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ABSTRACT 

         More than sixty percent (60%) of conventional hydrocarbon reservoirs which are potential 

CO2 repositories are sealed by tight shale caprock. The geochemical reactivity of shale caprock 

during CO2 diffusive transport needs to be included in the reservoir characterization of potential 

CO2 sequestration sites as slow reactive transport processes can either strengthen or degrade seal 

integrity over the long term. Several simulation results had predicted that influx-induced mineral 

dissolution/precipitation reactions within shale caprocks can continuously reduce micro-fracture 

networks, while pressure and effective-stress transformation first rapidly increase then 

progressively constrict them. This experimental work applied specific analytical techniques in 

investigating changes in surface/near-surface properties of crushed shale rocks after exposure (by 

flooding) to CO2-brine for a time frame ranging between 30 days to 92 days at elevated pressure 

and fractional flow rate. Initial capillary entry parameters for the shale were estimated from 

digitally acquired pressure data evolution. Flooding of the shale samples with CO2-brine was 

followed by geochemical characterization of the effluent fluid and bulk shale rock through ICP-

OES, XRD, EDS and pH measurements. Nano-scale measurement of changes in internal specific 

surface area, pore volume and linear/cumulative pore size distribution (using the BET 

Technique) showed that changes in the shale caprock due to geochemical interaction with 

aqueous CO2 can affect petrophysical properties. The intrinsically low permeability in shale may 

be altered by changes in surface properties as the effective permeability of any porous medium is 

largely a function of its global pore geometry. Diffusive transport of CO2 as well as carbon 

accounting could be significantly affected over the long term. The estimation of dimensionless 

quantities such as Peclet (Pe) and Peclet-Damkohler (PeDa) Numbers that are associated with 

geochemical reactivity of rocks and acidic fluid transport through porous media gave insight into 

the impact of diffusion and reaction rate on shale caprock in CO2 sequestration. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background on CO2 Sequestration 

         Sequestration of anthropogenic carbon dioxide (CO2) into geologic subsurface sinks has 

gained much attention from the science and engineering community in recent years. As fossil 

fuel is expected to continue to play a significant role in meeting worldwide energy demand, 

environmental considerations require some form of mitigation for the CO2 being emitted- a 

prominent greenhouse gas [1, 2]. 

         Considerable amount of experimental and simulation studies in carbon dioxide 

sequestration have been carried out in investigating the geochemical and geomechanical stability 

of porous subsurface storage reservoirs such as saline aquifers, depleted oil and gas reservoirs, 

and coal bed seams for this purpose [3]. Table 1.1 below shows some estimates of the capacities 

available for each of these repositories worldwide. 

Table 1.1: Worldwide potential CO2 sequestration capacities and risks [4] 

 

Storage option Capacity 

(Gt-CO2) 

Storage 

integrity 

Environmental 

risk 

Depleted oil and gas reservoirs 

 

25–30 High Low 

Unmineable coal seams 5–10 Average Average 

Deep saline aquifers 1–150 Average Average 

Ocean (global) 1000–10,000 Medium High 

  

          More recently geothermal utilization of CO2 is gaining attention in addition to its high 

potential for enhanced hydrocarbon recovery projects serving as both a sweeping and swelling 

fluid [5].   Saline aquifers are considered to be one of the best options for CO2 sequestration due 
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to their large storage capacity, high injectivity and nearness to CO2 sources [6].  Depleted oil and 

gas reservoirs, unmineable coal seams and ocean sinks are the other subsurface repositories that 

can be used for sequestering CO2.  Conventional sandstone reservoirs and possibly carbonates 

reservoirs are the most favored depleted oil and gas reservoirs considered in CO2 sequestration. 

Experiments reacting supercritical CO2 in synthetic and natural brines in the presence and 

absence of limestone and plagioclase-rich arkosic sandstone reveal that there are significant 

compositional, mineralogical and porosity changes in aquifer fluid and rock properties [7].  

          Figure 1.1 shows the network of potential sequestration sites and the CO2 emitting 

industries that could be involved. 

 

 
 

Figure 1.1: CO2 emission sources,  potential utilization and sequestration sites (Courtesy of the 

Department of Energy) [1] 
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           Meanwhile the emission of anthropogenic CO2 is expected to continue into the future at 

an increasing volumetric rate. Figure 1.2 depicts the trend in CO2 emissions in the United States 

by fuel type over the next 25 years and beyond. 

