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Summary

It is expected that 4D seismic monitoring will play a catirole in monitang geologically sequestered

CO, but understanding the seismic rock physics of sequwest€Q remains a key knowledge gap.
Ultrasonic pulse transmission experiments were conductedfollyaCO, saturatedoorous ceramic rod
subjectedto arange of pressures andntperatures that crosses i®, phase boundaries between gas,
liquid, and supercritical, such pore fluid conditions are found within the uppermost kilometer of most
sedimentary basinP- and Swave velocities and differentiaktenuation coefficients were determined from

the laboratorydataT he measured el astic wave velocities sh
as the measured differential attenuation coefficient showed similar trends with changing pore pnessure a
frequencies, but is-8 times greater in absolute value.

Introduction

Main concernsn geological CQ@ sequestratiomre whether the injected GQwill stay in place over time,
and the ability to observand verify the injected COfrom the surfacgBenon, 2006;Chadwck et al
2009) Therefore, monitoring the subsurface movement ard@lehavior of the injected €@ a crucial
aspect ofany carbon capture and storageoject Due to the sensitivity of seismic waves tore fluid
contents, ime lape seismologyis regarded as g@romising monitoring methodfor geological CQ
sequestration project8enson and Surles, 200énd isemployed in all industrial scale projects (Sleipner,
Weyburn, In Salah To utilize seismic methods effectively as a monitg tool, it is therefore essential
understand the effect of G@s a pore flu on the overall roclseismicresponse.Laboratory work using a
fully saturated synthetic sample has been conducted for a variety of temperatliq@essures that are
representativef subsurface conditions in which @@anbein gas, liquid,supercritical fluidphases This

is particularly impornt in seismic monitoring as GQransformations can occur at quite modest
temperatures and pore pressures; all three phesesatlily obtained within the uppermost kilometer of a
sedimentary basinElastic wave elocity variationsand wave strength dampeniage observed with phase
transitions, signifyinghatthe physical property changetthe pore fluid du¢o changingn situ conditions
can bedetected using seismi@lthough full CQ, saturations not expected as in real cases in the dhgh
pore spacevould also contairbrine or hydrocarbons, this wornrovides an end member understanding
theevolution of seismicesponsesesulting from changes in the phase state of. CO
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CO,elastic properties and behaviars

Figure ldisplays the bulk modulus and density phase diagrams gfa8@ function of pressure and
temperature based on the thermodynamic model of Spawagder (1996).The accepted critical poif

COis at 31° C and at 7MIPa. Below this pressure and temperature,; € be either a gas or liquid in
respect ofthe possiblesubsurface conditions. The vagmuid boundary is clearly marked by an ghtru
change in the physical properties of {4here this sudden change disappears as the critical point is reached
and denotes thieeginning of the supercritical fluid phase stafemain characteristic of supercritical fluids

is that it has physical behavs of both a gas and a liquidAs aconsequence of this characterisiay gas

or liquid phase transitions into the supercritical ghessults in a smooth variatiomylike the gas to liquid

transition.
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Figure 1: Bulk modulus (left) and density (right) phase diagrams of CO2. The red dot on both phase diagrams marks the
critical point of CO,. The vaporliquid boundary is clearly discernible from the sudden change in physical properties.

The boundaries of the superctical fluid phase state are marked by the white dotted line. The white arrows shows the
temperature and pressure conditions applied to the C&during ultrasonic pulse transmission measurements.

Experiment

A porous ceramic rod, derived from a high firednaiia body (A$O3) was useds the host sampla this

study. This sample has a porosity of 58%, with an air permeability of about 100mi3.synthetic sample

was chosen for this study because of its lack of microcracks, waratomplicatethe acoustidehavior of
realrocks. Although this sample is extremely porous and is not reflective of real reservoir rocks, its large
porosity will allow the overall rock behavior to be more susceptible to the changes in the physical properties
of the pore fluid. This reinfoces the purpose of our worn establishingan extreme end member
understandingn the rock physics involved with GQ&s the pore fluid.

