay content intervals in a core from the well. The results from the kinetics suggest a 

shallower depth of transformation in Well A (starting at 5115 m) than that in Well B 

(starting at 6150 m; Figure 3).  

6. ROCK PHYSICS MODELING 

 Because the goal of this study is to demonstrate a workflow when only a single well 

has been drilled, all rock physics modeling is performed for Well B. Data from the well, 

together with the BPSM simulation of smectite to illite transformation, were used to build 

rock physics models for shale and sandstone. We defined volume of shale (Vshale) based 

on gamma ray log to distinguish clean sandstone (Vshale <=25) from shale (Vshale>=80). 

For each of the rock physics models, we applied the bootstrap technique (Efron, 1979; 

Efron and Tibshirani, 1993) to account for uncertainty around the rock physics trends. In 

this process, we drew 10,000 samples given the original well data to reliably generate a 

95% confidence interval and the mean best-fitting curve to the data. 

  The first set of models we defined are the porosity compaction curves with 

effective stress based on Athy’s Law (Athy, 1930; Smith, 1971): 

∅ (𝜎𝑒𝑓𝑓) = ∅𝑚𝑖𝑛 + (∅𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −  ∅𝑚𝑖𝑛)𝑒− 𝑘 𝜎𝑒𝑓𝑓        (1)  
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where ∅ is the porosity, 𝜎𝑒𝑓𝑓 is the effective stress, ∅𝑚𝑖𝑛 is the minimum porosity, ∅𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is 

the initial porosity at the time of deposition and 𝑘 is the compaction coefficient. The 

resulting compaction curves along with the 95% bootstrap confidence interval for 

sandstone and both smectitic and illitic shale are shown in Figure 4. We defined smectitic 

shale to have < 30% illite (i.e. depth ≤ 6170 m) and illitic shale to have > 65% illite (i.e. 

depth ≥ 7178 m). We modeled the impact of smectite to illite transformation on the shale 

compaction curve following the approach proposed by Lahaan (2002) and we lowered 

∅𝑚𝑖𝑛 to account for freeing bound water and increased 𝑘 to reflect higher degree of 

compaction of the rock. We estimated mineral matrix densities of 2.64 g/cm3, 2.34 g/cm3 

and 2.61 g/cm3 for sandstone, smectitic shale, and illitic shale.  

 After that, we defined rock physics models of Vp and Vs as functions of porosity. 

For sandstone, we described the velocity-porosity relationship (Figure 5) with the empirical 

relations of Han (1986): 

𝑉𝑝 = (5.59 − 2.13 𝐶) − 6.93 ∅                                                                                 (2) 

𝑉𝑠 = (3.52 − 1.89 𝐶) − 4.91 ∅                                                                                (3) 

where C is the clay content, which we estimated as 0.12 from Vshale. Then, we related the 

seismic velocities and porosities of smectitic shale (Figures 6a and b) using the constant 

cement model of Avseth et al. (2002); this model is a modified lower Hashin-Shtrikman 

bound describing velocity-porosity behavior versus sorting at a specific cement volume. 

We modified the parameters of the model to reflect shale lithology. In this model, we 

started by estimating dry rock bulk (Kb) and shear (µb) moduli at the critical porosity ∅𝑏 

(i.e., 0.4) from the contact cement model (Dvorkin et al., 1994) and we interpolated the 
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dry-rock bulk (𝐾𝑑𝑟𝑦) and shear (𝜇𝑑𝑟𝑦) moduli for smaller porosities (using the equation for 

the lower Hashin-Shtrikman bound) as follows: 

𝐾𝑑𝑟𝑦 =  [
∅/∅𝑏

𝐾𝑏+(
4

3
)𝜇𝑏

+
1−∅/∅𝑏

𝐾+(
4

3
)𝜇𝑏

]−1 − (
4

3
)𝜇𝑏                                                                           (4) 

and 

𝜇𝑑𝑟𝑦 =  [
∅/∅𝑏

𝜇𝑏+𝑧
+

1−∅/∅𝑏

𝜇+𝑧
]−1 − 𝑧                                                                                          (5) 

where 

𝑧 =
𝜇𝑏

6
(

9𝐾𝑏+ 8𝜇𝑏

𝐾𝑏+2𝜇𝑏
)                                   (6) 

where 𝐾 and 𝜇 are the bulk and shear moduli of the mineral grains. These values are 

estimated to be 22.5 GPa and 17.3 GPa, respectively, based on a volumetrically weighted 

Reuss (1929) average of quartz and smectite minerals (Table 2). We used the estimates of 

smectite elastic moduli of Wang et al. (2001). We assumed a volume fractions of 0.10 

quartz and 0.90 smectite based on average Vshale value. The coordination number used in 

the rock physics models is based on the relationship between porosity and coordination 

number of Murphy (1982). Finally, we used Gassmann’s equation (1951) to calculate 

brine-saturated moduli based on the dry rock moduli. For the illitic shale, we modeled 

velocity-porosity relationships through the friable-sand model of Dvorkin and Nur (1996; 

Figures 6c and d). This model describes changes in the velocity-porosity relation due to 

sorting given a specific confining pressure. Similar to the constant-cement model, we 

modified this model for shale lithology and the goal of this model here is to reflect the 

changes in velocity-porosity relationships due to smectite to illite transformation. This 

model calculates the dry bulk and shear modulus values at the critical porosity using Hertz-

Mindlin theory (Mindlin, 1949). Then the dry-rock bulk and shear moduli for smaller 
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porosities are interpolated using equations 4 and 5. In this model, we assigned 𝐾 and 𝜇 to 

be 36.5 GPa and 25.4 GPa, respectively, based on Reuss (1929) averaging of quartz moduli 

together with the estimates of illite elastic moduli in Table 2 based on the values published 

by Wang et al. (2001). We assumed a volume fraction of 0.13 quartz and 0.87 illite based 

on average Vshale value.  

7. SEISMIC INVERSION 

 The seismic inversions are standard but careful inversions based on currently 

available commercial software (Hampson-Russell). Crucial inputs for inverting seismic 

data into absolute impedances are the use of a background model conditioned to geologic 

horizons and well log data. This technique minimizes the non-uniqueness of the solution 

and extends the bandwidth of the solution to low frequencies absent in the original seismic 

data (Tarantola, 1987; Russell and Hampson, 1991; Cerney and Bartel, 2007; Brown, 

2010). Another important input in the inversion workflow is the wavelet which can be 

extracted through various methods. Exploring the wavelet impact on the inversion quality 

is outside the scope of this study and hence we optimized a wavelet in the reference 

workflow and consistently used the same wavelet for this case and the other two scenarios. 

Different wavelets were used for the acoustic impedance and far angle (36º) elastic 

impedance inversions. 

We ran inversions to get acoustic impedance and far angle (36º) elastic impedance 

cubes as inputs for QSI for the reference workflow and workflows one well and BPSM. 

Examples from the resulting cubes for the reference workflow are shown in Figure 7. In 

this section, we focused on demonstrating the workflow and the results of the acoustic 

impedance inversion for the reference workflow and the workflows one well and BPSM to 
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highlight the differences in the inverted impedances quality between the two workflows 

and the reference workflow. The quality of the inverted far angle (36º) elastic impedance 

cubes are similar to the inverted acoustic impedance cubes and the two sets of inverted 

cubes show similar pattern of differences between workflows one well and BPSM and the 

reference workflow.  

  We started the reference workflow of inversion with seismic to well-tie of six 

wells distributed evenly between Thunder Horse and Thunder Horse North oil fields using 

a statistical wavelet (Figures 8a and b). Four of the wells including Wells A and B were 

used for subsequent wavelet extraction and background model conditioning. The other two 

wells, Well C in Thunder Horse field and Well D in Thunder Horse North field, served the 

purpose of checking the quality of inverted impedances. The cross correlation of the 

synthetic seismic with the actual post-stack seismic data is higher in Well A (i.e., average 

of 0.75) than in Well B (i.e., average of 0.62). This difference in the quality of the well tie 

is caused by the difference in the quality of the seismic data because Well B is completely 

covered by a salt sheet, which reduces the signal to noise ratio in the subsalt section. 

Following this, we used the wells in combination with the seismic data to extract a 

new wavelet for the inversion (Figure 8c). Then, we constructed an acoustic impedance 

background model and applied a high cut filter at 10 Hz for proper low frequency band 

extension of the original seismic data spectrum (Figure 9). The last step before inverting 

the seismic is optimizing the specific inversion parameters for a model-based algorithm. 

These parameters include a weight of 0.45 assigned to the background model, five 

iterations, and an average block thickness of 2 ms. The resulting impedance volume 

extends the frequency bandwidth to include low frequencies (Figure 10a). The synthetic 
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seismic modeled from convolving the input wavelet with reflectivity series of the inverted 

impedance volume has an average cross correlation of 0.95 with the original seismic data; 

cross- correlation values are higher in Thunder Horse field area than Thunder Horse North 

field area. When comparing the resulting impedances at well locations for both wells, the 

cross correlation between inverted impedance and that derived from the well is 0.71 in 

Well C and 0.63 in Well D (Figures 10b and c). 

We repeated the same steps for workflow-one well, in which only Well B is used 

for conditioning the background model. We used the same set of wells for quality control 

as in the first case. The modeled synthetic from the inverted impedance volume shows an 

average cross correlation of 0.92 with original seismic data. The inverted impedance values 

in Well D show cross correlation of 0.62 with the impedances derived from the well log. 

On the other hand, the inverted impedances at Well C show low cross correlation of 0.35 

with those derived from the well log (Figure 11). This indicates significant mismatch due 

to ignoring the spatial trend of increasing acoustic impedances driven by higher 

temperature, effective stress and illite transformation in Thunder Horse field relative to 

Thunder Horse North field.  

 In workflow-BPSM, we constrained the impedance background model by 

combining BPSM outputs with the appropriate rock physics models, as demonstrated by 

AlKawai and Mukerji (2016).  We calculated pseudo logs at the location of Well A by 

combining BPSM outputs with the mean rock physics models. In this process, we assumed 

the Vshale vertical succession in Well A to be the same as that in Well B. Then, we 

combined the BPSM effective stress and illitic content outputs with the mean rock physics 

models to estimate log values of porosity, Vp, Vs and density, for clean sandstone and 
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shale. When dealing with intervals of intermediate Vshale values, we applied Backus 

(1952) averaging of bulk and shear moduli of clean sandstone and shale and volumetrically 

weighted averaging of the densities of clean sandstone and shale. The average seismic 

velocities for these intervals were obtained from the Backus averaged bulk and shear 

moduli and average density values. Additionally, we accounted for the impact of the 

smectite to illite transformation between 6010 and 6995 m by following the same averaging 

techniques but this time we averaged between the smectitic and illitic shale members given 

the volume fractions of these members. We estimated the volumes fractions of smectitic 

and illitic shales from the BPSM predicted molar fractions (Figure 3). The inverted 

impedances show significantly improved cross correlation with the impedances derived 

from the logs in Well C (Figure 12) and Well D. The average cross correlation between the 

modeled synthetic seismic and the original seismic data is 0.95. 

8. TRAINING DATA PDFs 

In addition to the seismic attributes (inverted impedances), we need the training 

data PDFs for Bayesian classification. In this section, we estimated PDFs of acoustic 

impedance and elastic impedance for both sandstone and shale for the reference workflow 

and workflows one well and BPSM. Combining the lithofacies of the training data into the 

classes of sandstone and shale only is a simplified scheme of delineating lithofacies. The 

goal of the scheme is to enhance the chance of successful classification of clean sandstone 

bodies with the resolution of the seismic data (i.e., vertical resolution of 35 m). Previous 

studies such as Mukerji et al. (2001) showed the enhancement of successful classification 

with fewer classes of lithofacies in the training data.  For the reference workflow, we 

estimated PDFs directly from well log data in Wells A and B. Given the sandstone and 



15 
 

shale defined from Vshale values together with the well data, we obtained distributions of 

Vp, Vs, and density for both lithofacies. We ran a correlated Monte Carlo simulation of 

Vp, Vs, and density by drawing 10,000 of each these variables to calculate its PDF by 

kernel density estimation. In this correlated simulation, the Vp and Vs draws are 

conditioned to the draw of density, which is designated as the primary variable. We 

combined these PDFs to obtain PDFs of acoustic impedance and elastic impedance at 36o. 

The resulting PDFs in wells A and B are shown in Figures 13. These are the reference 

PDFs. 