 

 

Figure 1.2: United States electric power generation by fuel over the next 25 years (Courtesy of 

the Department of Energy)  [1] 

 

Geological storage of CO2 depends on the contribution of multiple CO2 trapping 

mechanisms that includes: 1) physical trapping of CO2 in a gaseous, liquid, or super critical state, 

2) solubility trapping through dissolution of CO2 within brine, 3) hydrodynamic trapping as a 

result of residual saturation of disconnected CO2 within individual pore spaces and 4) mineral 

trappings- an insitu process of interstitial carbonate minerals formation from CO2, the host rock 

and formation waters [8]. 

The process of carbon capture and sequestration include monitoring, verification, 

accounting and risk assessment of emission units and storage sites [1, 9]. At Sleipner in Norway, 
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seismic monitoring combined with seabed gravimetric technologies have been used to constrain 

reservoir simulation models and to acquire insight into the flow behavior of CO2 plumes in the 

Utsira sandstone reservoir [10].  Extensive economic and cost analysis are required for projects 

that involve commercial entities and government appropriations [9]. 

Successful implementation of geological CO2 sequestration depends on many factors 

including the ability to predict the extent of underground CO2 movement and storage as a 

function of specific target formation that will enable the identification of optimal sites and 

evaluate their long term isolation performance [11] while asserting the results through 

experimentation. Geomechanical, geochemical and hydrological impact of engineered CO2 

storage into these geological storage options have been well researched with the conclusion that 

accurate estimation of maximum sustainable injection pressure plays a significant role on 

wellbore stability, wettability parameters, possible dormant fault reactivation among other 

concerns [12-15]. The presence of impurities in the CO2 stream raises the question of possible 

underground water and aquatic life contamination. This requires factoring the effects of trace 

impurities from large emission sources into CO2 transport, injection and storage modeling [16]. 

 

While appreciable efforts have been expended in the scientific evaluation of CO2 storage 

feasibility in the above repositories, significant experimental research efforts are yet to be 

devoted to the seal rocks that cap most of these reservoirs. The reason might be their complexity, 

not just in terms of mineralogy and fluid flow behavior but also due to the lengthy laboratory 

measurements required for meaningful investigation [17]. The rock-fluid interaction processes  

that are observed in most conventional CO2 repositories with high permeability and porosity are 

to a limited extent applicable to sedimentary caprocks [18]. Most effective caprock lithologies 

are fine-grained siliciclastics (clay-based rocks) and evaporites (anhydrites, gypsum, halites)  [1, 
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19]. An effective caprock usually has capillary entry pressure that exceeds the upward buoyancy 

pressure exerted by an underlying hydrocarbon or CO2 column. The capillary pressure of the 

caprock is largely a function of its pore sizes and this may be laterally variable. The buoyancy 

pressure is determined by the density of the reservoir fluid and column height. A caprock of 

extremely small pore size, in the order of nanometers, is required to prevent the buoyant rise of 

an underlying gas column [19].  

Geochemistry and geomechanics affect caprock effectiveness and loss of gas through 

caprock may take place if the integrity of the caprock is breached, although transport processes 

are usually not rapid and may be in the nano-darcy permeability range. Recent field tests such as 

in Sleipner (Norway), showed that experience on in-situ caprock integrity characteristics can 

only be obtained in decades [17]. CO2 plume development and the required geophysical 

monitoring methods (seismic, gravity, and satellite data) can only yield valuable geological 

information in years as evident from the 15 years of operating the Sleipner project [20]. Existing 

geologic discontinuities, fractures and faults also add to the uncertainty that may compromise 

seal effectiveness. 

         The quantitative assessment of leakage risks and leakage rates is a basic requirement for 

site approval, public acceptance and the awarding of potential credits for sequestered CO2 

quantities. Leakage through caprocks may occur in three different ways [17]:  

i.) rapid leakage by seal-breaching or wellbore failure (corrosion of pipes and cements), 

resulting in gas flow through a micro-fracture network. 

ii.) long-term leakage controlled by the capillary sealing efficiency and permeability (after 

capillary breakthrough pressure is exceeded). 

iii.) diffusive loss of dissolved gas through the water-saturated pore spaces. 
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          Figure 1.3 depicts 1) Wellbore failure 2) Capillary breakthrough 3) Diffusive loss 

phenomena that can aid CO2 leakage through the caprock. 

 

Figure 1.3: Schematic of CO2 diffusive loss and other leakages through shale caprock [21] 

 

 

1.2 Objective 

 

This thesis research project is intended to achieve the following objectives: 

1. Investigate experimentally the ex-situ relationship between geochemical and 

petrophysical changes in suitable shale caprock when contacted with CO2-rich fluids 

continuously. Previous research has attempted to measure quantitatively the results of the 

geochemical changes that can significantly affect shale caprock’s geomechanical, 

geochemical and hydrological stability by conducting batch rock-fluid interaction 

experiments [22-24].  
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2. Make engineering inferences from the application of analytical techniques to measuring 

geochemical and petrophysical parameters of the shale before and after the experiment. 