Ultrasonic pulse transmission method was applied to determine the elastic behavior of the sample.
cylindrical samplésO mm in length and 25.4hm in diameter was ptad in between a transmitting and a
receiving transducenade ofP- and S piezoelectric ceramiosith center frequencies of 1IMHmounted on

an aluminum buffer capThe sampldéransducer asserybwas set inside a pressure vegbalt wasfilled

with hydraulic oil as théhydrostaticpressuremedium. The sample was jacketed in a Tygon® tube, a
flexible clear plastic to seal it froimydraulic oil contamination. C£s introduced into thenitially dry and
vacuumed samplé&om pressure bottle of hospital gra@®, located outsidehe vessel. An electrical
resistance tape is wrapped around the outside of the vessel and controls the temperature of the experim:
and ismeasured bX-typethermocoup placedinside the pressure vessel
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The transmitted signal is generated by exciting the transmitting transducer witkriaiigs20O0V square

wave from a pulse generatorhe propagated signaas recorded by digital oscilloscope systemat a
samplirg rate of 10 nanoseconds. The final waveform is a stack of over 500 traces to reduce random nois
effects. From the finalwaveformsthe transit time of the sigretan be deduce@ndwith the length of the
samplethe elasticvave velocities can be calated The general scheme of the experiment is shown in
figure 2.

Ultrasonic neasurements were made on #@npleunder dry andCO, saturated conditions The dry
measurements were done with the pore space under vacuus® (MPa) while the confining @ssure
varied from2 MPa to 40MPa. The resulting elastic wave velocities showed no differential pressure
dependence due to the lack of microcrack=or the CQ saturated measurements, 4 different constant
temperature runs were conducted while pore pressaried from 2MPa to 25MPa. The constant
temperature runs were done at 23° C, 28° C, 40° C, and 45° C. For each measurement run, a const:
differential pressure of 1BPa was maintained by varying the confining pressure accordinghetpore
presure. In figure 1, superimposed on fifease diagrams of GQre the differentemperatures and pore
pressuresonditionsexplored duringhe series 0€0, saturatedneasurementsAs pore pressure increases,
for the lower temperatureuns 3°C and 28°(; CO, changes from a gas phase to a liquid phase while for
the higher temperataruns 40°C and 45°(; CO, changedrom a gas phase to tiseipercritical fluidphase
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Figure 2: Experimental setup for ultrasonic pulse transmissn for CO2 saturated measurements.

Examples

Figure3 shows the Pand Swave waveforms recorded for one of the lower temperature and one of the high
temperature runs, T=28° C and T=40°r€spectively. The variations of the waveforms with pore pressure

for the T=23° Crun is similar to T= 28° C runand so isT = 45° C run withT = 40° Crun, and therefore

they are not shown to avoid redundancyhe phase transition out of the gaseous phase state as pore
pressure increases are all marked by a slowetiragrand weakened-Rand Swave signal. The change is
more drastic for the lower temperature runs and is related to the sharp contrast in gas to liquid physicze
properties see in the bulk modulus and the density phase diagrams.ofT@® transition fothe higher
temperature runs is less abrupt and occurs at a higher pore pressure as expected since the critical pres:s
marks the limit of the vapdrquid boundary.
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Figure 3: P- and Swave (left and right, respectively) wavéorms collected for T=28° C and T=40° C (top and bottom,
respectively) constant temperature runs.

