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As global warming due to anthropogenic greenhouse gases, notably carbon dioxide threatens to take a catastrophic dimension, geological
storage of carbon dioxide has been widely accepted as a technically and economically viable remediation strategy. Consequently, targeted
geological repositories are saline aquifers, salt caverns, deep unmineable coal seams and depleted oil and gas reservoirs. For storage in
depleted oil reservoirs, the stratigraphic trapping capability of overlying low permeability shale is the principal motivating factor for long
term containment of anthropogenic gas in oil reservoir until its dissolution and final immobilization by mineral carbonation reactions.
Consequently, where the development of the oil reservoir by thermal recovery can lead to thermal pressurization of the cap rock layer, the
ability of such a depleted reservoir to contain anthropogenic carbon dioxide must be thoroughly investigated to assess its competency as a
proposed geological repository. In this study, seismic theory coupled with that of heat transfer has been used to derive interval velocity for a

heavy oil reservoir under thermal recovery. The resulting equation has been validated using published works from literature sources.
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Introduction

The capture and isolation of anthropogenic carbon dioxide
in suitable geologic media have been universally acclaimed
as a suitable global warming mitigation step. These geologic
repositories could be depleted oil and gas reservoirs, salt
caverns, deep unmineable coal seams and deep saline
aquifers. In seeking to isolate carbon dioxide in depleted oil
and gas reservoirs and deep saline aquifers one fundamental
requirement is of technical importance. The reservoir or
saline aquifer must be capped by a low permeability
geological formation capable of providing long term
hydrodynamic trapping mechanism in order to safely
contain the injected gas until ultimate dissolution occurs
under the subsurface environment. This crucial
hydrodynamic trapping mechanism must be effective during
injection and post injection periods.*

Among the depleted oil reservoirs are those that were
produced using thermal recovery techniques. Where these
reservoirs are found at depths capable of sustaining injected
carbon dioxide under supercritical conditions such as in
China and Venezuela they are possible candidates for
carbon geosequestration. However, in view of excessive
heating environment connected to their development these
deep depleted heavy oil reservoirs need to be thoroughly
evaluated for cap rock geomechanical integrity before being
included in the inventory of suitable depleted oil
reservoirs.>* This technical evaluation is necessary because
the high temperature of hot water or steam used in thermal
oil recovery methods result in heat transfer from the
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reservoir into the overlying cap rocks. The geomechanical
implication of this heat transfer is seen in possible thermal
pressurization of the resident brine in the cap rock. The low
permeability nature of these cap rocks makes it difficult to
diffuse excess pore pressure resulting in pore pressure levels
exceeding limits required for tensile or shear failure. To
obtain an idea about cap rock long term geomechanical
integrity there is the need to monitor cap rock performance
during thermal operations of deep heavy oil reservoirs. This
requires time lapse seismic or acoustic monitoring, which
consists of using base line seismic or acoustic survey results
as a standard for comparison against current survey results.
The aim of this paper is to analytically derive an equation
that will link interval velocity to depth temperature during
thermal operation designed to produce deep heavy oil
reservoirs. Such an equation will enable the calculation of
temperature change from acoustic monitoring data where
interval velocity versus depth is measured from time to time
during thermal operations of deep heavy oil reservoirs.

Theoretical Derivation

The most common approach for linking acoustic interval
velocity to pore pressure is the famous Eaton’s empirical
equation given as follows:>8

P =P

p obs

(P ) 3 &

Isolating the interval velocity in equation 1 gives:
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Assuming a temperature change from initial value Toto T Differentiating equation 11 with regard to pore pressure
in the cap rock due to heat transfer from the injected fluid  gives:
induces a pore pressure change due to aquathermal

ressurization the pressure change and temperature change
p P 9 P 9 dv, dv,du 1, ,,duU

are related by.® — === — (13)
dp, dudP, 3 dp,
a, (1-¢)+¢a
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Cuf From equation 10:
Integration of equation 3 within appropriate limits gives:
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ap, (14)
P [a (1—¢)+¢af] T T ’
[Fap =t aT = aT (@)
P Cuth o o Substituting equation 14 into equation 13 gives:
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Substituting for dP, from equation 8 into equation 16
gives:
The following quantities will be defined:
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V3 Substituting for pore pressure from equation 6 into
pg=—-" (8) equation 17 gives:
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Equation 2 can be written as: (18)
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Equation 9 can be written as: 273
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Vi =ViU(R)) (12) (19)
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where:
L. . HA
A= (uT0- uPpi+ p); B=puiT; C:? (20)
Integration using maple program gives:
_ C0-T) 1)
" (A-BT)¥®