3. Deduce meaningful conclusions from inferential data analysis about the integrity of shale 

caprock in CO2 sequestration. 

1.3 Methodology 

 

To reach the stated objectives, flow-through experiments were conducted using three 

pressure cells and crushed shale samples prepared from 4-in cores of shale caprock from the 

Pottsville Formation of the Black Warrior Basin, Alabama. Carbon dioxide saturated brine was 

prepared by bubbling CO2 through a brine reservoir at 25 psi over a period of 80 minutes.  The 

experiment ran for 92 days and samples were taken out each month for analysis; both rock and 

effluent fluid. Quantitative and qualitative material characterization techniques were employed to 

have an understanding about the resultant effect of chemical reactions between the shale caprock 

and CO2-brine system as well as changes in the petrophysical properties of the rock. Effluent 

brine samples were primarily analyzed to support findings from the petrophysical 

characterization techniques. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Shale Caprock in CO2 Sequestration 

 

A regional caprock or topseal is one of the most critical features of subsurface geological 

repositories. The physical characteristics of caprocks determine the efficiency of subsurface 

trapping systems and migration paths. Continuity is important in regional caprocks as it 

determines whether a basin has laterally or vertically focused migration systems. Clay-rich 

caprocks such as shale should be investigated experimentally for their petrophysical and 

geochemical behavior when in contact with aqueous CO2 over a long period of time. Shale 

caprock constitutes more than 60% of effective seals for geologic hydrocarbon bearing 

formations and are therefore of considerable interest in underground CO2 storage into depleted 

oil and gas formations [19]. Experimental studies of wettability, contact angle and interfacial 

tension on shale using CO2-rich fluid have not been widely reported [25]. Porosity, permeability, 

fractures and other petrophysical properties of the seal rock are of importance in seal integrity 

analysis and could be experimentally determined. Organic-rich shale is considered to have 

limited potential as membrane seals in CO2 containment [25]. Previous experimental work on 

shale interaction with aqueous CO2 made use of crushed fragments or pulverized samples- this is 

to provide large surface area for rock-fluid interaction [17]. Kaszuba et al and Kohler et al in 

separate studies concluded that the chemical reactivity of shale caprock needs to be included in 

reservoir characterization of potential CO2 sequestration sites as slow reactive transport 

processes can impact seal integrity in the long term [22, 26]. 

Shale rocks are predominantly composed of clay. They might also have other silica and 

carbonate based minerals that contribute to their geomechanical strength [27]. Geochemical 

changes are dominated by rock-water interaction and mixing with reservoir fluids [19]. 
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The mineralogical components of some shale samples are shown in table 2. It shows the 

predominant minerals of clay, quartz, feldspar and dolomite. 

Table 2.1: Typical mineralogy of shale samples as reported by Al-Bazali etal., 2005 [28] 

 

 Pierre Shale Arco-China 

Shale 

C1-Shale 

X-Ray 

Diffraction 

Weight, % Weight, % Weight, % 

Quartz 19.0 51.0 14.0 

Feldspar 4.0 12.0 2.0 

Calcite 3.0 3.0 0.0 

Dolomite 7.0 1.0 0.0 

Pyrite 2.0 2.0 0.5 

Siderite 1.0 0.0 0.0 

*Total Clay 64.0 31.0 76.0 

Chlorite 4.0 10.0 ----- 

        Kaolinite 11.0 14.0 39.0 

        Illite 19.0 44.0 ----- 

  Smectite 17.0 13.0 ----- 

       Mixed Clay 49.0 20.0 ----- 

            

 

The rudimentary physical principles or forces governing the effectiveness of shale 

caprocks are the same as those controlling secondary migration. The major driving force is 

buoyancy caused by reservoir fluids which are mostly less dense than formation connate waters. 

The restricting force to the movement of subsurface fluid through caprocks is its capillary 

pressure which as mentioned earlier is dependent on the size of the pore throats. Due to 

subsurface density difference of fluids, shale caprock can support much larger liquid columns 

than gas columns, all other things being equal. Figure 2.1 shows the relationship between these 

two mechanisms with A and B having smaller pore throats than C, hence pore C has a much 

lower seal efficiency. 

 

Depostional settings of transgressive marine shales on gently sloping siliciclastic shelves 

and evaporitic deposits on regressive supratidal sabkhas in interior basins can affect the lithology 



10 
 

of stratigraphic units that could ultimately determine petrophysical properties such as grain and 

pore sizes that characterizes tight rocks. 