From analyzing thabove waveforms, the-&d Swave velocitiesaredetemined and displayed in figure 4
On these plots, the velocity of the dry sampla differential pressure of 15MPa is shown by the black dot.
Once CQ is introduced into the pore space, irrespective of the phase state of theh€®lastic waves
travding through the sample arglower tan when the pore space is at vacuuim each onstant
temperature runhte CO, phase change imarked bya drop in both Pand Swave velocity of 45%, with

the drop being more gradual for the higher temperature rwighin a given phase state (gas, liquid, or
supercriti@al fluid), as pore pressur@dreaseghe elastic wave velocities lessens and thislue to the
increased densityxperienced

Apart from velocity analyses, attenuation analyses have also been done on the waveforms acquired. Figu
5 shows the differential attenuation coefficiefusthe constant temperature runs of T=28° C and T=40° C

as a function of pore pressure and frequency. Differential attenuation coefficient is the attenuation
coefficient of each signal minus the attenuation coefficient of the signal when Pp=2MPa of that
measurement run. The signal of Pp=2MPa was used because it is the least attenuated signal of the set
signals. The advantages of dealing with differential attenuation coefficients over the conventional methoc
of determining absolute attenuation coeéfids is that the former requires less time and uses only one
sample, while the purpose of demonstrating signal strength variation is still preserved.
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Figure 4: Ultrasonic P- and Swave (left and right, respectively) velocitis measured of the sample saturated with CO2
under various temperatures and pore pressures and when the sample is not saturated (black dot at Pp=0MPa). All
measurements on the two plots were completed with a differential pressure of 15MPa. The error oktR-and Swave
velocities isabout the size of the marker.

In all plots of figure5, two generaltrends ofthe differential attenuation coefficient can be noted. Finst, t
differential @tenuation coefficients is the lowestlow pore pressures (gaseqisse state) and increases at
high pore pressuse(liquid or supercritical)which isanticipated based on the variations of the waveforms
observed in figure. Secondhigher frequencies are more attenuated than lower frequesspesially at
higher poe pressureXQ is not constant over this range of frequencies.
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Figure 5: Differential attenuation coefficient of P- and Swave (left and right, respectively) for T=28° C and T=40° C (top
and bottom, respectively) constantémperature runs from laboratory data.
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For the Swave plot of T=28° C, there largevariability of the differential attenuation coefficient at the top
right corner corresponding to high pore pressure and high frequemdéisis is caused by noise effec
The more attenuated a signaltise smaller the signal will bendthe more susceptible it is the effects of
noise.

It is importantto compareahe laboratory resultso rock physics models to see whether the responses can be
predicted from exisng theories; this is particularly true should we wish to make predictions of behaviour at
typical seismic frequencies (~5 Hz to 300 Hz)If the responses can be predigtéden othersignal
responsg can be determingdr various conditions without réipating it in the laboratoryBioto s t he or
(see Bouzidi and Schmitt, 200&ps used to model the signal response under the same conditions applied in
the | aboratory by wusing the f | uhHerdhodpnantcpneodet ancetee f r
sampe dry bulk and shear modutharacterized from thgorous ceramic rad The modeled Pand Swave

vel oci t i e sequatiens arghovihiindfigutes There is excellenagreement of thenodeled and
laboratorymeasurediot fast P and the shear wavelocities Figure 7shows the modeled differential
attenuation coefficient @r the same frequency intervaémperatureand pore pressure conditions as
analyzed with the laboratory data.The two general tremdobserved infigure 5 with respect to par
pressure and frequencyatso seen ifigure 7 Howeverthea r ends f r om B inworte hear mo d
than what is observed with odata. In addition,when comparing the actual values of the differential
attenuation coefficients, the modeled valwes about & times less than the measured values from
laboratory data.
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T=28° C and T=40° C constant tempeature runs.

Conclusions

P- and Swave laboratory data were acquired for various pressure and temperature conditions in a porous
ceramic rod Results show clear variations of elastic wave velocities and differential attenuation coefficient
with the phasé¢ransitions of CQ Bi otébs model was used to replic
differential attenuation coefficient. There is good agreement for-dredFSwave velocities but not for the
differential attenuation coefficient. However, the gah&mend with pore pressure and frequency is in
agreement. These results show that elastic waves are sensitive to changes in the pore spaghasel CO
change is evident from signal variations. However these results are for an extreme end menti®sr, and t

do not imply the same results can be attained with a real rock that is less porous, and may contain more th:
just CQ in the pore fluid.

Recovery i 2011 CSPG CSEG CWLS Convention 6



