
Chapter 4

Rock physics guided velocity

model building

In this chapter I describe a workflow that combines various sources of data, such

as mud weights, well logs, basin history, and diagenesis, to model pore pressure-

velocity relationship based on rock physics principles. This workflow produces velocity

templates, which can be used to build velocity models for imaging and inversion. I

apply this workflow to a data set from the Gulf of Mexico. I study the diagenesis of

shale, particularly, smectite-illite reaction. From well logs, I build models for velocity-

porosity and density-overburden relations. Thermal history is approximated from

sediment burial rates and present day thermal gradients estimated from Bottom Hole

Temperature (BHT) under the assumption that the thermal gradients are constant

over geologic time, an assumption to make computations easy. I use mud weight data

to calibrate pore pressure-velocity transformation. A 2D velocity model is built based

on the average mud weight profile following the velocity templates. Migration with

this velocity model shows overall improvements in image quality and angle gathers’

flatness. Moreover, the integration and calibration of many sources of data in this

workflow ensure the resulting velocity model is geologically feasible and physically

plausible.
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INTRODUCTION

Anisotropic imaging has been shown to be necessary in many successful exploration

applications, particularly in the Gulf of Mexico. Alignment of clay minerals in shales

and the e↵ect of layering both imply transverse isotropy. Additionally, salt bodies

in the Gulf of Mexico can cause stress perturbations that further complicate velocity

variation and create more complex types of anisotropy.

Building anisotropic velocity models for imaging is a challenge due to uncertainties

in anisotropic parameters. Conventional velocity analysis and tomography of surface

seismic might not provide a satisfactory answer because a number of models could

equally well explain the observed data. Such is also the case with full waveform

inversion (FWI). All of these inversion schemes rely heavily on the assumption that

the initial model is close to the true model. When this assumption does not apply,

there is a strong possibility of obtaining a velocity model that satisfies the imposed

convergence criterion but may be geologically and physically improbable. The rock

physics guided workflow I use imposes additional constraints on velocities that not

only satisfy the gather flattening criterion but also require the model to be geologically

and physically believable.

Anisotropic velocity models can be built with forward modeling using rock physics

principles, geomechanics, and basin modeling. Bachrach (2010) used di↵erential e↵ec-

tive medium (DEM) theory from rock physics combined with well logs and empirical

models of shale diagenesis to build anisotropic velocity models. Petmecky et al. (2009)

derived anisotropic velocities for imaging from 3D basin modeling to capture the pres-

sure, depositional, fluid flow, and salt movement histories of a basin. Matava et al.

(2016) used finite elastic deformation theory to calculate the e↵ect of stress anomalies

caused by salt movements on velocity.

Recent developments in anisotropic velocity model building show that integrating

additional data, such as rock physics and pore pressures, can constrain the velocity

inversion process. Dutta et al. (2015) combined rock physics and pore pressure-

velocity models to create velocity bounds for tomography. These constraints not only
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reduce uncertainty in the tomography process, but also produce a velocity model that

is able to predict physical pore pressure. For a review on geopressure prediction, see

Dutta (2002). This is an extra constraint that forces the vertical velocity to be within

a physically expected range such as yielding a pore pressure that is bounded below

by hydrostatic pore pressure and above by fracture pressure. In addition, the use of a

rock physics compliant velocity model enables us to estimate vertical velocity without

having to rely on normal moveout analysis, which often produce poor estimates of

velocity. Li et al. (2016b) used stochastic rock physics modeling (Bachrach, 2010)

to build model covariance matrices to constrain wave equation migration velocity

analysis (WEMVA). Following Dutta et al. (2015), in this paper, I present a workflow

that combines rock physics, basin modeling, and pore pressure constraints to improve

velocity models for imaging.