Equation 21 finally links the interval velocity of acoustic
wave to temperature. It shows an imminent decrease of
velocity with temperature increases in thermal operations
related to steam or water injection when temperature in the
cap rock changes due to heat transfer from the reservoir.

Interval velocity is a function of depth in the sedimentary
basin during well logging. Equation 21 can therefore be
written in functional notation as:

V.(2) =LT(ZZ)/3 22)
(A-BT(2))
where:
Vi(Z2)=F(2) (23)

Z= depth in the sedimentary basin

Derivation of Interval Velocity with Temperature Change

Where there is porosity change as a result of thermal
pressurization, the relationship between porosity and transit
time or slowness is given by the equation.**

¢ — Atobs _Atma — Atobs _ Atm,al

At —At, At —At_ At —At

(24)

Transit time or slowness is reciprocal of interval velocity
thus observed interval velocity is given by:

VA (25)
Atobs
Equation 24 can be written as:
¢ — Atobs — Atma — 1 vi_ tma (26)
At —At . At —At ' At —At
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Differentiating equation 25 with respect to interval
velocity gives:

A
d¢ tobs tma —_ 1 Vi-ZdVi
At —At At —At,

(@7)

For pore change resulting from thermal pressurization
pore pressure change is related to temperature change as
given in equation 3:

de _ |:as (1_C¢25+ ¢af :' dT (28)

w

Thus:

ap, [, (1-¢)+ g |
dT c, ¢

(29)

Assuming thermal pressurization of pore fluid results in a
deformation that translates into a porosity change this will
be given by:’

d¢ =—¢,C,dPR, —(1—¢O)asdT (30)
From equation 30 the following can be written:
d
Y epC () @D
This implies:
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dR, g7 +(1-¢)ex (32)
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Equating equation 32 to equation 28 gives:
d
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This gives the temperature derivative of porosity as:
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#Cy,

d_¢ = (l_¢)as _¢OCS

aT (34)
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Thus:
1 dg =dT
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Substituting for porosity from equation 27 into equation 39
gives:
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Vi = é[(n + Q¢o )eXp Q(T _To )_ H](Atf - Atma)+ Atma
(42)
Thus:
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This gives the relationship between interval velocity and
temperature as:

1

V. =
o {(H—Qqﬁo)egmq(mf Aty )+ Aty

(44)

In equation 44 the interval transit time for fluid and matrix
are constants. All other quantities in the equation on the
right hand side are constants except temperature. The
equation therefore shows that as temperature increases the
denominator increases and the effect is to decrease interval
transit time as proven earlier.

Experimental Validation

The experimental validation of this equation requires
laboratory measurement of acoustic wave velocity under
reservoir conditions where in situ formation stresses are
provided in the measuring system. For this paper the
experimental validation of the equation will be sought by
using experimental results from published literature sources.
Equation 18 shows that by using log derived interval
velocity the temperature at the given depth can be calculated
and this can form the basis of time lapse acoustic monitoring
in thermal operations. The parameter A in equation 21
contains pore pressure. Figure 1 shows a theoretical plot of
this velocity trend with different pore pressures.

Ppl<Ppl<Pp3<Pp4

KPPI
Interval M
velocity- ¥ Pp3

ft's &Pp#

Temperature °C

Figure 1. Theoretical plot of Eqn. 22 for different pore pressures
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Figure 2. The effect of pore pressure on compressional
wave velocity at different temperatures®
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Figure 3. The effect of pore pressure on shear wave velocity
at different temperatures®.
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Figure 4. Then effect of temperature on compressional (top)
shear (bottom) wave velocities for for different fluid contents
Beaver sandstone?
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Discussion

The demand for coal (hard coal, brown coal, lignite) has
grown by 62 % over the past thirty years. The International
Energy Administration (IEA), in its reference scenario,
expects coal demand to grow by another 53 % up to 2030
with a possible decline in the market after this period due to
carbon constraints in economies (Klaus Brendau).*!