 Next, we assume that we do not have well A. We have only the training data PDFs 

from well B. Then we use the BPSM results (effective stress, smectite-illite transformation) 

to transform the well B PDFs to the conditions at well A, thus extrapolating and extending 

the original training data that was limited to well B alone. We calculated Vp, Vs, and 

density for sandstone using the mean rock physics models along with their 95% confidence 

interval together with the effective stress output from BPSM at the location of Well A. 

When estimating these properties for smectitic shale (i.e., above 6010 m in Well A), we 

followed the same workflow of combining smectitic shale rock physics models with the 

BPSM effective stress output. In the transformation zone of smectite to illite, we applied 

the same averaging techniques discussed previously except that we applied the 95% 

confidence interval along with the mean rock physics models. Then, we calculated the 

PDFs of acoustic and elastic impedance at 36o in Well A based on these values (Figure 

13c). The estimated PDFs in Well A are close to the actual ones, but some differences exist, 

as shown in Figure 14.  
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9. QUANTITATIVE SEISMIC INTERPRETATION (QSI) 

 In this step of the QSI workflow, we mapped lithofacies at the top of the reservoir 

horizon by classifying the inverted acoustic and far angle (36º) elastic impedances values 

given the training data. The mapped lithofacies are seismic facies that can be identified 

with the resolution of the seismic data. We applied Bayesian classification with two 

attributes (acoustic and elastic impedance) and two classes (sand, shale). An important 

issue to address for the reference workflow and workflow-BPSM is the non-stationarity of 

the PDFs. As noted previously, the impedance values are higher in Well A than in Well B 

due to different pressure and thermal histories. We accounted for this shift in impedance 

values in the classification process by dividing the area between wells A and B into 0.5 km 

wide increments and determining the non-stationary PDFs at each increment.  

To incorporate the effects of pressure and thermal history in the interpolation 

method, we first plotted average effective stress values and the average illitic content 

determined by BPSM (Figure 15). Given these values, we estimated average Vp, Vs, and 

density of sandstone and shale along the profile (Figure 16) using the mean rock physics 

models. All the average Vp, Vs and density profiles of both sandstone and shale have a 

minimum value at Well B. We normalized the trend of the Vp, Vs, and density curves by 

their minimum and maximum values such that the normalized curves were between 0 and 

1. We interpolated a series of average values of Vp, Vs, and density through weighted 

averaging between the wells for the reference workflow and scenario 2. This interpolation 

of the average values is accomplished through weighted averaging with weights based on 

the normalized values of Vp, Vs and density.  We repeated the same interpolation steps for 

the 95% confidence interval. Following this interpolation, we repeated a correlated Monte 
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Carlo simulation similar to the one discussed in the previous section to construct 

distributions of Vp, Vs and density and constructed PDFs from these distributions through 

kernel density estimation.  

For the reference workflow QSI (using all wells), we extracted acoustic impedance 

and far angle elastic impedance (36º) at the top of the reservoir and at Well C. We used 

Well C previously to check the quality of inverted impedance in Thunder Horse field. The 

training data consists of a series of PDFs that includes actual PDFs in wells A and B 

together with the PDFs interpolated between the two well locations using the method 

discussed previously. The resulting most likely lithofacies maps as well as sandstone 

probability maps using Bayesian classification are shown in Figure 17. To validate the 

prediction of lithofacies in the reference workflow, we compared the probability of 

sandstone predicted in the reference workflow with the upscaled gamma ray log (i.e., 

averaged at each 30 m) at Well C (Figure 18).  The goal of upscaling gamma ray log is to 

approximate the observed facies at the resolution of seismic data. The predicted probability 

from the reference workflow is overall in agreement with the upscaled gamma ray log with 

some small differences. These differences might rise from the differences in resolution 

between the upscaled gamma ray log and the inverted seismic impedances. 

   In workflow-one well, the extracted impedances at the top of the reservoir and 

Well C were inverted based on background models conditioned only to Well B. The 

Bayesian classification over the entire spatial extent of the horizon is solely based on PDFs 

in Well B as training data. Workflow-one well predicts smaller amount of sandstone 

compared to the reference workflow as can be seen in Figures 17c-d and 18. Workflow-

one well underestimates sandstone isopach thicknesses by an average of 200 m which 
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yields a smaller reservoir net volume by 23% relative to the reference workflow (Table 1). 

In addition, the sandstone probability map from this workflow (Figure 16d) is characterized 

by more intermediate values (i.e., 0.4 - 0.6) in the vicinity of Thunder Horse Filed when 

compared to the reference workflow which is highlighted in the histogram of the sandstone 

probability values in the map. The higher prevalence of intermediate probability values in 

this workflow suggests a greater degree of uncertainty in predicting lithofacies. The 

impedances used in workflow-BPSM are based on combining Well B together with BPSM 

and rock physics estimation of Vp and density at the location of Well A to condition the 

background model. In addition, in this scenario, the training data includes PDFs from Well 

B and BPSM and statistically extrapolated PDFs at the location of Well A. In the area 

between the two wells, we followed our interpolation method to generate the intermediate 

PDFs. The most likely lithofacies and sandstone probability maps and sandstone 

probability at Well C of workflow-BPSM (Figure 17e-f and 18) are nearly identical to those 

of the reference workflow. The estimated net volume of sandstone in the reservoir rock is 

slightly smaller than the reference workflow (<1%) and the average isopach differences 

with the reference workflow is 20 m, and order of magnitude smaller error than scenario 1 

(Table 1).  

The considerable difference of the predicted probabilities and reservoir architecture 

between workflow-one well and the reference workflow is caused by the bias in the 

inverted impedance volumes toward lower impedance values as well as the bias in the 

training data that does not take into account spatial variations of impedance values and 

rock physics PDFs used in the Bayesian classification. On the other hand, workflow-BPSM 

demonstrates the value added by integrating BPSM quantification of geologic processes 
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related to pressure and thermal history together with statistical rock physics to extrapolate 

beyond the well data. This extrapolation process improves the training data representation 

of the actual subsurface properties as well as the quality of the inverted impedances 

volumes to reflect spatial trends. These improvements ultimately boost the accuracy of the 

QSI workflow in delineating reservoir architecture and reduces the uncertainty in 

predicting lithofacies as seen by comparing workflows 1 and 2 differences with the 

reference workflow.  

10. CONCLUSIONS 

 A fundamental aspect of QSI workflows is applying statistical rock physics to 

determine elastic property distributions in the subsurface beyond well control. The spatial 

complexity in pressure and thermal history in the Thunder Horse mini-basin greatly affects 

elastic property distributions. Incorporating BPSM into the workflow effectively quantifies 

geologic complexities and thus leads to robust estimations of elastic property distributions 

and their uncertainties beyond well control. The results from comparing the two scenarios 

tested in this study with the reference workflow demonstrate the value added by integrating 

BPSM with statistical rock physics to extrapolate the elastic property distributions beyond 

spatially limited well control in structurally complex areas. In this example, the trends in 

elastic properties were dues to variations in thermal history and clay diagenesis. The 

workflow presented here is applicable to address variations in elastic properties due to 

spatial variations in sediments compaction and diagenetic processes in areas of structural 

complexity.  
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Table 1. Summary of reference workflow and scenarios used in this paper and measures of 

improvement. 
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Table 2. Properties of the mineral used in the rock physics modeling. 

Mineral  Bulk Modulus (GPa) Shear Modulus (GPa) Density (g/cm3) 

Smectite 21.6 17.30 2.30 

Illite 36.4 25.40 2.61 

Quartz 37 44 2.65 
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Figure 1. (a) Location map of the study area. The polygon shows the area of three-

dimensional seismic coverage. The black line is the location of the cross section in Figure 

1b. The white line is the location of the cross section in Figure 2a. The patterned 

rectangle shows the region where the lithofacies are calculated and shown in Figure 16. 

Seafloor bathymetry is from Bureau of Ocean Energy Management 

(https://www.boem.gov/Gulf-of-Mexico-Deepwater-Bathymetry/). (b) This seismic line 

crosses the study area from NW to SE across Thunder Horse North and Thunder Horse 

oil fields.  
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Figure 2. (a) 2D basin model of the Thunder Horse mini-basin at present day. (b) Predicted 

effective stress and (c) temperature through time in the reservoir rock unit of interest. The 

results show higher effective stress and temperature values of the reservoir rock unit in 

Well A. 
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Figure 3. Simulated smectite to illite transformation in both well locations based on the 

kinetics of Dutta (1986) and the thermal history predicted from basin modeling. The 

symbols in Well B are XRD data for calibration. The transformation zone in both wells is 

marked with dashed lines and it is shallower in Well A.  
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Figure 4. Porosity compaction curves for (a) sandstone, (b) smectitic shale, and (c) illitic 

shale.  
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Figure 5. Velocity-porosity models for sandstone in Well B.  
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(b) Vs for smectitic shale 

(a) Vp for smectitic shale 
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Figure 6. Velocity-porosity models for smectitic (a and b) and illitic (c and d) shales.  

(c) Vp for illitic shale 

(d) Vs for illitic shale 
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Figure 7. Resulting acoustic impedance (a and b) and far angle (36◦) elastic impedance (c 

and d) for the reference workflow. For each attributes, the result shows a resulting section 

and comparison of inverted impedance with well-log derived impedance at Well C in 

Thunder Horse Field. 
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Figure 8. Using (a) a statistical wavelet to (b) tie the well logs to the seismic and (c) 

generate a wavelet for seismic inversion. 
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Figure 9. (a) Frequency spectrum of the original post stack seismic data and (b) the 

acoustic impedance background model used in the reference workflow. 

 

(b) 

(a) 

T
W

T
 (

m
s)

 
A

co
u
stic Im

p
ed

an
ce (m

/s.g
/cm

3) 



39 
 

 

 

 

(b) Well D 
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Figure 10. (a) Frequency spectrum of the reference workflow inverted acoustic impedance 

(AI) and comparison of the inverted impedances with those derived from the well log in 

wells from (b) Well D and (c) Well C.  

 

 

 

(c) Well C 
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Figure 11. Comparison of inverted acoustic impedances from workflow-one well with 

acoustic impedances values derived from well logs in Well C indicating a significant 

mismatch.  
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Figure 12. Comparison of inverted acoustic impedances from workflow-BPSM with 

acoustic impedances values derived from logs in Well C. Notice the improvement in cross-

correlation coefficient relative to workflow-one well (Figure 10) when BPSM and rock 

physics estimations are included. 
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(b) Well A, actual 

(a) Well B, actual 
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Figure 13. Probability distribution functions (PDFs) of seismic impedances for (a) well 

log-derived Well B with (b) well log-derived Well A and (c) BPSM+Statistical Rock 

Physics-estimated in Well A.  The BPSM+Statistical Rock Physics estimated PDFs are 

close to the actual ones in Well A. 
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Figure 14. Comparison of estimated and actual PDF in Well A for: (a) acoustic impedance 

in sandstone, (b) elastic impedance in sandstone, (c) acoustic impedance in shale, and (d) 

elastic impedance in shale. 
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Figure 15. BPSM output of spatial variations of (a) average effective stress and (b) illitic 

content in the reservoir rock.  
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Figure 16. Estimated spatial variations of average (a) Vp, (b) Vs and (c) density for both 

sandstone  

and shale showing increase in these values away from Well B. 

 

 

 

 

 

 

 

 

 

 

(c) Average density 
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(a) Reference workflow: Most likely Lithofacies  
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(b) Reference workflow: Sandstone Probability  

Reference workflow: Histogram of Probability Values of 
Sandstone 
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(C) Workflow-one well: Most likely Lithofacies  
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(d) Workflow-one well: Sandstone Probability  

Workflow-one well: Histogram of Probability Values of 
Sandstone 
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(e) Workflow-BPSM: Most likely Lithofacies  
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Figure 17. Most likely lithofacies and sandstone probability maps for: (a,b) the reference 

workflow, (c,d) workflow-one well and (e,f) workflow-BPSM. The histogram below each 

of the sandstone probability maps highlights the distribution of intermediate values. The 

maps show the difference between the references workflow and workflow-one well 

whereas workflow-BPSM is nearly identical to the reference workflow.  