 

Figure 2.1: Diagrammatic illustration of the effect of the largest pore throat size on sealing 

capacity of caprocks [19] 

 

          However, under CO2 sequestration conditions, the interaction between geochemical 

activity of the shale caprock and its geomechanics can result in distinct petrophysical properties. 

This can affect storage capacity and seal effectiveness. Several simulation results have predicted 

that influx-triggered mineral dissolution/precipitation reactions within typical shale cap rocks can 

continuously reduce microfracture apertures, while pressure and effective-stress evolution first 

rapidly increase then slowly constrict them [29-32]. The extent of geochemical alteration is 

considered to be nearly independent of the injection rate while that of geomechanical 

deformation is thought to be more pronounced during engineered storage [33]. There have been 

suggestions that ultimate restoration of pre-influx hydrodynamic seal integrity -in both EOR-



11 
 

EGR/storage and natural accumulation settings- depends on ultimate geochemical 

counterbalancing of the resultant geomechanical effect [21, 22, 29, 33]. Natural helium has been 

suggested as a screening tool for assessing caprock imperfection but its large scale application 

has not been demonstrated [34]. Some of these imperfections can manifest as a variety of 

processes or features including but not limited to low hydraulic conductivity (permeability), 

preferential flow paths in the form of fractures and faults, isotopic compositional changes as well 

as the tendency for capillary breakthrough which may occur at localized spots within the caprock 

[34, 35]. Shale caprock ductility, thickness, lateral continuity and depth of burial play major roles 

in providing effective seals for subsurface fluids.  The main geochemical, geomechanical and 

hydrological processes/features that can be observed in shale caprock are discussed further. 

 

 

2.2 Geochemistry of Shale Caprock 

 

The geochemical composition of shale caprock plays a significant role in its ability to 

perform effectively as a regional seal. The chemical reactivity of shale has been shown by 

several researchers to affect its petrophysical characteristics though the multiple reaction 

mechanisms and kinetic rates are not clearly defined and still needs to be investigated. Different 

mineral compositions ranging from quartz, calcite, anorthites, feldspar to muscovite, chlorite, 

illite, kaolinite and smectite have been reported for shale [36]. Mineral dissolution, re-

precipitation and redistribution could affect transport properties of shale. Post experimental fluid 

analysis in a shale/water/CO2 batch mixing experiment showed that the aqueous concentration of 

major elements such as Ca, Mg, Fe, Al and K increased and that the release rate of Fe and SiO2 

were more pronounced in solutions reacted with CO2-brine when compared to reactions with 

CO2-free brine [23]. The use of isotopic species have been suggested in tracing diagenetic 
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changes in shale caprock due to CO2 sequestration [37]. But the cost implication of monitoring 

the isotope partition coefficients effectively as a control tool is yet to be determined. 

The quality of shale caprock for the Krechba field in Algeria is reported to be controlled by 

the primary quantities of illite-muscovite and localized extent of chlorite-quartz cementation. 

This affirms the importance of mineralogy in seal effectiveness [38]. Digenetic processes 

involving a host of sedimentary siliciclastic minerals can play significant role in enhancing or 

degrading caprock integrity over the long term. Temperature and pressure play an enormous 

extrinsic control on these subsurface processes. The following states the extent of geochemical 

reactivity that may be observed in shale/CO2 interactive diagenesis [21] and the order in which 

they could occur, all other things being equal: 

1. Carbonate reactions dominate in the short-term depending on material availability 

2. Magnesite and siderite have fast reactions kinetics and rates depending on mineral 

concentration, pH, temperature and salinity as shown by equations (1), (2) and (3) 

HCO3- + Ca
2+

                                CaCO3 + H
+
 calcite (fast reaction) ………………... (1) 

HCO3
-
 + Mg

2+
                                MgCO3 + H

+
 magnesite (fast reaction) …………… (2) 

HCO3
-
 + Fe

2+
                                FeCO3 + H

+
 siderite (fast reaction) ………………... (3) 

3. Feldspars, clays and other reactions follow and dominate over the long term as 

represented by equations (4) to (7) 

CaSiO3 + 2H
+
 + H2O                         Ca

2+
 + H4SiO4 ………………………………….. (4) 

Wollastonite (slow) (neutralizes acidity) 

 Mg2SiO4 + 4H
+
                           2Mg

2+
 + H4SiO4 ………………………………..… (5) 

Forsterite (slow) (neutralizes acidity) 

Fe2SiO4 + 4H
+
                        2Fe

2+
 + H4SiO4 ………………………………………… (6) 

Fayalite (slow) (neutralizes acidity)  
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 CaAl2Si2O8 (anor) + CO2 + 2H2O                   CaCO3 + Al2Si2O5(OH)4 ……...……… (7) 

 

Kaolinite (slow) 

4. Concentration of pore-water due to CO2 dissolution will change reactivity with time. 

5. Desiccation of clay minerals may occur, causing caprock degradation through cracking. 

6. The extent of alterations in caprock will depend on competing diffusion, advection and 

reaction rates. 