This means that anthropogenic emission of carbon is
supposed to reflect this growth in energy consumption trend.
Since geological sequestration has been accepted by the
intergovernmental panel on Climate Change as the most
technically feasible mitigating step in reducing global
warming, due to anthropogenic carbon dioxide emission,
more geological repositories will be required to achieve this
environmental remediation objective.

Boise Sandstone
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Figure 5. Then effect of temperature on compressional (top) and
shear (bottom) wave velocities for different fluid contents of Boise
sandstone®?
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Figure 6. The effect of temperature on compressional (left) and
shear (right) wave velocities for different fluid contents for Ottawa
and Boise sands respectively'?
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This means that all the target geological repositories,
depleted oil and gas reservoirs, salt caverns, deep
unmineable coal seams and saline aquifers need to be
geologically and technically evaluated for anthropogenic
carbon dioxide sequestrations projects on global basis. In
line with this objective deep depleted heavy oil reservoirs
that have had their cap rocks subjected to excessive heat
flow need to be thoroughly evaluated geomechanically
during and after thermal operations. This is necessary to
ensure that thermal pressurization of resident pore fluid in
low permeability geologic formation that has the potential to
induce shear and tensile failure did not reduce the
hydrodynamic trapping capability of these cap rocks by
impacting their capillary entry pressures and their required
low permeabilities.

To be able to carry out this assessment there is the need to
be able to obtain information about the heat transfer
characteristic of the cap rock and the temperature evolution
during thermal operation. Two approaches are possible. One
an indirect method and it is based on the mathematical
modelling of heat transfer in the cap rock reservoir system
and solution of the temperature evolution for both reservoir
and cap rock. In the hydrogeological industry this approach
has been used to obtain the temperature field of the system
in matters related to aquifer thermal energy storage for
seasonal exploitation. In this paper an alternative approach
base on a direct method of the time lapse acoustic
monitoring of deep heavy oil reservoir thermal exploitation
is proposed. This has to do with the time to time
measurement of a seismic attribute which is the interval
velocity. To be able to achieve this objective an equation
that links interval velocity to temperature change has been
presented. Since acoustic data such as interval velocity is
depth related the corresponding temperature will be the
temperature at the depth following thermal operation. The
difference between this and the initial temperature imposed
by the local geothermal gradient will be the temperature
change since thermal operation began. Due to lack of
laboratory resource experimental validation of the equation
was not possible but interpretation of the equation by
comparison with experimental data and graphical plots from
literature sources shows that the equation is capable of
predicting similar experimentally determined trends. In this
regard, Figures 2 to 6 indicate a decrease in interval velocity
for primary and shear waves with temperature increase
which has been theoretically established by this work.

Application to thermal monitoring of critical interval velocity

Time lapse seismic or acoustic monitoring involves the
time to time measurement of seismic or acoustic attributes
of the earth related to saturation change resulting from fluid
injection, change in bulk density resulting from hydraulic
fracturing, change in interval velocity resulting from
temperature change accompanying heat injection etc. and
comparing these surveys with a base line survey acquired
before any operations began. For a cap rock submitted to
heat accumulation due to heat transfer from an injected fluid,
the critical temperature resulting in tensile failure due to
thermal pressurization of pore fluid will result in a critical
interval velocity as given by equation 22:
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(@)= T g g

(a-8T(2))’

The temperature at which this occurs is given by
substituting critical temperature for temperature in equation
22. This temperature will be a function of depth as predicted
by equation 22.

Figure 7 gives the observed sonic log velocities versus
travel time (@) prior to heating as against hypothetical sonic
log velocities (b) after heating of the reservoir. The figure
shows that prior to heating the average elastic wave velocity
between 120 and 150 meters was about 2400 m/s. After
heating the average elastic wave velocity over the same
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Figure 7. Comparison of logging data before and after heating?®
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depth interval is seen to be about 2100 m/s (Figure 7(b) and
(c)). The figure clearly shows a shift of the interval velocity
after thermal recovery to the left, a clear evidence of
decrease in interval velocity after thermal operations. This
shows that by using log derived data such as the interval
velocity the temperature of the cap rock interval
corresponding to these time lapse acoustic log can be
deduced using relevant thermophysical parameters together
with the equation 22.