(f) Workflow-BPSM: Sandstone Probability  

Workflow-BPSM: Histogram of Probability Values of 

Sandstone 
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Figure 18. Comparing the probability of sandstone predicted in the reference workflow, 

workflow-one well and workflow-BPSM with the predicted probability based on gamma 

ray log Well C. 
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INTEGRATING THERMAL HISTORY MODELING WITH ROCK PHYSICS 

TEMPLATES TO PREDICT THE EFFECTS OF CHEMICAL DIAGENESIS ON 

OVERPRESSURE IN THUNDER HORSE MINI-BASIN, GULF OF MEXICO, 

USA 
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1. ABSTRACT 

 This study explores the importance of thermal history modeling when applying rock 

physics templates to predict overpressure associated with smectite to illite conversion. The 

study focuses on the role of transient effects due to high sedimentation and high thermal 

conductivity of salt.  We simulate the thermal history in Thunder Horse mini-basin crossing 

its turtle structure with a 2D basin model with both steady state and time dependent 

solutions. Results of the thermal history modeling suggest that the study area did not reach 

a steady state mainly because of the transient effects of high sedimentation that occurred 

during the middle Miocene time. Assuming steady state temperatures results in higher 

predicted temperatures and thus higher illitic molar fractions. Results of applying a 

calibrated rock physics template at a well location to estimate pore pressure from seismic 

velocity suggest the importance of capturing an accurate solution of thermal history in the 

template. The predicted pore pressure values based on a time dependent solution are close 

to actual pore pressure measurements at well locations. The pore pressure predicted based 

on a steady state solution is higher than the actual pore pressure measurements due to 

overestimating illitic molar fractions at various depths. We propose the use of basin 

modeling, which accounts for transient effects and salt movement, for robust analysis of 
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the thermal history to complement the rock physics templates in predicting overpressure 

associated with smectite to illite conversion.   

2. INTRODUCTION 

Several previous studies of overpressure generation suggested smectite to illite 

conversion as one of the important mechanisms (Dutta, 1986; Dutta, 2002; Lahann, 2002; 

Katahara, 2006; Lahann and Swarbrick, 2011; Dutta, 2016). Lahann (2002) and Katahara 

(2006) proposed the concept of load transfer as an explanation for the overpressure 

development by the conversion. This concept implies that smectite to illite conversion 

changes the mineral matrix compressibility and releases extra fluid into the pore space as 

bound water becomes free water. The implication of these changes for compaction is 

increasing the portion of the overburden load supported by the pore fluid due to increasing 

the pore fluid volume and weakening the matrix. The load transfer changes the relationship 

of elastic properties such as Vp, Vs and density with effective stress. Incorporating this 

change into normal compaction curves is important when predicting pore pressure by 

various methods (Dutta, 2002; Huffman, 2002; Lahann, 2002; Sayers et al., 2002; Gutierrez 

et al., 2006; Katahara, 2006; Dutta, 2016). Although many mechanisms of overpressure 

generation (e.g., kerogen maturation, centroid effect, etc) exist, this study focuses on 

smectite to illite conversion and disequilibrium compaction. The goal is to compare and 

contrast pore pressure estimated using steady state solution of thermal history versus those 

obtained using time dependent solution; and discuss any potential pitfalls in the pore 

pressure estimation that rise from ignoring transient effects.  

Upscaled models of pore pressure can be simulated through basin and petroleum 

system modeling. These upscaled models can incorporate geologic variations such as 
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lithofacies heterogeneity. One advantage of basin modeling is the ability to address spatio-

temporal variations, transient effects, and buoyancy and centroid effects associated with 

sand bodies embedded in shale (Al-Hajeri et al., 2009; Hantschel and Kauerauf, 2009; 

Peters, 2009). The disadvantage of it though is the need of data control on many key 

parameters such as permeability, thermal conductivity and boundary conditions such as 

basal heat flow.  Prediction of pore pressure from seismic velocity can yield a more detailed 

pore pressure estimate than that predicted by basin modeling (Dutta, 2002; Huffman, 2002; 

Gutierrez et al., 2006). Limitations of predicting pore pressure with seismic velocity 

include the dependence on the quality of the seismic data and illumination, which can be 

an issue in subsalt zones; and the typical assumption of entirely shale lithology through the 

overburden. There are other geophysical methods to infer pore pressure using petrophysical 

properties based on rock physics models (Gutierrez et al., 2006). These methods have the 

advantage of utilizing multiple petrophysical data to produce a predictive model of pore 

pressure but they require an input of multiple calibration parameters that might be difficult 

to measure. All these methods predict pore pressure on the basis of relating elastic 

properties such as seismic velocity and porosity to either effective stress or pore pressure.  

Lahann (2002), Katahara (2006), Dutta et al. (2014) and Dutta (2016) recognized 

the importance of integrating chemical kinetics of smectite to illite conversion into the 

workflows for predicting pore pressure. Dutta (2016) proposed an integrated compaction 

model for argillaceous sediments that simulates smectite to illite conversion kinetics based 

on a simple steady-state thermal history model that calculates temperatures in geologic 

time assuming constant geothermal gradients and burial rates. This workflow of Dutta 

(2016) ignores transient effects, which might limit its applicability in many geologic 
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settings. Hower et al. (1976) emphasized the role of burial history when it comes to 

dictating the depth zone of smectite to illite conversion. Many sedimentary basins undergo 

fluctuations of burial rates due to changes in sedimentation rates and tectonics (Allen and 

Allen, 2005; Hantchell and Kauerauf, 2009). Furthermore, geothermal gradients can 

change rapidly through geologic time due to several factors such as transient effects 

associated with high sedimentation rates (Beardsmore and Cull, 2001; Allen and Allen, 

2005; Hantchell and Kauerauf, 2009). These factors result in fluctuations of heat flow and 

transient effects. Persistence of transient effects can lead to inaccurate estimation of 

temperatures through time if the estimate is based on a steady state solution or a further 

simplified solution such as that discussed by Dutta (2016). We show how the transient 

effects can be incorporated by integrating basin modeling into the workflow of Dutta 

(2016). Basin modeling is a computational tool capable of simulating a time dependent 

solution of thermal history that takes into account various geologic factors such as 

deposition, erosion , uplift and salt tectonism (Al-Hajeri et al., 2009; Hantschel and 

Kauerauf, 2009; Peters, 2009). Basin modeling solves coupled partial differential equations 

of different rock properties including temperature on discretized grids of time and space 

with moving boundaries. Thus, basin modeling can provide a robust estimate of thermal 

history that can serve the purpose of simulating the chemical kinetics of smectite to illite 

conversion, thereby improving the rock physics template to predict overpressure from 

seismic velocity.  

In this study, we simulate time dependent and steady state solutions of thermal 

history and smectite to illite conversion using a basin model across the Thunder Horse 

mini-basin. Then, we look at the differences of predicted pore pressure by integrating the 
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Dutta (2016) compaction model with both the time dependent and the steady state 

solutions. This study sheds some light on the role of geologic controls over the thermal 

history of the mini-basin and the corresponding implications for accurate prediction of 

overpressure due to smectite to illite conversion.  Moreover, the best practices for a 

workflow integrating thermal history with rock physics to predict overpressure associated 

with smectite to illite conversion are discussed based on the findings 

3. STUDY AREA AND DATASET 

 The study area, Thunder Horse mini-basin, is located to the southeast of the 

Mississippi Canyon area in the Gulf of Mexico (Figure 1.a). A study on the structural 

evolution of this mini-basin by Lapinski et al. (2004) interpreted that Thunder Horse was 

initially a salt withdrawal mini-basin and later inverted into a turtle structure because of 

salt withdrawal along the flanks. The mini-basin is associated with episodes of very high 

sedimentation during the Cenozoic especially the middle Miocene (Galloway et al., 2002; 

Lapinski et al., 2004; Galloway et al., 2011). The study area includes both Thunder Horse 

and Thunder Horse North oil fields. Thunder Horse is the four way closure of the turtle 

structure and Thunder Horse North is the three way closure formed by the onlap of 

stratigraphic units onto the northwestern salt diapir (Figure 1.b). Thunder Horse North field 

is completely covered by salt whereas Thunder Horse field is partially covered by salt.  

 The dataset used in the study includes: 3D seismic pre-stack depth migrated 

volume, velocity cubes for depth conversion, and well data at both Wells A and B (Figure 

1b). The well data includes typical petrophysical logs (e.g., neutron porosity, sonic and 

density logs) as well as pore pressure measurements obtained by repeat formation tester 
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(RFT), corrected bottom hole temperature (BHT) data, and biostratigraphic data for age 

control.  

4. METHODS 

 In the first part of the study, we extracted a 2D line from the 3D seismic volume 

that goes along the turtle structure and intersects both wells A and B (Figure 1b). We 

interpreted horizons along this 2D line to build a 2D basin model calibrated to data from 

Well A. The goal of the model is to simulate a time dependent solution and quantify 

multiple geologic factors influencing the thermal history such as transient effects due to 

high sedimentation and the rapid conduction of heat by salt. At the same time, we simulated 

a steady state solution of thermal history with the same boundary conditions as those of the 

time dependent solution. Then, we applied the Dutta (1986) chemical kinetics to calculate 

illitic molar fractions at the location of both wells based on the time dependent and steady 

state solutions.  

 Next, we built a template of rock physics models following the approach proposed 

by Dutta (2016). This rock physics template is used for pore pressure prediction in the 

Dutta (2016) workflow. We used the data from Well A together with the time dependent 

solution of illitic molar fractions to calibrate the rock physics template. After that, we 

applied these rock physics models to predict pore pressure from the seismic velocity at 

Well B based on both the time dependent and steady state simulation of illitic molar 

fractions. The goal is to show the applicability of integrating the rock physics template with 

the time dependent solution of thermal history to improve pore pressure predictions at the 

new well location.  
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5. BASIN MODELING 

5.1 Model Building  

 We interpreted horizons along the 2D line based on the biostratigraphic data that 

extends down to the Eocene. We interpreted the Upper Cretaceous horizon using previous 

interpretations (McBride et al., 1998; Lapinski et al., 2004). We constructed a 2D basin 

model (Figure 2.a) using these interpretations (we used PetroMod © 2013.2 software). To 

account for salt movement through time, we input maps of salt thickness corresponding to 

different geologic times into the salt tectonics table in the software. These maps were 

obtained successively by unfolding the series of horizons to the regional elevation, which 

is the presumed elevation of the horizon prior to any deformation caused by salt tectonism 

(Marshak and Woodward, 1988). The burial history in the model captures the filling history 

of the mini-basin with sediments followed by salt diapirism and inversion into a turtle 

structure as well as a later episode of lateral extrusion of salt between 9 Ma to 6 Ma (Figure 

2). We defined lithologies for most of the layers by mixing shale and sandstone based on 

the average volume of shale (Vshale) calculated from gamma ray logs (Table 1). For older 

stratigraphic layers in which well-log data are unavailable, we used the stratigraphic 

interpretations of Lapinski et al. (2004) for lithology.   

After constructing the model, we assigned the boundary conditions of paleo-water 

depth, sediment-water interface temperature (SWIT) and basal heat flow. We used the 

interpretation of the depositional environments by Lapinski et al. (2004) to estimate the 

paleo-water depth and then combined these with the current latitude of the study area to 

estimate SWIT by the simulator (Hantchel and Kauerauf, 2009). For the basal heat flow, 

we assumed an initial high heat flow at the time of the rifting of the basin followed by 
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nearly a constant heat flow to present day. We adjusted the basal heat flow later on when 

calibrating the thermal history.  We started calibrating the modeled pressure history by 

calibrating to porosity, density and pore pressure data from Well A (Figure 3.a). Although 

the calibration is based on Well A only, the resulting outputs at Well B matched the actual 

well data. Then, we calibrated the modeled thermal history based on Well A data only. We 

adjusted the basal heat flow in a reasonable range for this ocean basin such that the basal 

heat flow through time reflects the initial rifting phase of the basin and the radiogenic heat 

in the crust (Figure 3.b) (Buffer and Sawyer, 1985; Allen and Allen, 2005; Nagihara and 

Jones, 2005). Additionally, we adjusted the relationships between the thermal 

conductivities and temperatures for the different lithologies in the model. These 

relationships are defined by the approach of  Sekiguchi (1984) in which thermal 

conductivity at 20ºC is  assumed as a reference point to describe variations of thermal 

conductivity with temperature. We allowed radiogenic heat generation in the sediments. 

The amount of radiogenic heat generated in the sediments is calculated using the equation 

by Bucker and Rybach (1986) that derives radiogenic heat generation based on gamma ray 

(API) values. The resulting temperature depth profiles in both well locations match the 

corrected BHT values and their apparent geothermal gradients (Figure 3.c).  