A predicted overall reaction of interest in possible coupled chemo-geomechanical models is 

given below;  the potential conversion of clay to other minerals [29]: 

 

KAlSi3O8 + 2.5Mg5Al2Si3O10(OH)8 + 12.5CO2(aq)                KAl3Si3O10(OH)2 

K-feldspar         Mg-Chlorite                                                                   Muscovite 

 

+ 1.5Al2Si2O5(OH)4 + 12.5MgCO3 + 4.5SiO2 + 6H2O ………………………………………..(8) 

  Kaolinite                    Magnesite         Silica                                                   

 

The chemical transformation of iron-bearing minerals to form iron carbonates could 

impact the geochemistry of carbon sequestration and the presence of carbonate adsorbates does 

not impede the reduction of ferric iron to ferrous forming siderite [39, 40].  Through leaching, 

the chemical constituent of shale can cause a slight increase in porosity that may be available for 

sequestering CO2. 

This has been demonstrated by modeling studies using TOUGHREACT and studies 

involving experimental models of cement-shale caprock interface fluid flow phenomenon [41, 

42]. The possibility of this type of transformation was also observed during the course of this 

research project. 

The clay content of shale typically defines its characteristic physical appearance and 

behavior- plasticity, hydration, anisotropy, layering and acoustic properties [43, 44]. The 
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presence of organic matter in shale caprock can significantly affect its sealing efficiency through 

wettability parameter alteration [45]. 

 

2.3 Geomechanics of Shale Caprock 

 

The geomechanical properties of stress, strain, fracture and pore geometry, ductility, 

thickness and material homogeneity play important roles in shale caprock integrity in CO2 

sequestration. Table 2.2 shows the ductility position of shale as a caprock compared to others. 

Table 2.2: Ductility ranking of different caprock lithologies [19] 

Caprock lithology Ductility 

Salt Most ductile 

Anhydrite  

Organic-rich shales  

Shales  

Silty shales  

Calcareous mudstones  

Cherts Least ductile 

 

  In reservoir characterization for CO2 sequestration projects, site screening and selection, 

risk assessment, monitoring, verification and account as well as simulation of CO2 plume front 

depend heavily on the availability of data on the geomechanics of target formations. The same 

procedures apply to shale caprock evaluation for CO2 containment over the long term. 

Current and ongoing research into the behavior of various formations and shale caprock 

in particular suggests real but less catastrophic changes in the geomechanics of shale caprock 

when in contact with CO2 over the long term. The major concerns are at the interface between 

the target repository and the top seal. Natural and induced fractures may act as leakage pathway 

in CO2 sequestration, as flow through experiments showed the possibility of fracture aperture 
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evolution at low pH which are significantly affected by the clay content of the rock and may 

impede their growth [24]. Fault junctions also can serve as a source of concern in that they can 

be reactivated under adverse pressure perturbation that usually accompany engineered storage, 

though several probabilistic simulation have downplayed such plume encounter with faults [46, 

47]. Most natural leakages of gas and oil from geologic reservoir have been through fault and the 

rest through permeable zones of poorly compacted rocks [48]. The concept of capillary pressure 

limit is not applicable as the subsurface fluid moves through the path of least resistance. The loss 

of drilling fluid may indicate fault reactivation as a result of large scale gas injection program 

[49, 50]. However the interaction of water with clay is suggested as capable of healing fractures. 

Long-term hydrotesting where a decrease in the transmissivity of the fracture network was 

observed, demonstrated this possibility [27]. 

Seepage modeling from outcrops and coal bed seams showed that geomechanical 

properties of shale caprock are more prominent in the short term when compared with 

geochemistry and hydrodynamics of formation water [51]. However this varies from formation 

to formation and each basin will need to be treated on its own merit. Database compilations are 

ongoing on natural analogues of subsurface leakage of gas such as in the Harlingen gas field in 

Holland, St Johns Dome in the USA and the dormant volcanoes of Cameroun [19, 35]. 