ROCK PHYSICS WORKFLOW

The rock physics workflow applies to the diagenesis of shale, specifically, the transfor-

mation of smectite into illite as a result of burial diagenesis. The rock model consists

of, therefore, a matrix solid (smectite and illite), and a pore fluid (water). Two pro-

cesses can a↵ect pore pressure. First, as sediments deposit, mechanical compaction

causes porosity to reduce. Second, when clayey rocks are buried to deeper depths

and temperature reaches activation temperatures, the transformation from smectite

to illite happens and is accompanied by an additional release of water that is bound

in the clay system of the host rocks, resulting in further increase in pore pressure.

In this workflow, I define forward modeling as obtaining vertical velocity models

from pore pressures. First, e↵ective stress is calculated for various pore pressure gra-

dient scenarios by subtracting pore pressure from overburden stress. Second, e↵ective

stress is then converted into porosity using a compaction-diagenetic model. Finally,

porosity is used to compute velocity via an attribute model, a velocity-porosity trans-

formation. The forward modeling produces velocity rock physics templates (RPTs)
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corresponding to di↵erent pore pressure gradients. In the reverse direction, this work-

flow generates pore pressure predictions from an input of velocity.

I applied my workflow to a data set acquired o↵shore Gulf of Mexico. I was

provided with a surface seismic data, an isotropic velocity obtained from ray-based

tomography, migrated images, angle gathers, a number of interpreted horizons, logs

and mud weight data from six wells in the area.

Compaction and diagenetic models

Porosity is reduced due to mechanical loading. When loading is slow enough that

pore fluid is allowed to escape, pore pressure maintains in a hydrostatic equilibrium.

This process is called normal compaction. In this mode, velocity increases as porosity

decreases. When loading is faster than the rate of fluid escape, abnormal pressure

builds up in the pores, causing e↵ective stress to drop. In this mode of compaction dis-

equilibrium, porosity is reduced at a lower rate than in normal compaction. Changes

in porosity due to compaction are described through changes in e↵ective stress.

In shale, diagenesis also a↵ects pore pressure. The transition of smectite to il-

lite, when temperature is high enough, is followed by an additional release of water

bounded to the clay platelets. When such water cannot escape, pore pressure further

increases and e↵ective stress decreases without significant loss in porosity. I follow

Dutta et al. (2014) and Dutta (2016) to model both of these mechanical compaction

and diagenetic processes

� = �0e
�⇠�

, (4.1)

where:

⇠ =
�

1� �
, (4.2)

and

�(t) = B0Ns(t) + B1[1�Ns(t)], (4.3)
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with:

Ns(t) = N0e
�

R t
0 Ae

�E
RT (t) dt

. (4.4)

In the above equations, � is e↵ective stress and �0 is the e↵ective stress necessary to

reduce porosity, �, to zero. ⇠ is the void ratio, i.e. the ratio of pore and solid volumes.

� is the diagenetic function that characterizes smectite-illite transition. Ns(t) is the

smectite fraction at time t and N0 is such fraction initially. We assume N0 = 1. B0

and B1 control the relative importance of smectite and illite in the beta function.

T is temperature. A and E are Arrhenius frequency factor and activation energy,

respectively (Dutta et al., 2014).

Atribute model

For my rock attribute model, I use a velocity-porosity relation that was derived in

Issler (1992):

4⌧ = 4⌧m(1� �)�X
, (4.5)

with4⌧ being slowness, 4⌧m being the solid matrix’s slowness, and X is the acoustic

formation factor that captures how slowness (and velocity) varies with porosity. 4⌧m

and X are determined by fitting the sonic transit time and porosity data from well

logs.