5.2 Thermal History Results 

 The model output of time dependent temperature distributions in the study area at 

the present day is shown in Figure 4 and they show variations in both the horizontal and 

vertical directions. A key factor in changing heat flow and hence temperature in the basin 

is salt movement. Because the high thermal conductivity of salt increases the heat flux from 

high to low temperature in the area, salt movement through time can significantly impact 
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the thermal history. The impact of salt on heat flux depends on the geometry of salt and its 

spatial contacts with sediments. For example, horizontal salt bodies such as allochtounous 

sheets can significantly increase the heat flux along the vertical direction given the 

temperature differences of the sediments above and below salt coupled with the high 

thermal conductivity of salt. The thermal history in Well B is likely to be impacted more 

by salt than Well A because Well B is completely covered by salt.   The greater impact of 

salt on thermal history at the location of Well B can be interpreted from temperature and 

heat flow changes between 9 to 6 Ma (i.e., the time of salt extrusion) for the subsalt layers 

at both well locations (Figure 5). 

Another important factor to quantify in this analysis is the transient effect due to 

high sedimentation. We estimated that a hiatus of 1.2 Ma is required after present day in 

order to reach a steady state at Well A based on a simplified 1D approximation of the 

thermal disturbance induced by the deposition of 6233 m column of sediments between 

13.50 Ma to present day. To further confirm the presence of transient effects due to rapid 

sedimentation, we extracted the model outputs of heat flow values through geologic times 

at the locations of Wells A and B. Comparison of the heat flow values through time 

between the top and the base of a particular layer in the model can provide indications of 

transient effects. The heat flow values at the base of the layer should equal those at the top 

of it in steady state conditions. However, the radioactive heat generation in the sediments 

in the model adds extra heat to the heat flowing from the base of each layer to its top. For 

the purpose of interpreting transient effects, we eliminated the radiogenic heat production 

in the sediments when we compared the heat flow values between the top and the base of 

each layer. 
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After excluding radiogenic heat generation, the resulting heat flow through time at 

the top of the Oligocene layer at Well B is lower than the heat flow through time at the 

base of the same layer (Figure 6a). The difference between these two heat flow plots is 

maximum between 13.50 Ma to 9.00 Ma and minimum at the late Oligocene (24 Ma). The 

timing of the maximum difference is likely related to the transient effect of high sediment 

accumulation at the topographic lows of the turtle structure forming around that time. The 

difference in both heat flows is reduced at 6 Ma due to the extrusion of the salt sheet 

between 9.00 to 6.00 Ma. At Well A, the maximum difference between heat flow at the top 

and the base of the Oligocene layer starts around 15.00 Ma and there is a gradual reduction 

of the difference due to the salt effect just around 6.00 Ma (Figure 6b).  

Both well locations clearly differ in the timing of maximum difference between the 

surface and basal heat flows. This difference in timing is related to the changes in 

accommodation and sediment accumulation caused by salt movement. The examples of 

the Oligocene layer time plots at the two locations suggest presence of significant transient 

effects at the Miocene time. Moreover, the spatial prevalence of these effects depend on 

the accommodation governed by salt movement. These transient effects can be mitigated 

more to the northwest of Thunder Horse mini-basin by the increase of heat flux due to the 

high thermal conductivity of the allochthonous salt sheet.   

Although the plots of heat flow in Figure 6 show evidence of transient effects, we validated 

our interpretations of transient effects by examining the depth profiles of temperature 

differences between both the steady state and the time dependent solutions at multiple time 

steps in both wells (Figure 7). In both of these solutions, radiogenic heat generation based 

on gamma ray API value is considered. The differences are calculated by subtracting the 
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steady state solution from the time dependent solution. A key reason for this validation is 

the moving boundaries of the model; any particular layer in the model does not stay in the 

same depth point through time. Looking at the Well A shows higher differences around 

12-9 Ma in Figure. These higher differences at Well A can be a result of higher sediments 

accumulation at the location of Well A which is a topographically low position before 

inverting the mini-basin into a turtle structure. On the other hand, Well B shows small 

differences between 9 to 6.5 Ma, which can be an effect of the increased heat flux due to 

the high conductivity of the extruded sheet. After 6.5 Ma, both wells show considerable 

differences between both solutions, which is the effect of continuous high rate of 

sedimentation in the Pliocene (i.e., up to 400-500 m/Ma). The sedimentation in the Pliocene 

is probably higher toward Well B based on the thickness of the isopach (Figure 2). A 

general interpretation from Figures 6 and 7 is that Well A location has a longer time span 

of transient effects when compared to Well B due the to greater sediment accumulation 

and less increase in the heat flux due to high thermal conductivity of salt at the vicinity of 

Well A. 

 

 When comparing the time dependent solutions of temperature to the steady state 

ones in both wells A and B, there are considerable temperature differences (Figure 7). The 

steady state solution predicts higher temperatures in both locations by 3º to 11º C. 

Increasing the temperature values through time implies increasing the reaction rate constant 

of the smectite to illite conversion. To relate these two solutions to the prediction of 

smectite to illite conversion, we applied both solutions with the chemical kinetics of Dutta 

(1986) to predict the illitic molar fractions with depth. The steady state solution yields 
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higher values of illitic molar fractions at shallower depths compared to the time dependent 

solution (Figure 8). Also, the time dependent solution of illitic molar fractions based on the 

kinetics of Dutta (1986) is in an overall agreement with the molar fraction values calculated 

from the XRD data at Well B (Figure 8b). 

6. ROCK PHYSICS TEMPLATE 

Dutta (2016) applied the concept of rock physics template to integrate rock physics 

models with chemical kinetics and establish compaction curves of shale velocity, porosity 

and density as functions of smectite to illite conversion.  A rock physics template generally 

refers to rock physics models conditioned to geologic properties. The template of Dutta 

(2016) relates variations of elastic properties such as seismic velocity with depth to changes 

in pore pressure gradients and the smectitic and illitic molar fractions. The compaction 

curves of velocity, porosity and density depend on the beta function, which is a lithology-

dependent modulating function of the molar fractions of smectite and illite (Dutta et al., 

2014). The beta function is defined as: 

𝛽 = 𝐵0 𝑁𝑠(𝑡) + 𝐵1𝑁𝑖(𝑡)                                                                        (1) 

where 𝑁𝑠(𝑡) and 𝑁𝑖(𝑡) are the molar fractions through geologic time of smectite and illite 

respectively. 𝐵0 and 𝐵1 are lithology-dependent calibration constants. Additionally, the 

slowness and density of the mineral matrix are calculated through volumetric averaging of 

smectite and illite in which the molar fractions of both minerals are converted into 

volumetric fractions. Dutta (2016); Dutta et al. (2014) and Dutta (2002) discussed the 

equations of the template in details.  A crucial step in applying this rock physics template 

is calibrating the beta function and the end member mineral matrix values given the thermal 
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history and the necessary well data at a particular location. We combined the time 

dependent solution of Dutta (1986) kinetics at Well A with the well data to derive the beta 

function in Figure 9.a assuming a 𝐵0 of 6.5 and 𝐵1 of 9.5. We estimated density values of 

2.35 g/cm3 and 2.63 g/cm3 and slowness values of 425 µs/m and 270 µs/m for both 

smectitic and illitic matrices, respectively. 

Next, we estimated effective stress values with depth at the same well based on the density 

log and the RFT data. Given the effective stress, the beta function and the molar fraction 

values, we applied the equations proposed by Dutta (2016) to estimate compaction curves 

of porosity, velocity and density. To validate these compaction curves with the well data, 

we calculated volume of shale (Vshale) based on gamma ray log and defined shale to have 

a Vshale of 0.90 or higher. The shale data points at the well show a shift in the slowness-

density relationship (Figure 9.b) similar to the shift in trend described by Dutta (2002; 

2016). Then, we took pairs of slowness-density from the compaction curves we calculated 

earlier and plotted the curve of these pairs on top of the well data in the same figure. The 

plotted slowness- density curve matches the trend displayed by the well data. The smectitic 

and illitic trends on this figure were calculated from Dutta et al. (2002) for the two end 

members.  

The changes in slowness-density relationship observed at the well data can be 

interpreted in terms of changes in the compaction behavior due to the conversion of 

smectite to illite. Authors such as Lahann et al. (2001), Dutta et al. (2002) and Katahara 

(2006) discussed this change in slowness-density relationship due to the conversion effects 

on compaction curves. These authors proposed the concept of load transfer as an 

explanation for the change in compaction behavior.  Example of this load transfer effect 
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can be seen in the template (Figure 9.c) of velocity with depth at different pore pressure 

gradients given a constant beta function. When calculating each of these curves, we first 

estimated lithostatic stress from density log to relate different pore pressure gradients to 

effective stress. The template is in agreement with variations of pore pressure gradient and 

seismic velocity of shale with depth that are observed in the well. In this figure, each of the 

velocity-depth curves shows an increase in velocity with depth around 6500 m, which 

coincides with the start of the transformation of smectite to illite as predicted in Figure 8. 

This change in the velocity-depth curve for each pore pressure gradient is a function of the 

thermal history and the chemical kinetics because it is dictated by the beta function and 

hence the molar fractions of smectite and illite.   

7. PORE PRESSURE PREDICTION 

After properly calibrating the rock physics template at Well A, the goal in this 

section is to evaluate the accuracy of the pore pressure predicted from seismic velocity at 

Well B by combining this template with both the time dependent and the steady state 

simulations of smectite to illite conversion. Many studies such as Dutta (2002) and Sayers 

et al. (2002) emphasized the importance of an accurate seismic velocity model suitable for 

predicting pore pressure. Conventional seismic velocities that are solely based on flattening 

the gathers can be unreliable for this purpose. We used a seismic velocity model that was 

built assuming a tilted transverse isotropy (TTI). Tilted transverse isotropy implies tilting 

of the axis of transverse isotropy, which requires extra parameters to quantify it (Grechka 

et al., 2001). Some authors such as Epili et al. (2011) suggested improvement of subsalt 

imaging with a TTI velocity model. The velocity model in our study area was updated in 

multiple iterations to ensure minimum mistie with the well tops and calibration to the 
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checkshot velocity data. In these multiple iterations, the model started with a reflection 

tomography estimation of velocities followed by applying residual error to minimize the 

mis-tie and updating the salt model. The final velocity model in the area show very low 

misties with the well tops (i.e., within 1%) and calibrate well to checkshot surveys.  

To interpret pore pressure from the velocity model, we applied the calibrated Dutta 

(2016) template in Figure 9c with the beta function. We kept all the calibration constants 

of the template the same as those we optimized at Well A. For the beta function, we 

calculated it based on predicted illitic molar fractions at Well B from both the time 

dependent and the steady state solutions. The predicted pore pressure curve based on the 

time dependent solution is shown in Figure 10a together with the RFT pore pressure 

measurements. Overall, the predicted pore pressure values are close to the RFT values with 

differences less than 1.25 MPa. On the same plot, we estimated fracture limit based on the 

method proposed by Eaton (1969). The predicted pore pressure is generally below the 

fracture limit.  

When repeating the pore pressure prediction using the steady state simulation of the 

conversion at the same well, the resulting beta function has higher values at shallower 

depths when compared to the one based on the time dependent solution. This difference is 

caused by the fact that the steady state solution yields higher molar fractions of illite at 

shallower depths (Figure 8). After repeating the same steps discussed above to predict pore 

pressure from the seismic velocity based on the steady state molar fractions, the predicted 

pore pressure curve is shown in Figure 10b. The predicted pore pressure is generally higher 

than the RFT data, with the differences as high as 20 MPa. Also, the predicted pore pressure 
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at greater depth is equal to or higher than the fracture limit calculated by the Eaton (1969) 

method. 

8. DISCUSSION 

 The thermal history in the study area is impacted by the emplacement of the 

allocthonous salt sheet and the transient effect associated with the high sedimentation of 

the middle Miocene. These two geologic factors perturb the heat flow through time. The 

overall thermal history of the basin cannot be accurately simulated with a steady state 

solution as can be seen from the differences in temperature between the time dependent 

and the steady state solutions (Figure 7). Predicting higher temperatures over time with the 

steady state solution implies increasing the reaction rate of smectite to illite conversion, 

which is significant for predicting pore pressure by the Dutta (2016) template. 