Crystal structure of constituent minerals in shale affects the measurement of 

geomechanical properties of interest in CO2 sequestration. The determination of elastic modulus 

and hardness of a muscovite rich shale using nano-indentation showed that time is a critical 

factor in obtaining the appropriate results even at maximum load [12, 52-54]. The relationship 

between CO2 gas transmissivity, fracture pore pressure and fracture volume stress is given by the 

following empirical formula, equation (9) for seepage of gases through fractures in coal [4]: 
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where,    = maximum principal stress,    = intermediate principal stress,    = minimum 

principal stress,    = Biot Coefficient, b= coefficient reflecting the influence of normal 

deformation, c= coefficient reflecting the influence of tangential deformation,     = coefficient 

of permeability of gas,     = initial permeability of fracture,    = normal stiffness of fracture,    

= Poisson’s ratio of the rock sample,    = bulk modulus of the rock sample. 

Poro-mechanical simulation results using empirical boundary conditions have shown that 

local shear or tensile failures can occur in shale caprock with a potential for plastic deformations 

particularly in depleted gas fields [55, 56]. Initial stress pattern is suggested to control plastic 

strain propagation and the lowering of horizontal stress may cause thorough plastic strain 

propagation through the entire caprock thickness while increasing the tendency for capillary 

breakthrough [57].  

Several simulation workflow of the inter-relationship of geomechanical and petrophysical 

properties have been prepared from limited data available in other to visualize possible changes 

in shale over many decades [30, 58, 59].  

These relationships are useful when optimizing the recovery of oil from a formation 

while simultaneously injecting CO2 beneath it with interbedded shale rocks acting as either 

baffles or seal. Fluid densities can be expressed as functions of localized pressure and 

temperature that are prevailing in the reservoir [60, 61]. Large scale geotechnical sampling of 

shale caprock indicates that triaxial testing techniques can estimate rate dependent behaviors in 

caprock including nonlinear viscous properties and stress induced deformation rate [62, 63]. Data 

for short term geomechanical simulation of shale is provided under sequestration conditions. 
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2.4 Hydrodynamics 

The driving forces for migration and leakage are modified under hydrodynamic 

conditions. Hydrodynamics in shale caprock refers to the sub-surface movement of water that 

affects the net force vectors acting on rocks and fluid as well as their geochemical interaction. 

Hydrodynamic flow has the tendency to either decrease or increase the driving pressure against 

seals and can thus modify the CO2 column heights the seal can support. It supports buoyancy 

when a hydrodynamic upward force vector is exerted and vice versa. The hydrology of a regional 

seal can be ignored for all practical purposes except in basins with clear evidence of 

hydrodynamic activities such as in the Powder River Basin of Wyoming [19]. Simulation 

experiments similar to burial of high-level radioactive waste in shale rocks usually account for 

the hydrology of the formation particularly for ground water protection and  radioactive cooling 

processes [64]. 

In addition, the occurrence of overpressure in a shale caprock may establish a local pore 

pressure gradient that can shore up the sealing capacity of adjacent normally pressured reservoirs 

such as in the Niger Delta region of West Africa. The parameters of interest in these type of 

shale hydrology are water-table depth, total dissolved solids (TDS), aquifer thickness and 

hydraulic connectivity [49]. The slow movement of sub-surface water makes estimation of its 

chemical transport impact on shale caprock hydrodynamics somewhat difficult though most 

rock-fluid interactions take place in the presence of water.  

The hydrological behavior of most subsurface reservoirs particularly depleted oil and gas 

reservoirs, and saline aquifers are poorly understood demanding greater research focus such that 

the inter-relationship among geochemistry, geomechanics and hydrology can be established by 

making use of computational fluid dynamics techniques in geological models. 
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2.5 Coupled Processes in Shale Caprock-CO2 Interaction 

In general, multiple geological processes are taking place in shale caprock during CO2 

sequestration and this can be more pronounced due to diffusive and advection loss of CO2 into 

the overlying seal. Geochemical, geomechanical and hydrological processes are expected to 

interact over time to define the integrity of a seal rock during CO2 sequestration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Coupled processes in caprock-CO2 interaction showing critical parameters [48]. 

 

 

Modeling and experimental work in the past have attempted to capture the resultant 

effects of the coupled interaction of these processes requiring finer details about reaction 

kinetics, poro-elasticity of clay minerals and the precise role of water in the subsurface [65, 66]. 

Figure 2.4 and figure 2.5 depict some of the processes that are involved in geochemical and 

geomechanical interactions of seal rock and CO2. Figure 2.5 particularly hints at the possibility 
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of geochemical changes in shale closing geomechanical apertures that originate as a result of 

large scale high pressure injection into the reservoir pore spaces. This research attempts to 

experiment with this possibility by examining petrophysical property changes. 

 
Figure 2.5: Geochemical counterbalancing of geomechanical processes within shale 

caprock (Adapted from Johnson etal., 2005)   [29]. 