Figure 8 also shows a graphical plot of sonic log
characteristic interval velocity of a heavy oil reservoir (line)
consisting of sand and with an overlying marine silt and clay
cap rock and the characteristic interval velocity after thermal
recovery. It clearly shows a shift of the interval velocity
after thermal recovery to the right in both the reservoir and
the cap rock, a clear evidence of decrease in interval
velocity after thermal recovery of heavy oil. This shows that
by suing log derived data such as the interval velocity the
temperature of the cap rock interval corresponding to these
time lapse acoustic log can be deduced using relevant
thermophysical parameters together with equation presented
by this work.

Application to Thermal monitoring of Critical State Properties

Monitoring of subsurface operations refers to the
systematic measurements and detection of subsurface
property changes in response to subsurface related processes
such as temperature and stress changes. These are invariably
related to thermal operations in tertiary enhanced oil
recovery of heavy oils or the injection of fluid into
petroleum reservoirs as encountered in secondary oil
recovery and carbon dioxide injection into saline aquifers.
Each of these activities has the potential to perturb
subsurface pressure and temperature regimes. In either of
these operations there are two types of monitoring
objectives.’* Deep monitoring of the reservoir or geologic
repository integrity and most importantly plume evolution
for the case of carbon geosequestration and near surface
monitoring is designed to ensure public safety and
environmental health. These two principal aims underlie
traditional monitoring operations of subsurface operations
but in the case of carbon geosequestration where cap rock
(low permeability overlying) formation with hydrodynamic
trapping capability is fundamental to long term safe
geological isolation of the gas, monitoring of this formation
deserves to be considered and is the key focus of this work.
In this regard, while thermal and fluid injection operations
change the pressure and temperature regimes of the
reservoir and therefore stress regimes, these two operations
will not cause flow in the cap rock but will induce similar
stress changes through heat transfer and pressure build up in

the reservoir particularly in the vicinity of the injection wells.

Heat transfer from the injected fluid into the cap rock causes
thermal loading of the resident fluid with attendant excess
pore pressure build ups while fluid pressure at the base of
the cap rock induces bending in the cap rock with attendant
stress problems. To assess the potential of the cap rock for
carbon sequestration, therefore, requires monitoring the cap
rock and making sure critical pressures and stresses are not
exceeded to cause failure and undermined the
geomechanical integrity.
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Conclusion

Global warming due to anthropogenic emission of carbon
dioxide has reached unprecedented levels. To mitigate
global warming effects due to this gas geological storage of
anthropogenic carbon dioxide is the most technically
feasible and affordable solution from both immediate and
long term planning perspectives. To achieve this, depleted
oil reservoirs are good candidates for geologic repositories.
Among these reservoirs there those that containing oils that
cannot be produced without heat inputs. These are deep
heavy oil reservoirs where carbon dioxide can exist under
supercritical conditions. The occurrence of these reservoirs
has been reported in China where anthropogenic carbon
dioxide emissions are at record levels. The implication is
that the excessive heat inputs can render the cap rocks of
these reservoirs geomechanically unsuitable for carbon
sequestration purposes. To be able to determine their
suitability therefore requires monitoring their thermal
operations. One way to do this is to use time lapse seismic
or acoustic monitoring. It consists of measuring seismic
attributes such as velocity or acoustic impedance from time
to time and a comparison of this with base line survey
results.

To be able to achieve this objective this paper has
presented an equation that links interval velocity to
temperature during thermal operation designed for heavy oil
exploitation. Although lack of acoustic logging data for such
purposes are not available for testing the equation the
observation is that it theoretically predicts experimental
trends reported in literature works and can be used to aid
temperature computations using acoustic logging data and
inputs of petrophysical and thermophysical property data.

Greek Symbols and Nomenclatures

Pp,=Pore pressure, psi

Poss=Overburden pressure, psi

Prys=Hydrostatic pressure, psi

Vi= Interval velocity, ft s*

Vn= Normally compacted shale interval velocity, ft/s
® = porosity change,

®o = initial porosity,

Cs = grain compressibility,

P, = pore pressure
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