When applying the Dutta (2016) approach at Well A, the compaction curves in 

Figure 9.c show  the effect of illitization as steepening of  of these curves for the illitic 

shale (i.e., below 6500 m). This change in compaction with depth is dictated by the 

simulated illite molar fractions. The molar fractions of illite at each depth point depends 

on the simulated thermal history and the chemical kinetics. This explains overestimating 

pore pressure based on seismic velocities when assuming a steady state solution at Well B 

due to overestimating the beta function and hence the normal compaction values of 

velocities at a certain effective stress (Figure 10).  Thus, higher temperatures based on a 

steady state solution ultimately results in higher illitic molar fractions with depth and 

overestimated pore pressure in Thunder Horse mini-basin.  
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 To relate these issues of overestimated temperatures and pore pressure to salt 

movement and high sedimentation, we repeated the exercise of estimating pore pressure 

from seismic velocity at Well A based on both the time dependent and the steady state 

simulations of the conversion. Then, we examined the depth profiles of the differences in 

illitic molar fractions between both solutions and the pore pressure overestimation when 

assuming a steady state solution of thermal history at both Wells A and B (Figure 11). The 

difference in the illitic molar fractions is calculated by subtracting the steady state solution 

from the time dependent one. The pore pressure overestimation is obtained by comparing 

the predicted pore pressure based on steady state solution to the RFT data. A key result is 

the direct correlation between the difference in illitic molar fraction and the overestimation 

of pore pressure. Given that the completion depth of the reaction is shallower in Well A 

(i.e., 7520 m) compared to that of Well B (i.e., 8100 m), it can be suggested that Well A 

shows higher degree of overestimating pore pressure in the transformation zone when a 

steady state solution is applied. Considering the geologic factors impacting the thermal 

history in the mini-basin, the increase in pore pressure overestimation at Well A is 

potentially related to the longer time spans of transient effects of high sedimentation 

(Figures 6 and 7) and less equilibration by the allochthonous salt sheet in comparison to 

Well B.   

A key conclusion to draw from Figure 10 is that the thermal disturbance in the study 

area did not reach a steady state, which explains the inaccurate estimation of pore pressure 

by the Dutta (2016) template when assuming a steady state solution. Important factors in 

determining whether the basin reaches a steady state are the transient effects due to high 

sedimentation and available time for equilibrating this effect. To show the interplay 
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between transient effects and time in determining when the basin reaches a steady state, 

we ran two theoretical 2D basin modeling scenarios to reach a steady state solution in 

Thunder Horse mini-basin and showed examples of the results at Well A. We set the 

sedimentation rates to range between 55 m/Ma and 150 m/Ma in scenario I which are quite 

low values of sedimentation rate compared to actual sedimentation rates during Neogene 

in the mini-basin (i.e., ranging between 400 m/Ma to 1200 m/Ma). Scenario I resulted in 

present day temperatures that are at steady state (Figure 12). In scenario II, we created a 

hiatus time of 10 Ma following the deposition of all the layers, which also resulted in 

reaching a steady state (Figure 12). When the geologic conditions of the basin permit 

reaching a steady state, applying a steady state solution can be adequate for predicting the 

effects of of smectite to illite transformation on pore pressure. Determining whether the 

basin is in a steady state or still under transient effects given its geologic settings requires 

careful quantification that takes into account multiple factors such as deposition, uplift, 

erosion and salt tectonism. Basin modeling can be a powerful tool to test scenarios in 

frontier basin and understand the geologic controls on the thermal history to assess if the 

basin is yet in a steady state.  

Although our workflow of integrating basin modeling with rock physics is focused on the 

impact of smectite to illite conversion on overpressure generation, future studies can 

investigate applying a similar integration workflow for other overpressure generation 

mechanisms such as petroleum generation by kerogen maturation.  

9. CONCLUSIONS 

 The integrated approach of linking compaction curves with the thermal history 

allows accurate interpretation of changes in elastic properties due to smectite to illite 
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conversion. Interpreting these changes is ultimately the key for robust prediction of the 

generated pore pressure from seismic velocity. This approach greatly depends on the 

thermal history to simulate the molar fractions of smectite and illite.  Inaccurate estimations 

of temperatures over time propagate through to errors in the predicted pore pressure by this 

approach. Therefore, considering the geologic history in the basin and the factors affecting 

the thermal history is crucial to accurately model thermal history and apply this integrated 

approach of predicting overpressure. Basin modeling can complement this integrated 

approach in understanding the geologic controls over thermal history to simulate a reliable 

scenario for the purpose of accurate pore pressure prediction.  
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Table 1. Layers in the model with their assigned lithololgie. 

Layer Name Age (Ma) Lithology 

Top Section III 0.00-4.50 Mixture of sandstone and shale (i.e., Vshale =0.75) 

Top Section VI 4.50-9.00 Mixture of sandstone and shale (i.e., Vshale =0.75) 

Upper Miocene1 9.00-11.50 Mixture of sandstone and shale (i.e., Vshale =0.75) 

Upper Miocene2 11-50-13.50 Mixture of sandstone and shale (i.e., Vshale = 0.75) 

Interval I (reservoir) 13.50-13.70 Mixture of sandstone and shale (i.e., Vshale = 0.60) 

Interval II (reservoir) 13.70-14.80 Mixture of sandstone and shale (i.e., Vshale = 0.40) 

Interval III (reservoir) 14.80-15.42 Mixture of sandstone and shale (i.e., Vshale = 0.55) 

Lower Miocene 15.42-24.00 Mixture of sandstone and shale (i.e., Vshale = 0.80) 

Oligocene 24.00-66.00 Mixture of sandstone and shale (i.e., Vshale = 0.80) 

Carbonate 66.00-99.00 Marl 

Salt NA Salt 
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Figure 1. Location map of the study area (a) together with a seismic line showing the turtle 

structure (b). The black line in (a) is the location of the seismic line in (b). 
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Figure 2. Constructing a 2D basin model addressing the salt movement. 
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Figure 3. Calibrating to pore pressure data (a) followed by adjusting basal heat flow 

through (b) to calibrate temperature data (c) based on Well A. 
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Figure 4. Simulated present day temperatures by the 2D basin model across the study area.  
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Figure 5. Heat flow through time for the Oligocene layer at Wells A and B.  

 

 

 

Well A 

Well B 

 



88 
 

 

 

 

 

 

Figure 6. Comparison of surface and basal heat flows at Wells A (b) and B (a) for the 

Oligocene Layer. 
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Figure 7. Comparing steady state and time dependent solutions of present day temperature 

(a and b) and calculating the temperature differences between these two solutions at 

multiple time steps (c and d). 
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Figure 8. Predicted illitic molar fractions at both well locations based on Dutta (1986) 

kinetics. 
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Figure 9. Calibrating the beta function (a) to explain slowness-density behavior (b) based 

on changes of compaction curves of elastic properties such as seismic velocity for different 

pore pressure gradients (c).  
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Figure 10. Pore pressure predictions at Well B from seismic velocity assuming a time 

dependent solution (a) and a steady state solution (b) of the thermal history.  
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Figure 11. Steady state solution errors (compared to the transient solution) in the pore 

pressure prediction and the illitic molar fractions. 
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Figure 12. Theoretical scenarios in which Thunder Horse mini-basin reaches a steady state.  
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1. ABSTRACT 

In this study, we investigate the relative importance of incorporating full structural 

restorations into basin and petroleum system modeling. The emphasis here is on complex 

structures involving faults, and how incorporating changes in thickness and juxtaposition 

of stratigraphic units due to slip on faults can impact pressure and thermal history 

predictions from the model. We use a 2D seismic line extracted from a 3D seismic volume 

which crosses an expulsion rollover in Thunder Horse mini-basin in the Mississippi 

Canyon area, Gulf of Mexico. We apply 2D sequential structural restorations techniques 

to understand the evolution of the expulsion rollover. Results of the sequential structural 

restoration suggest that the slip along the fault took place between 12.5 Ma to 9.0 in 

response to salt withdrawal triggered by high sedimentation rates during middle Miocene. 

The layers in the hanging wall of the expulsion rollover displaced laterally by about 2.2 

km due to offset along the fault plane. We compare a basin model that calculates layers 

paleo-thicknesses based on porosity loss (vertical backstripping only) with another basin 

model that conditions the paleo-thicknesses of the layers to the structural restorations. The 

two models are associated with different paleo-thicknesses of the layers before 12.5 Ma as 

well as different spatial contacts with salt. The paleo pore pressure values simulated by the 

two models differ before 12.5 Ma, and the differences increase with fault slip. The paleo 
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temperatures predicted by the two models differ significantly before 12.5 Ma, and these 

differences decrease until the two models reach the same temperature values at present day. 

We infer from the results that changes in predicted paleo-thicknesses can change the 

simulated pore pressure due to changes in the overburden pressure and the permeability 

pathways associated with stratigraphic contacts. Also, the changes in paleo-thicknesses can 

have implications for thermal history that depends on the changes in stratigraphic contacts, 

changes in pore pressure history and heat generation in the basin.   

2. INTRODUCTION 

 Basin and petroleum system modeling (BPSM) simulates geologic scenarios of 

hydrocarbon generation, migration and accumulation in a sedimentary basin after 

accounting for deposition, erosion, uplift and subsidence (Al-Hajeri et al., 2009; Hantschel 

and Kauerauf, 2009; Peters, 2009). A fundamental step in BPSM is reconstructing the 

paleo-thicknesses of geologic layers through time. BPSM solves coupled partial 

differential equations (PDEs) for different rock properties corresponding to pressure and 

thermal history on discretized spatial and temporal grids. In general, coupling of layer 

thicknesses, porosity and pore pressure in these PDEs depends on the method applied to 

reconstruct paleo-thicknesses of the layers. A widely used method to reconstruct paleo-

thickness of the layers in BPSM is porosity-controlled backstripping (Al-Hajeri et al., 

2009; Hantschel and Kauerauf, 2009). A key assumption in this approach is that layer 

thickness changes through time are solely governed by porosity loss due to mechanical 

compaction, chemical compaction and cementation. This underlying assumption is 

violated in areas of complex structures in which layer thickness is modified by slip on 

faults. A proposed method to work around this issue in structural complex areas is the 
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paleo-stepping technique (Al-Hajeri et al., 2009; Baur et al., 2009; Hantschel and Kauerauf, 

2009; Lampe et al., 2012). Paleo-stepping imposes complete geometric models at certain 

geologic times to account for structural deformation. These geometric models are typically 

obtained through sequential structural restoration. Sequential structural restoration 

reconstructs changes in layer thicknesses through time by combining kinematic restoration 

algorithms with porosity-controlled backstripping (Bally et al., 1966; Dahlstrom, 

1969,1970; Rowan, 1993). The goal of these algorithms is to progressively undeform 

structurally deformed layers in a model. 

 A fundamental difference between porosity-controlled backstripping and paleo-

stepping methods is the coupling between porosity and layer thicknesses (Hantschel and 

Kauerauf, 2009). In porosity-controlled backstripping, there is a coupling between porosity 

and layers paleo-thicknesses such that layer thicknesses are calculated based on porosity 

compaction. In the paleo-stepping method, on other hand, there is a decoupling between 

porosity and layers paleo-thicknesses. Layer thicknesses are pre-defined in the paleo-

stepping technique based on the imposed paleo-geometry from structural restorations. Pore 

pressure and porosity equation are solved the usual way (i.e., coupling compaction curves 

of porosity with Terzaghi’s or Biot’s definition of effective stress), but based on the 

overburden load associated with the paleo-geometries defined by structural restorations. 

These two techniques can predict considerably different paleo-thicknesses of stratigraphic 

layers. This difference in paleo-thicknesses can impact simulations of pore pressure and 

fluid flow. Fluid flow differences in a model can reshape the simulated thermal history 

since thermal properties such as thermal conductivity and heat capacity of porous 

sedimentary rocks are functions of pore fluid content and mineral matrix. 
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 One example of a complex structure involving lateral slip on a fault is the 

extensional structure coupled with salt movement known as “raft tectonics” (Burollet, 

1975; Jackson and Cramez, 1989; Jackson and Talbot, 1991; Duval et al., 1992; 

Lundin,1992; Hudec and Jackson, 2011). Raft tectonics can be defined as gravitational 

gliding of rigid fault-bounded blocks on a low angle detachment of thin salt. Raft tectonics 

were first documented in the Kwanza Basin of Angola (Burollet, 1975; Duval et al., 1992; 

Lundin, 1992). In the Gulf of Mexico, raft tectonics are recognized in the northwestern 

onshore region by Fiduk et al. (2004) and in the northeastern offshore region including the 

Mississippi Canyon protraction area by Pilcher et al. (2014). Studies of raft tectonics based 

on structural restoration (Duval et al., 1992; Rouby et al., 2003; Hudec and Jackson, 2004) 

or physical models in the laboratory (Cobbold and Sztmari, 1991; Vendeville and Jackson, 

1992; Fort et al., 2004) suggest that raft tectonics begins with an expulsion rollover and 

progresses into rafting with increased extension. An expulsion rollover is a structure 

formed in response to movement on a thin-skinned listric normal fault that soles into a salt 

decollement. In this paper, we focus on a 2D seismic line crossing an expulsion rollover in 

the Thunder Horse mini-basin in the Mississippi Canyon area, Gulf of Mexico. Our goal is 

to model the evolution in structural geometry of the expulsion rollover and then investigate 

the implications for pressure and thermal history model predictions when constructing 

layer paleo-thicknesses in BPSM by both porosity-controlled backstripping and paleo-

stepping methods.  