 

 

 

2.6 Dimensionless Numbers in Reactive Flow 

 

Reactive flow is a crucial component of rock-fluid interaction research and studies have 

proved that the long term suitability of caprock in CO2 sequestration might depend on the 

geochemical strength and weakness of the caprock [29, 67, 68]. The application and estimation 

of relevant dimensionless numbers can help in simplifying the magnitude as well as the extent of 
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reactive transport impact in shale caprock. At the macroscopic scale, reactive transport 

phenomenon is governed by the convection-diffusion equation; this is stated in equation (10): 

 
  

  
     (          )                               (  ) 

 

where c is the average concentration in the pore space, v* is the mean velocity vector, D* is the 

dispersive tensor and    is the apparent reactivity coefficient. The characteristic time of the 

reaction is assumed to be small compared to the time needed for a full velocity field to develop 

[69]. 

The following dimensionless numbers which were used in previous research are 

considered relevant in CO2 sequestration and shale caprock integrity. 

 

2.6.1 Peclet Number 

The Peclet Number (  ) describes the effect of advection relative to that of molecular 

diffusion on solute transport [70]. It is essentially the ratio between convective and diffusive 

fluxes [69]. Equation (11) below defines Peclet Number mathematically: 

 

   
  

 
                                      (  ) 

 

where  = fluid velocity (m/s),  = modal pore diameter (m),  = molecular diffusion coefficient 

(m
2
/s). These parameters and units are also applicable to Da and PeDa numbers.  

2.6.2 Damkohler Number 

The Damkohler Number (  ) describes the effect of reaction relative to that of 

convection. It is the dimensionless factor that brings reactive flow into Peclet-Damkohler 

Number. The mathematical expression for Damkohler Number is given below in equation (12): 
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where    = intrinsic kinetic rate(m/s) and   = characteristic fluid flow velocity (m/s). 

 

 

2.6.3 Peclet-Damkohler Number 

The Peclet-Damkohler Number (    ) describes the effect of reactive fluxes relative to 

diffusion and it is used frequently because convective effects diminish at the interface between 

two media [70, 71]. Pore geometry and specific properties play significant role in estimating this 

dimensionless number. Peclet-Damkohler Number is expressed as in equation (13) below: 

     
   

 
                                  (  ) 

 

where   =intrinsic kinetic rate(m/s),  =modal pore diameter (m),  =molecular diffusion 

coefficient (m
2
/s) 

These dimensionless numbers capture the extent of dissolution/precipitation process in 

reactive transport through pore networks. 

Accurate measurement of the key parameters that indicate reactive flow is required. 

Literature values that were obtained from some repeated experimental data were used in this 

research work. 

 

 

2.7 Important Properties of Shale in CO2 Sequestration 

 

1) Shale has anisotropy (directional) properties. This is linked to the manner in which the 

sediments were deposited and the foliated nature of clay. Most physical properties of clay 
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are therefore anisotropic. Kinetics of fluid, ion transfer and general transport properties in 

shale are also dependent on anisotropy [27]. 

2) The hydraulic conductivity of effective shale cap rocks is in the order of 10
-12

 ms
-1

 and 

consequently their permeability are intrinsically low [27]. 

3) Poroelasticity: the low permeability of shales combined with a high anisotropy and a 

strong dependence on water content makes it a complex task to estimate the mechanical 

properties and poroelastic parameters of shales [27]. 

4) Geochemical composition of shale varies widely, having considerable influence on the 

mechanical and chemical stability of a lithology when considered as seal for underground 

CO2 storage. In depleted hydrocarbon reservoirs, the storage of alien fluid such as CO2 

may cause some significant changes in the rock mineralogy over the long term [19]. 

5) The presence of quartz and carbonates in shale gives a reasonably high mechanical 

strength whereas clays and especially the swelling properties of smectite make shale 

deformable with a potential to creep [19]. 

6) The capillary entry pressure for shale is dependent on interfacial tension, permeability, 

cation exchange capacity among other factors [28]. 

 

2.8 Justification of Research Direction 

The study of shale caprock in CO2 sequestration entails researching into the effectiveness 

of the sealing mechanism involved. This mechanism is a function of the mineralogical 

composition of the shale caprock and its intrinsic petrophysical properties such as porosity and 

permeability. Geomechanical defects in the rock can also play a significant role in its sealing 

efficiency as faults slip and insitu stress alterations can aid the creation of potential pathways for 
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CO2 leakage through existing natural fractures in the rock. This is of particular concerns in 

naturally fractured rocks where underground fluid flow influences CO2 migration pattern. 