Combine equations 4.1, 4.2, and 4.5 to get an equation of slowness and e↵ective

stress:

4⌧ = 4⌧m


1 +

1

�
ln

⇣
�0

�

⌘��X

. (4.6)

E↵ective stress is stress applied to the solid matrix and defined as the di↵erence

between overburden stress, S, and pore pressure, p, assuming unity for the Biot’s

coe�cient (Biot, 1941):

� = S � p. (4.7)

Equations 4.3, 4.4, 4.6, and 4.7 form a complete transformation from pore pressure

to velocity and vice versa.
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Thermal and depositional histories

I approximate a simple thermal history of the study area from temperature-depth

and age-depth relationships. I used BHT data to build a piece-wise linear tempera-

ture profile and assumed a constant geothermal gradient within each interval (Figure

4.1(a)). I also assume a constant burial rate, and estimate age-depth relationship

from interpreted horizons (Figure 4.1(b)).

Thermal and depositional histories are combined to calculate smectite-illite tran-

sition. The resulting smectile fractions as a function of depth are plot in Figure 4.1(c),

showing that the zone where diagenesis happens is between 3-5.5 km.

Figure 4.1: (a) Temperature profile based on BHT data. (b) Depositional histories
at 6 wells with interpreted horizons. (c) Resulting smectile fractions.

Overburden stress model

Using density logs, I compare di↵erent density models and the corresponding over-

burden stresses. Specifically, I build a diagenetic model for density by least-squares
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fitting the equation:

⇢ = (as4⌧ + bs)Ns + (ai4⌧ + bi)(1�Ns). (4.8)

Here coe�cients as, bs, ai, and bi describe linear relationships between slowness, 4⌧ ,

and densities of smectite and illite, respectively. Equation 4.8 can be used to predict

density from velocity. Figure 4.2(c) shows the fitting result. When density ⇢ is in

g/cc and transit time 4⌧ is us/ft, I find

as = ai = �0.0065, bs = 2.98, bi = 3.22. (4.9)

Data points are color coded by depth, indicating smectite-illite transition as tempera-

ture and depth increase. This figure also reveals that the smectile-illite transformation

starts at about 3 km depth, which is in agreement with the smectile fraction model

(Figure 4.1(c)).

Figure 4.2(a) plots Gardner’s, diagenetic density models, and density log. I ob-

serve that diagenetic model well captures the low-frequency trend down to four kilo-

meters deep and starts to deviate slightly in deeper sections. Figure 4.2(b) shows the

comparison of di↵erent overburden stress models. Despite this di↵erence, overburden

stress models agree well with the empirical model (Dutta (2017), private communi-

cation)

S = az
2 + bz + cz0, (4.10)

where a = 0.0000585, b = 2.75, c = 1.493, and z0 is the water depth. Here stress is

measured in psi and depth in meter. For simplicity, I will use this empirical model

for overburden stress.

Calibration

In my workflow, a number of important parameters need to be determined:

1. 4⌧m is the matrix’s slowness and X is the acoustic formation-factor exponent
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(a) (b)

(c)

Figure 4.2: Di↵erent density models (a) and overburden models (b).
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(Equation 4.5). Following Issler (1992), we find these two parameters by fitting

the sonic transit time and porosity data from well logs:

4⌧ = 2.13⇥ 10�4 s/m,

X = 1.97.
(4.11)

2. �0 is the e↵ective stress that can reduce porosity to zero (Equation 4.1). B0

and B1 determine relative contributions of smectite and illite in beta function

(Equation 4.3). These parameters were chosen so that the sonic converted pore

pressures are bounded below by hydrostatic pressure and above by mud weights.

Figures 4.3 and 4.4 show the results for:

�0 = 26000 psi,

B0 = 6.5,

B1 = 14.

(4.12)

Pore pressures and velocity templates

Figures 4.3 and 4.4 show the sonic and seismic converted pore pressure profiles to-

gether with mud weights, overburden, and fracture stresses at the wells’ locations.

Here we take fracture stress to be 97% of overburden stress. Next to the pore pres-

sure profiles are the corresponding velocity templates. We observed that the seismic

velocities match generally well with the sonic velocities. Additionally, pore pressure

profiles show a deviation from hydrostatic pressure at 3-4 kilometers. This deviation

in pore pressures is also reflected on the velocity templates by a velocity reduction.