3. STUDY AREA AND DATA 

 The study area is centered on the Thunder Horse mini-basin in the Mississippi 

Canyon area of the Gulf of Mexico (Figure 1.a). A previous interpretation of the structural 
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evolution of the mini-basin by Lapinski et al. (2004) suggests that Thunder Horse started 

as a salt withdrawal mini-basin around 99 Ma that was later filled rapidly due to high 

sedimentation rates during middle Miocene time (Galloway et al., 2002; Lapinski et al., 

2004; Galloway et al., 2011). The rapid filling by sediments caused salt withdrawal along 

the flanks of the mini-basin resulting in inversion into a turtle structure. Lapinski et al. 

(2004) note the presence of an expulsion rollover to the north-east of Thunder Horse. Their 

interpretations show separation of the Mesozoic and early Cenozoic layers in the hanging 

wall from their equivalents in the foot wall. In this study, we focus on a 2D line (Figure 

1.b) along the transport direction of this expulsion rollover. We extracted the 2D line from 

a 3D seismic volume. The horizons on the 2D line in Figure 1.b were interpreted in the 3D 

volume based on ties to biostratigraphic data in wells within the Thunder Horse and Mensa 

mini-basins together with previously published interpretations in the region (Lapinski et 

al., 2004). We used a 3D seismic velocity cube to convert the seismic data from time 

domain to depth domain.  

4. METHODS 

In the first part of the study, we applied structural restoration techniques to 

investigate the structural evolution of the expulsion rollover along the path of the 2D 

seismic line. We performed structural restoration in the software Move 2D (by Midland 

Valley) for each horizon, sequentially back in time. For each horizon, the workflow 

implemented in Move 2D combines: (1) porosity-controlled backstripping, (2) isostatic 

adjustment, (3) restoration of the horizons geometry for displacement along the fault, and 

(4) adjustment of the horizons to a regional elevation. Regional elevation is defined as the 

bathymetric profile and elevation of the bedding surface before deformation (Marshak and 
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Woodward, 1988). Adjustment to a regional elevation in the 2D restoration allows us to 

account for the changing cross sectional area of salt through time due to three-dimensional 

flow of salt (Rowan, 1993).  

In the next part of the study, we constructed two 2D basin modeling scenarios in 

PetroMod. The first scenario, Model I, takes an input of salt thickness changes and 

determines layer paleo-thicknesses by porosity-controlled backstripping. The salt thickness 

changes in this model are obtained by comparing each horizon to an assumed regional 

elevation following the approach discussed by Gibson (2012). The second scenario, Model 

II, is based on paleo-stepping method such that both the paleo-thicknesses of the salt and 

the geometry of other stratigraphic layers are imposed from the sequential structural 

restorations. We assumed the same boundary conditions and physical properties for the 

layers in both models. After constructing the models, we compared the resulting pore 

pressure and temperature predictions to highlight any key differences and understand the 

causes of these differences. In both models, we assumed poro-elastic behavior of the 

sediments. The models did not address poro-plastic effects. Hantschel et al. (2011) and 

Nikolinakou et al. (2012) pointed out that poro-plastic effects may have potential 

significance in prediction of pore pressure in areas such as fold and thrust belts and the 

vicinity of salt domes.   

5. SEQUENTIAL STRUCTURAL RESTORATION 

 We followed the method proposed by Rowan (1993) for the sequential restoration 

of salt structures. Our goal was to produce a plausible structural restoration of salt-related 

deformation along the 2D seismic depth line in Figure 1.b. Plausibility in this context 

referred to producing evolution of the observed present day structure consistent with 
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analogous salt structures in previous studies which is the ultimate goal of applying 

sequential restoration algorithms in this study. This restoration serves to define the paleo-

horizon geometries in the second basin modeling scenario, Model II. The restoration along 

this 2D line was done in conjunction with the restoration of a nearby 2D seismic line that 

crosses the turtle structure of Thunder Horse mini-basin. The aim of the coupled 

restorations of these two lines was to establish a conceptually consistent model of salt-

related movement across Thunder Horse mini-basin. Discussing the restoration along the 

other 2D line crossing the turtle structure is beyond the scope of this study.   

 We carried out the restoration on the present day depth cross section in Figure 2.a, 

which is based on our interpretations of stratigraphic horizons on the 2D seismic line of 

Figure 1.b. The restoration workflow addresses geometric changes of the layers due to: 

sedimentation, compaction, isostacy, faulting, folding, salt withdrawal, and diapirism. The 

salt deformation in the model took place between Oligocene and Pliocene time, which 

postdates rifting by about 100 Ma. We therefore simplified the restoration by not adjusting 

the baseline for thermal subsidence. We applied the Airy’s model to adjust for isostatic 

effects due to sediment loading. Although there could be errors in estimation of salt 

thickness in Cretaceous through Oligocene time, the purpose of the restorations is not to 

accurately estimate salt thickness at early stages of the basin history but rather to condition 

the paleo-thicknesses in the second basin model, Model II, and incorporate any observed 

fault slip.  

 First, we assigned an arbitrary flat baseline for the model at the bottom of the 

section below the base of salt (Figure 1b). Then, we stripped off the top layer (Figure 2.a) 

and decompacted the underlying sequences based on compaction curves used in the basin 
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model by AlKawai et al. (2017) for the same stratigraphic intervals within the Thunder 

Horse mini-basin. These compaction curves were adjusted for pore pressure effects on 

porosity and depth relationship. We continued to restore the section by stripping off 

successively older layers, decompacting the underlying stratigraphy and adjusting the top 

horizon to the regional elevation at time steps associated with salt withdrawal. We restored 

fault offsets on horizons between 12.50 Ma to 9.0 Ma and restored hanging wall folding 

using an inclined simple shear at 52º. We chose the inclined shear angle to match the dip 

of antithetic faults in the hanging wall illustrated in Figure 1b. Finally, we applied a vertical 

simple shear algorithm in Move 2D to adjust the top paleo-horizon and the deeper 

horizonsto regional elevation. We defined regional elevation and paleo-water depth at all 

the time steps of the restoration to be consistent with interpretation of the depositional 

environment by Lapinski et al.(2004). The resulting cross sections at different time steps 

are shown in Figure 2b-e.  

 The resulting 99.0 Ma restoration in Figure 2e suggests pre-existing spatial 

variations in the depositional thickness of salt. Differential thickness created bathymetric 

relief that concentrated sediment accumulation in areas of lesser salt thickness. Differential 

sediment accumulation resulted in salt movement, which inflated the salt thickness in the 

area between Mensa and Thunder Horse mini-basins (i.e., passive diapirism) as can be seen 

on the 24.0 Ma restoration in Figure 2d. Diapirism was followed by the burial of the diapir 

during an episode of high sedimentation rate in middle Miocene time (Figure 2b-c). Burial 

of the diapir led to salt withdrawal, collapse of the diapir and gravitational gliding of the 

stratigraphic layers along the listric fault between 12.5 Ma to 9 Ma. This restoration model 

is similar to the early phase of rafting documented in Kwanza Basin by Duval et al. (1992) 
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and in offshore Congo by Rouby et al. (2003).  The layers on the hanging wall of the listric 

fault translate basinward by about 2.2 km between 12.5 Ma to 9.0 Ma (Figure 2b).  

6. 2D BASIN MODELING 

6.1 Models Construction 

The layers in Model I and Model II are the same as previously defined in Figure 

2.a. To account for salt movement through time, salt thicknesses for each time step in 

Model I are derived by comparing each horizon to its regional level following the approach 

described by Gibson (2012). We input the estimated salt thicknesses as maps into the salt 

tectonics table in PetroMod. We set the physical properties of the lithofacies intervals and 

the boundary condition of basal heat flow to be identical to those used by AlKawai et al. 

(2017) in their calibrated 2D basin model across the Thunder Horse turtle structure. In that 

study, the porosity compaction curves, the porosity-permeability models, thermal 

conductivity models, radiogenic heat generation curves and the mineral matrix density 

values of the lithofacies were calibrated to pore pressure, density, porosity and corrected 

bottom hole temperature data from wells in the Thunder Horse mini-basin. For the paleo 

water depth boundary condition, we assigned paleo-water depth values to be the same as 

those in Figure 2. We calculated variations in the sediment water interface temperature 

through time using the auto SWIT tool in PetroMod, which estimates these variations based 

on the present day latitude and the input of paleo-water depths. We defined the permeability 

behavior of the fault in the model based on the juxtaposition of the lithofacies across the 

fault. The resulting burial history though time for Model I is shown in Figure 3a-d.  
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For Model II, we set lithofacies and their associated properties and the boundary 

conditions of basal heat flow, paleo-water depth and sediments water interface temperature 

to be the same as those in Model I. In addition, we applied the paleo-stepping technique to 

impose the resulting layer paleo-thicknesses from sequential structural restoration on 

Model II. This was accomplished by inputting the structural restoration steps in Figure 2 

as paleo-geometry models in PetroMod. The resulting burial history for Model II is shown 

in Figure 3e-h. The key difference between Model I and Model II is the inclusion in Model 

II of a lateral component of slip associated with offset along the listric fault in the expulsion 

rollover. Model I only accounts for continuous vertical burial without any lateral slip 

(vertical rock movement only). In addition, the burial history of Model I at the pre-fault 

stages (Figure 3b-d) show isostatic artifacts in the basement below salt which is induced 

by the assumption of continuous vertical burial in the model. A consequence of this 

geometric difference between the two models is a change in the overburden pressure 

experienced by the layers deposited before the onset of lateral slip. Model II is associated 

with greater layers thicknesses above the salt pillow before 9.0 Ma than in Model I,  hence 

layers in Model II are likely to experience greater overburden stress in that vicinity. Also, 

layers in Model II have wider spatial contacts with the salt than those in Model I before the 

onset of slip along the fault (Figure 3). 

6.2 Results 

Present day pore pressure and temperature predictions from both Model I and 

Model II are shown in Figure 4. For deeper (older) stratigraphic layers in the hanging wall 

of the rollover, Model II predicts higher pore pressure values than Model I. On the other 

hand, present day temperature values are nearly identical for both models. To investigate 
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pore pressure and temperature differences due to different layer paleo-thicknesses in the 

two models, we plotted the pore pressure and temperature outputs at different time steps 

for the middle Miocene III (24-14 Ma) layer in both models in Figures 5 and 6, respectively. 

There is higher pore pressure buildup in Model II than Model I at 12.5 Ma (Figure 5), 

which can be explained by the higher overburden experienced by the layers and the greater 

spatial extent of contact with salt. This pressure buildup persists to present day due to rapid 

burial of the layer.  

The temperature plots of the same layer in Figure 6 start with considerable 

differences in temperature at 12.5 Ma. However, these differences dissipate over time until 

the two models reach nearly identical temperatures at present day. The development of 

higher temperature early in Model II is related to the increased extent of contact with salt, 

which is characterized by high thermal conductivity.  As discussed previously, pore 

pressure builds up early in Model II and is enhanced by later episodes of relatively high 

sedimentation. The higher overpressure of the deep layers in Model II results in higher heat 

capacity than observed in Model I (Figure 7). When we compare the resulting heat 

capacities in both models, Model II has higher heat capacity values than Model I because 

overpressure preserves porosity and increases pore fluid volume. Therefore, the two 

models reached the same present day temperatures, despite the difference in the heat 

capacity between them, ultimately equilibrating with time. The two model predictions for 

the deeper layers are clearly different in terms of pore pressure history, and arguably show 

some temperature differences through time as well. Thus, the two models represent 

completely different geologic scenarios from a basin modeling perspective. Credibility of 

a geologic scenario in basin modeling is established on the basis of calibration to existing 
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data. The seismic transect represented by these 2D models is not penetrated by any wells. 

However, one method of calibration in the absence of well data is to calibrate to a seismic 

velocity cube that has been shown to be reliable (AlKawai and Mukerji, 2016). The 3D 

seismic velocity model in this case has been processed assuming a tilted transverse isotropy 

(TTI) in multiple iterations. The model was updated with each iteration to ensure minimum 

mis-tie with the available well tops and calibration to velocity check shot surveys. The salt 

interpretations in the model were also updated in the process. Calibrating a basin model to 

seismic velocity data requires rock physics transforms relating basin modeling outputs such 

as porosity and effective stress to seismic velocity (AlKawai and Mukerji, 2016). AlKawai 

et al. (2017) presented a rock physics template of porosity compaction models and Vp-

porosity models for middle Miocene sandstone and shale in the Thunder Horse mini-basin. 