Moreover, the depth at which this pressure deviation and velocity reduction happen

agrees with where smectite-illite transition starts (Figure 4.1(c)).
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(a) (b)

(c) (d)

Figure 4.3: Pore pressure profiles and RPT velocity templates at: (a) SS160, (b)
SS187, (c) SS191, (d) ST200.
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(a) (b)

Figure 4.4: Pore pressure profiles and RPT velocity templates at: (a) ST143, (b)
ST168.

SYNTHESIS OF 2D SEISMIC DATA

The data set was acquired in the Gulf of Mexico at four millisecond sampling, using

ocean bottom cables (OBC). The area where it was recorded has a shallow water

depth, approximately 36 meters on average. I was provided with P-Z summed data.

The source lines are perpendicular to the receiver lines. Source line spacing is 400

meters and source spacing is 50 meters, while receiver line spacing is 600 meters and

receiver spacing is 50 meters. Maximum o↵set is about six kilometers.

To synthesize a 2D data set from the original 3D data, I chose a subset of the

3D data with midpoints within a one-kilometer swath, covering two receiver lines.

Assuming structures do not vary significantly in the cross-line direction, the chosen

sources and receivers were rotated about their midpoints to align in-line, sorted into

50-meter bins, and stacked to generate my 2D data (Figure 4.5). Figure 4.6 plot a

sample shot gather.
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(a) (b)

(c)

Figure 4.5: Acquisition geometry.
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Figure 4.6: One shot gather.
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VELOCITY MODEL CONSTRUCTION AND

MIGRATION RESULTS

Figure 4.7 (left panel) shows mud weight data at four nearby wells and the average

mud weight profile. This average mud weight is used to construct a velocity model,

shown together with the provided velocity and the templates at well ST168 on the

right panel of Figure 4.7. I observe that the constructed velocity follows a similar

trend as the provided one. Figure 4.8 compares the two 2D velocity sections.

Figures 4.9 and 4.11 respectively show the migrated images with the legacy veloc-

ity model and the constructed velocity model. In some areas, highlighted by the green

boxes, the constructed velocity model improves focusing of the reflectors, whereas in

other areas, highlight by the red boxes, the image quality decreases. Figures 4.10 and

4.12 show the corresponding angle gather at di↵erent locations. The angle gathers

obtained using pressure-converted velocity shows more flattened reflectors in general

than those obtained with the legacy velocity (green boxes in Figure 4.12). Figures

4.13(a) and 4.13(b) show the semblances computed from these gathers. The semblance

from angle gathers migrated with constructed velocity shows higher coherency, which

is also illustrated by the histograms (Figure 4.13(c)).

CONCLUSIONS

Following a rock physics guided workflow, I have built velocity templates and con-

structed a velocity model that seems to produce more focused migrated images and

flattened angle gathers than those by the legacy model, particularly at the smectile-

illite transition zone. Availability of well and drilling data allowed the calibration

of necessary parameters and the characterization of this transition zone. The con-

structed velocity model reflects the deviation of pore pressure from hydrostatic where

shale diagenesis occurs. Incorporation of useful information provided by this work-

flow, such as velocity bound constraints, into full waveform inversion is discussed in

Chapter 6.
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Figure 4.7: Left panel: mud weight data at four nearby wells. Right panel: velocity
templates at ST168.

(a) (b)

Figure 4.8: Legacy velocity model (a) and velocity model built from RPTs (b). The
two velocity models display a similar trend.
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Figure 4.9: Migrated image with legacy velocity model.

Figure 4.10: Angle gathers with legacy velocity.
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Figure 4.11: Angle gathers with velocity constructed from rock physics and pore
pressure data.

Figure 4.12: Angle gathers
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(a) (b)

(c)

Figure 4.13: Semblances of angle gathers migrated with legacy velocity (a) and con-
structed velocity (b). Semblance in panel (b) shows higher coherency overall.