This template accounts for the effects of effective stress and smectite to illite diagenesis in 

porosity-effective stress and Vp-porosity relationships.     

We applied this template to derive seismic velocity outputs from the effective stress and 

smectite and illite molar fractions outputs at present day for the middle Miocene layers at 

both points A and B in Figure 4.  The resulting velocity outputs (Figure 8) for Model II 

overall match the velocity data points from the seismic velocity models at both points while 

the values of velocity outputs from Model I are higher than those from the seismic velocity 

model. The increase in seismic velocity values for Model I is related to the prediction of 

lower pore pressure than for Model II. Lower predicted pore pressure values for Model I 

imply lower porosity values, as well as higher effective stress, which in turn imply higher 

seismic velocities. Therefore, the better agreement between the seismic velocity model and 
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Model II pore pressure predictions suggests that Model II represents a more reasonable 

scenario of present day pore pressure when compared to Model I.  

7. DISCUSSION 

 The sequential structural restoration (Figure 2) suggests that salt started to rise as a 

passive diapir between 99 Ma and 24 Ma in response to differential loading caused by 

sediment accumulation in adjacent mini-basins. The sedimentation rate increased 

significantly by middle Miocene time, resulting in burial of the diapir and its ultimate 

collapse to produce the expulsion rollover structure observed at present day. Sequential 

restorations of the expulsion rollover in Figure 2b-e show a lateral slip component of about 

2.2 km associated with movement on the fault. Incorporating this lateral slip when 

constructing the paleo-geometries of the layers in the hanging wall of the fault (Figure 2) 

involves the use of kinematic restoration algorithms such as inclined simple shear in 

addition to porosity-controlled backstripping as we did in the structural restorations.  

 Comparison of the predictions of Models I and II in Figures 4, 5 and 6 demonstrates 

the importance of incorporating the horizon geometry resulting from lateral slip into layer 

paleo-thicknesses reconstructions to simulate pressure and thermal history. The pore 

pressure results in Figures 4 and 5 suggest that the difference in paleo-thickness of pre-

faulting layers in Model II resulted in differences in the development of overpressure 

through time due to changes in the overburden stress and the extent of contact of the layers 

with salt. The example of the middle Miocene III layer in Figure 5 indicates that, after the 

initial build up around 12.50 Ma, pore pressure continues building with burial. This pore 

pressure effect depends on the properties of the layers as well as the time available for the 

fluid to flow and equilibrate. The sedimentation rate in this case is between 450 and 770 



110 
 

m/Ma after 12.50 Ma, which resulted in more reduction of porosity and permeability and 

prevented pressure depletion by fluid flow. Excess pore pressure is depleted by fluid flow 

through time, depending on the permeability pathways in the rocks as well as the time 

available for the fluid to flow. We ran a scenario in which we introduced a hiatus of 20 Ma 

following deposition in both Models I and II to allow pore pressure to equilibrate (Figure 

9). The two models (after the hiatus) have nearly identical results at present day, suggesting 

an equilibration of pore pressure due to fluid flow. Besides time, the pore pressure 

equilibration depends on other factors such as sedimentation rate and porosity and 

permeability changes.  

 Temperature results from the two models, on the other hand, are nearly the same at 

present day, but the layers in Model II have higher temperatures early on before fault 

development (see example in Figure 6). The equilibration of early high temperatures in 

Model II is caused by increased heat capacity that dissipates heat more effectively within 

each layer, allowing them to reach present day temperatures identical to Model I. This 

thermal equilibration observed in Model II (Figure 6) depends on the change of heat 

capacity due to pore pressure, the stratigraphic contacts between the layers, and the heat 

supply in the basin (accounted for in our models by the basal heat flow boundary condition 

as well as the radiogenic heat generation in the sediments). To test the effect of the heat 

supply in the basin on thermal equilibration, we ran a scenario for both Model I and II with 

the basal heat flow tripled (Figure 10). The resulting present day temperatures (Figure 10) 

show differences between the two models, because the higher heat supply results in 

temperature differences that could not be equilibrated even with the increase in heat 

capacity through overpressure. Although the results of the two models in Figure 4 have the 
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same temperature, it is important to note that the temperature differences through time as 

shown in Figure 6 can have implications for simulating chemical reactions such as 

hydrocarbon maturation through geologic time.  

 To illustrate the implications of temperature differences between Models I and II 

to hydrocarbon maturation and the petroleum system, we defined a hydrocarbon source 

rock as a sublayer near the base of the Cretaceous layer. We gave the source rock layer a 

uniform thickness of 150 m, total organic content (TOC) of 5%, and hydrogen index (HI) 

of 400 mgHc/mgTOC. We used the kinetics of Pepper and Corvi (1995) for organofacies 

B. The resulting transformation ratio (TR) for Model II shows 3% higher values than for 

Model I. To further illustrate the implications for studying the petroleum system, we picked 

Point C shown in Figure 4 to plot the changes in TR over time for both models. The time 

plots of TR at Point C (Figure 11) show  higher TR values in Model II between 13 Ma and 

6 Ma compared to Model I. Model II is higher around that time period by an average of 

20%.  The 20% higher maturity of source rock over a period of 5.00 Ma in Model II has 

implications for prediction of generation, migration, and accumulation. These TR results 

suggest that it is inadequate to rely only on present day temperatures when calibrating a 

basin model aimed for explaining petroleum system development in structurally complex 

areas. Basin and petroleum system models in structurally complex areas should incorporate 

all available thermal maturity data, such as vitrinite reflectance, as well as any observed 

hydrocarbon accumulations.  

8. CONCLUSIONS 

 The results of the two modeling scenarios suggest significant differences in the 

simulated pore pressure history resulting from porosity-controlled backstripping and paleo 
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stepping methods. These differences are due to variations in overburden pressure and 

stratigraphic contacts through time between these two models. The magnitude of the 

differences at present day depends on the behavior of fluid flow dictated by the 

permeability of the rocks, as well as the time available for fluid flow to equilibrate pore 

pressure buildups. Similarly, the thermal history predicted by the two techniques can differ 

depending on the heat generation in the basin, the stratigraphic contacts through time, and 

the differences in the pore pressure history. Therefore, the importance of applying paleo-

stepping methods over porosity-controlled backstripping methods depends on the scope of 

the problem being addressed by the model, the type of structure and its effects on 

stratigraphic contacts, the physical properties of the layers, and the heat generation in the 

basin.   

9. ACKNOWLEDGMENTS 

The authors thank BP and ExxonMobil for providing the data set used in this study. 

Funding and participation in this research is made possible through the support of the 

sponsors of the Stanford Basin and Petroleum System Modeling, Stanford Center for 

Reservoir Forecasting, and Stanford Rock Physics industrial affiliate programs, through 

Saudi Aramco Scholarship, and through additional funding from the Dean’s office of the 

School of Earth, Energy and Environmental Sciences at Stanford University. Special 

thanks to Stew Levin (Stanford Exploration Project) for support in setting up the project. 

Schlumberger graciously provided PetroMod® software. CGG Geosoftware provided the 

license for Hampson Russell®. Haliburton provided the license to Decision Space 

Desktop®. We thank Nader Dutta for the useful discussion on pore pressure. We thank the 

reviewers for useful comments.  



113 
 

10. REFERENCES  

Al-Hajeri, M. M., M. Al Saeed, J. Derks, T. Fuchs, T. Hantschel, A. Kauerauf, and D. Welte, 

 2009, Basin and petroleum system modeling: Oilfield Review, v. 21, no. 2, p. 14-29. 

AlKawai, W., and T. Mukerji, 2016, Integrating basin modeling with seismic technology and  

 rock  physics: Geophysical Prospecting, v. 64, 1556-1574. 

AlKawai, W., T. Mukerji, A.H. Scheirer, and S.A. Graham, 2017, Combining Seismic Reservoir  

Characterization Workflows with Basin Modeling in the Deepwater Gulf of Mexico  

Mississippi Canyon Area: AAPG Bulletin, in the press.  

Bally, A. W., Gordy, P. L., and  Stewart, G. A.,1966, Structure, seismic data, and orogenic  

evolution of southern Canadian Rocky Mountains. Bulletin of Canadian Petroleum 

Geology, 14(3), 337-381. 

Baur, F., Di Benedetto, M., Fuchs, T., Lampe, C., & Sciamanna, S. ,2009,  Integrating structural  

geology and petroleum systems modeling–A pilot project from Bolivia's fold and thrust 

belt. Marine and Petroleum Geology, 26(4), 573-579. 

Burollet, P. F., 1975, Tectonique en radeaux en Angola: Bulletin de la Société Géologique de  

 France, 17,  503–504. 

Cobbold, P. R., and P. Szatmari, 1991, Radial gravitational gliding on passive margins:  

 Tectonophysics,  188, 249–289. 

Dahlstrom, C. D. A. ,1969,  Balanced cross sections. Canadian Journal of Earth Sciences, 6(4), 

 743-757. 

Duval, B., C. Cramez, and M. P. A. Jackson, 1992, Raft tectonics in the Kwanza Basin: Marine  

 and Petroleum Geology,9, 389–404. 

Fort, X., J. P. Brun, and F. Chauvel, 2004, Salt tectonics on the Angolan margin, synsedimentary  

 deformation processes: AAPG Bulletin, 88, 1523–1544. 

Hantschel, T., A. Kauerauf, 2009, Fundamentals of basin modeling: Berlin, Springer-Verlag,  

          425 p. 

Hantschel, T., Wygrala, B., Fuecker, M. & Neber, A., 2011. Modeling Basin-Scale Geomechanics 

 through Geological Time. In: International Petroleum Technology Conference, 15-17   

 November, International Petroleum Technology Conference. Bangkok, Thailand, IPTC 

 15286. 

Hudec, M. R., and M. P. A. Jackson, 2011, The salt mine: A digital atlas of salt tectonics: 

 University of Texas at Austin, Bureau of Economic Geology, Udden Book Series 5 and 

 AAPG Memoir 99. 

Jackson, M. P. A., and C. Cramez, 1989, Seismic recognition of salt welds in salt tectonics 

 regimes: SEPM Gulf Coast Section Tenth Annual Research Conference Program and 

 Abstracts, 66–71. 

Jackson, M. P. A., and C. J. Talbot, 1991, A glossary of salt tectonics: University of Texas at 

 Austin, Bureau of Economic Geology Geologic Circular, 91-4, 44. 

Lampe, C., Bird, K. J., Moore, T. E., Ratliff, R. A., and Freeman, B. ,2012,  Modeling: 

 Integrating Structural Modeling, Fault Property Analysis, and Petroleum Systems 

 Modeling—An Example from the Brooks Range Foothills of the Alaska North Slope. 

Lapinski, T., R. Bouroullec, and P. Weimer, 2004, Structural evolution of the Thunder Horse 

 mini-basin, Mississippi Canyon, northern deep Gulf of Mexico: Gulf Coast Association 

 of Geological Societies Transactions, v. 54, p. 313-326. 



114 
 

Lapinski, T., P. Weimer, and R. Bouroullec, 2004, Sequence stratigraphic evolution of Thunder 

 Horse mini-basin, Mississippi Canyon, northern deep Gulf of Mexico: Gulf Coast 

 Association of Geological Societies Transactions, v. 54, p. 327-341. 

Lundin, E. R., 1992, Thin-skinned extensional tectonics on a salt detachment, northern Kwanza 

 Basin, Angola: Marine and Petroleum Geology, 9, 405–411, 

Marshak, S. and N.B. Woodward, 1988, Introduction to cross-section balancing, in S. Marshak, 

 and G.Mitra, eds., Basic methods of structural geology: Englewood Cliffs, Prentice Hall, 

 p. 303-332. 

Nikolinakou, M., Luo, G., Hudec, M.R., Flemings, P.B., 2012. Geomechanical modeling of stresses

  adjacent to salt bodies: Part 2-Poroelasticity and coupled overpressures. AAPG Bulletin., 

 v.96, NO.1 65-85. 

Peters, K. E., 2009, Getting started in basin and petroleum system modeling: AAPG CD-ROM 

 #16. 

Pilcher, R. S., Murphy, R. T., & McDonough Ciosek, J. ,2014,  Jurassic raft tectonics in the 

 northeastern Gulf of Mexico. Interpretation, 2(4), SM39-SM55. 

Rowan, M. G. ,1993,  A systematic technique for the sequential restoration of salt structures.  

 Tectonophysics, 228(3-4), 331-348. 

Rouby, D., Guillocheau, F., Robin, C., Bouroullec, R., Raillard, S., Castelltort, S., and Nalpas, T. 

 ,2003, Rates of deformation of an extensional growth fault/raft system (offshore Congo, 

 West African margin) from combined accommodation measurements and 3‐D 

 restoration. Basin Research, 15(2), 183-200. 

Vendeville, B. C., and M. P. A. Jackson, 1992, The fall of diapirs during thin-skinned 

 extension:Marine and Petroleum Geology, 9, 354–371.  

 

 

 

 

 

 

 

 

 

 

 

 



115 
 

                    

 

 

 

 

 

(a) 



116 
 

 

 

Figure 1. Location of the study area (a) and the 2D seismic line used in the study with 

interpreted stratigraphic horizons (b).  
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Figure 2. Result of sequential structural restoration illustrating the evolution of the raft 

system that started as a diapir in (d) and failed due to high Miocene sedimentation (b-c). 

 

 

(e) 99.0 Ma 



120 
 

 

 

 

 

 

(a) 

(b) 



121 
 

 

 

 

 

 

 

(c) 

(d) 



122 
 

 

 

 

 

 

 

 

(e) 

(f) 



123 
 

 

 

 

Figure 3. Burial history of Model I (a-d) and Model II (e-h) where Model I shows a 

continuous vertical burial whereas Model II captures the lateral slip on fault.  
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Figure 4. Resulting present day pore pressure and temperature for both models indicating 

higher pore pressure in Model II and nearly the same temperature in both models.  
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Figure 5. Pore pressure changes at different time steps for Middle Miocene III layer in 

both models showing a greater degree of pore pressure build up in Model II.  

 



129 
 

 

 

 

 

 

 



130 
 

 

 

 

 

 

 



131 
 

 

 

 

Figure 6. Temperature changes at different time steps for Middle Miocene III layer in both 

models indicating a higher temperature of the layer in Model II around 12.5 Ma and 

equilibration of the temperatures in Model II such that the two models have the same 

present day temperatures. 
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Figure 7.Overpressure and heat capacity changes at different time steps for Middle 

Miocene III layer in both models showing higher heat capacity values in Model II 

corresponding to build up of overpressure. 
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Figure 8. Calibrating both models to seismic velocity cube in points A (a) and B (b) 

indicating better calibration to seismic velocity based on Model II effective stress 

conditions. 

(a) 

(b) 
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Figure 9. Pore pressure changes through time in both models after adding a 20 Ma hiatus 

resulting in nearly the same pore pressure values in both models after the haitus.  



139 
 

 

 

 

 

Figure 10. Present day temperature for both models after tripling the basal heat flow 

showing higher temperatures in Model II.  
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Figure 11. Transformation ratio (TR) time plot for the source rock layer at point C for both 

models indicating considerably higher TR values through geologic time in Model II.  
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APPENDIX A 

Stratigraphic Architecture in the Thunder Horse Mini-basin, Mississippi Canyon, 

Gulf of Mexico 

Wisam H. AlKawai, Kristian Meisling and Stephan A. Graham  

Department of Geological Sciences, Stanford University.   

INTRODUCTION 

 Driven by the prolific nature of the basin as a petroleum province, the stratigraphic 

architecture in the Northern Gulf of Mexico has been extensively studied over the past few 

decades (Steffens, 1993; Mahaffie, 1994; Prather et al., 1998; Galloway, 2008).  An 

understanding of detailed stratigraphic architecture can have significant benefits for 

petroleum exploration and production. Many of the studies of stratigraphic architecture 

recognize the role of dynamic accommodation controlled by salt withdrawal in shaping the 

stratigraphic architecture of salt withdrawal mini-basins (Mahaffie, 1994; Prather et al., 

1998; Rowan and Weimer, 1998). Mini-basins are characterized by a local depression at 

the center and surrounded partially or completely by walls of salt expelled from beneath 

the mini-basins. Prather et al. (1998) documented the deposition of ponded facies 

assemblage by high-density turbidity currents at early phases of mini-basin fill. They also 

discussed transitioning into bypass facies assemblages at later depositional episodes when 

the local depocenter of the mini-basin is nearly filled. However, mini-basins can have more 

dynamic changes in topography and hence accommodation as they invert into turtle 

structures (Jackson et al., 1994). Such changes in accommodation can have impact the 

stratigraphic architecture of the mini-basin. 

 This study focuses on the Thunder Horse mini-basin in the Mississippi Canyon 

Area (Figure 1). Lapinski et al. (2004) interpreted that the mini-basin of Thunder Horse 

formed around 99 Ma and inverted into a turtle structure by the late Miocene due to salt 
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withdrawal along the flanks of the mini-basin. The main reservoir, deep-water sandstones, 

were deposited during middle Miocene time. In this study, we apply sequential structural 

restoration techniques on a 2D seismic line across the turtle structure of Thunder Horse to 

model the resulting changes in accommodation through time. Then, we map sandstone and 

shale lithofacies from inverted 3D seismic impedance through quantitative seismic 

interpretation (QSI). We consider three reservoir intervals: interval III (15.50–14.00 Ma), 

interval II (14.00–12.50 Ma) and interval I (12.50–12.00 Ma). We combine the mapped 

lithofacies with well log data to interpret stratigraphic architecture based on vertical 

stacking patterns in the seismic depth slices and the well-log signatures. The modeled 

changes in accommodation, when integrated with the interpreted stratigraphic architecture, 

yield insight on the role of changes in mini-basin topography, especially the later inversion 

into a turtle structure, on the stratigraphic architecture.  

SEQUENTIAL STRUCTURAL RESTORATION 

 We interpreted stratigraphic horizons as well as allochthonous salt bodies on a 3D 

seismic volume in the depth domain. We assigned ages to the stratigraphic horizons based 

on the microfaunal assemblages observed in the wells. We identified four salt systems in 

the area (i.e., four salt bodies with a unique kinematic history of each). Only one of these 

salt bodies is fully imaged by the survey (Figure 2a). The fully imaged salt body is 

connected to a remnant salt pillow related to a salt structure known as expulsion rollover 

(Figure 2b). This salt body is also associated with a rising salt diapir that advanced laterally 

as a sheet to cover the northwest vicinity of the turtle structure (Figure 2c). An expulsion 

rollover involves a normal fault that soles into a low angle decollement in salt and is 

characterized by a listric fault geometry.  We applied the techniques of 2D sequential 
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structural restoration along the arbitrary 2D seismic lines in Figures 2b and 2c to ensure 

conceptual consistency between the two restorations. Furthermore, the sequential structural 

restoration along the turtle structure allows examination of the changes in accommodation 

through time in Thunder Horse mini-basin.  

 We carried the restoration on the present day section in Figure 3a (we used Move 

2D © 2015). We defined the layers in the section based on the horizons interpreted in 

Figure 2c. We assumed an arbitrary baseline of the section below the basal salt weld. We 

used the method of Rowan (1993) for sequential structural restoration of salt structures. 

We accounted in the restoration workflow for changes in the geometry of the layers due to 

sedimentation, compaction, isostasy, salt withdrawal, and diapirism. In the restoration 

steps, we stripped off the top layer, de-compacted the underlying sequences based on the 

compaction curves of AlKawai et al. (2017), and adjusted the section for isostatic effects 

estimated from the model of Airy isostasy. Additionally, we adjusted the top horizon to a 

regional elevation in each time step associated with salt withdrawal. A regional elevation 

is defined by Marshak and Woodward (1988) as the elevation of the bedding surface before 

deformation. We applied a vertical simple shear algorithm to adjust horizons to regional 

elevations. We assumed paleo-water depths in the restorations that are consistent with the 

interpretations of depositional environments by Lapinski et al. (2004). 

The resulting restorations indicate that the mini-basin formed around 99 Ma, 

resulting in thinning of thick underlying salt in response to subsidence of the sediments 

(Figure 3e). The restored sections show that the mini-basin inverted into a turtle section 

between 12.50 Ma to 9.00 Ma in response to salt withdrawal along the flanks (Figure 3b–

c). An important pattern to note in the restoration is the apparent basinward migration of 
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the depocenters (Figure 3c–d). Hudec et al. (2009) discussed this pattern of basinward 

migrating depocenters as an indication of a mini-basin that initially subsided 

topographically due to sedimentary topographic loading. According to Hudec et al. (2009), 

this subsidence mechanism of mini-basins can result from differential loading induced by 

positive relief on the sediment surface even without a density inversion; one way to 

maintain the positive relief of the sediment surface is by focusing deposition of sediments 

in the unconfined areas of mounded topography. The restored section on Figure 3e suggests 

some mounded topography due to the spatial difference in the initial salt thickness.  

MAPPING RESERVOIR LITHOFACIES 

 In this part of the study, we integrated post stack and partial angle stack seismic 

data with well log data to predict the spatial distribution of reservoir lithofacies.  We 

inverted the post stack seismic data into acoustic impedance and the far angle stack seismic 

data into far angle elastic impedance at 36º. We optimized the inversion parameters for 

each of the reservoir intervals by inverting for its impedances separately. Acoustic 

impedance is a function of density and the velocity of P-waves whereas far angle elastic 

impedance at 36º is a function of these two properties as well as the velocity of S-waves 

(Mukerji et al., 1998; Connolly, 1999). The combination of these two impedances provide 

information on rock properties related to both P and S wave propagation. A key aspect in 

mapping reservoir lithofacies based on seismic impedances is addressing the uncertainty 

in the values of the impedances of the lithofacies related to natural geologic heterogeneity 

in the subsurface. For this purpose, we applied QSI to map sandstone and shale from the 

inverted impedances volumes. QSI addresses the discussed uncertainty by applying rock 
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physics, statistics, and information theory all together when mapping reservoir lithofacies 

from seismic attributes and available well log data (Avseth et al., 2005).  

 We classified the acoustic impedance from the far angle elastic impedance at 36 º 

into sandstone and shale by the QSI workflow. It is difficult to classify more delineated 

lithofacies solely based on impedances because of the limited seismic resolution. We 

estimated the dominant frequency of the seismic data to be 17 Hz. Hence, we calculated an 

average vertical resolution of 50 m and an average horizontal resolution of 800 m for 

interval II. The resulting lithofacies maps at the top of each of the reservoir intervals are 

shown in comparison with the isopach maps of these intervals on Figure 4.  

Interval III shows a strong correlation between the distribution of the spatially 

continuous sandstone and the location of the greatest isopach thickness. This indicates 

preferential deposition of sandstone in areas that were topographically low. A possible 

mechanism for such deposition is through a hydraulic jump of high-density turbidity 

currents (Mahaffie, 1994; Prather et al., 1998). The gamma ray log of interval III shows 

~50 ft of blocky low-gamma ray signature (Figure 5), which is a typical signature of highly-

amalgamated sandstone beds deposited in lobes by high-density turbidity currents 

(Mahaffie, 1994; Prather et al., 1998). Conversely, the top of interval II shows no direct 

correlation between the discontinuous sandstone bodies and the areas of greatest isopach 

thickness. The gamma ray characteristic of the top of interval II shows a gradually upward 

increase of gamma ray values (i.e., fining upward signature) which perhaps indicates 

deposition of sandstone by channels. Interval I shows isolated sandstone bodies that are 

clustered into the zones of highest isopach thickness. The gamma ray log of this interval 

shows a fining upward signature, which also suggests deposition by channels.  
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CONCLUSIONS  

A crucial factor controlling the stratigraphic architecture of intervals III and II is 

the mini-basin topographic relief dictated by the accommodation created by salt withdrawal 

and the filling of the accommodation by sediments. The change in the stratigraphic 

architecture between the tops of intervals III and II is analogous to the pattern of 

architecture changes proposed by Prather et al. (1998) (i.e., transitioning from a ponded 

stage into a bypass stage). The preliminary interpretations of the stratigraphic architecture 

of interval I shows the impact of localized topographic relief of the turtle structure on the 

deposition of channelized sandstone bodies in the topographically low areas of the turtle 

structure.  
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Figure A-1. Location map of the study area.  
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Figure A-2. Four salt systems identified on a depth slice (a) and seismic lines crossing the 

expulsion rollover in (b) and the turtle structure in (c). The interpreted horizons (colors) 

and salt bodies (pink) are also shown on these two seismic lines. 
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11  

Figure A-3. Sequential structural restoration along the turtle structure showing formation 

of the mini-basin, followed by filling of the mini-basin by sediments, and inversion into a 

turtle structure. 
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Figure A-4. Isopach thickness and most likely lithofacies and sandstone probability maps at the 

top of each of the reservoir intervals. 
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Figure A-5. Gamma ray signatures of the reservoir intervals.  
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