Meanwhile most researchers have focused on the geochemical behavior of shale caprock 

and to a limited extent, the geomechanical effects that might be involved during large scale 

injection of CO2. Most of these investigations were done using batch reactors in which a known 

mass of shale caprock was reacted in disproportionately large but fixed volume of CO2-brine 

solution. This only mimics a static condition in which the concentration of CO2 in the brine is 

depleted overtime. Conducting these experiments under a continuous contact mode of fresh CO2-

brine flooding and a known mass of shale caprock might yield different results. 

This experimental research attempted to reactively interact shale caprock with CO2-brine 

under continuous injection mode to investigate sub-surface behavior of caprock/aqueous CO2 

interaction. 
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CHAPTER 3 

EXPERIMENTAL SETUP AND PROCEDURE 

 

3.1 Experimental Methods and Sample Preparation 

This experimental work applied specific analytical techniques in investigating changes in 

surface/near-surface properties of the shale rock after exposure (by flooding) to CO2-brine, for a 

time frame ranging between 30 days to 92 days. The shale rock was comminuted (crushed) to 

predetermined dimensions that are suitable for use in analytical instrument [17, 22]. See figures 

A.2, A.3 and A.11 in appendix A. Particle sizes were of the order of 2mm – 3mm in length.  

Three flow cells were used with designs similar to a plug packed-bed. Each cell holds an average 

of 265g of shale caprock samples with similar mineralogy but distinctly different mineralogical 

ratio. This exposed as much surface area of the crushed shale as possible to CO2-brine (figures 

3.1 and 3.2). Multiple representative samples were analyzed and compared to corresponding 

control samples. An average of 26g from each cell was analyzed using the Brunauer-Emmett-

Teller (BET) method, representing about 10% of each mineralogical ratio. All instrument and 

process devices are of stainless steel and PEEK (polyether ether ketone) material. This ensured 

that metallic corrosion processes do not interfere with critical measurements during the 

experiment. PEEK and stainless steel materials are generally resistant to CO2-brine induced 

corrosion. Appendices A, B and C document the details of the experimental process with respect 

to CO2-brine flooded sample selection, experimental procedures and selection of CO2-brine 

reacted samples for analysis. 

3.2 Experimental Setup 

The experimental set-up consisted of three stainless steel pressure cells, a syringe pump 

(and a piston pump for backup), a back pressure regulator (BPR), accumulators (glass beaker), 

six pressure transducers, three pressure gauges, PEEK and stainless steel tubings, National 
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Instruments data acquisition device, a ceramic filter to prevent solid particles (larger than 50 μm) 

from flowing into the cells and a computer system. Schematics of the CO2-brine flooding of 

shale caprock are shown in Figures 3.1 and 3.2. The pressure cells were mounted vertically on a 

metal-wooden frame with aqueous CO2 flowing from the top to the bottom of the experimental 

fixture. This is to prevent particle fluidization were it to be the other way round i.e bottom to top. 

Also the effect of gravity is assumed to be negligible. A schematic of the experimental setup is 

shown in figure 3.3. Figure A.1 in Appendix A has a picture of the experimental setup. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematics showing CO2-brine flooding of comminuted shale caprock 

A picture of the experimental setup and all associated equipment as well as crushed shale 

rock preparation and sample size(s) are shown in Appendix A. 

3.2.1 Pressure Cells 

The pressure cells used in this experiment were stainless steel made with maximum 

pressure rating of 4000psi. The diameter and length of the cells were approximately 3in x 11in 

respectively and were water tight when assembled properly. There were four outlets for 

instrument connection and fluid injection/ejection. A metal/wooden fixture was used to anchor 

the cells vertically during the experiment. The thickness of the pressure cells provided the shield  
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Figure 3.2: Schematic of CO2-brine streamline through the shale caprock packed into the 

experimental flow cell. The sketch shows that the crushed shale samples are adequately 

contacted by the injected fluid which penetrated deep into all the pore spaces of the rock. 
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Figure 3.3: Schematics of experimental setup in shale-CO2 brine flooding 
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for high pressure operations and the experimental procedure included pressures that were well 

below the maximum design pressure rating for the cells. A picture of the pressure cells are 

shown in figure A.1 in Appendix A. 

 

3.2.2 Syringe Pump 

A Teledyne Isco E500 model syringe pump system capable of providing flow rates from 

0.001 ml/min to 207 ml/min was used in this study. The pump can produce pressures up to 3,750 

psi. It consists of two individual pumps (pump A and B), with 507 ml capacity each, which can 

be operated in independent pump mode as well as in continuous flow mode by the electronic 

controller. Both pumps A and B were used during the experiments in auto refill mode to provide 

continuous flow. It requires approximately 2.5minutes to be refilled at a refill rate of 200 ml/min. 

Hence, CO2 saturated brine was continuously pumped during the experiment. The pump is 

shown in figure A.4 in appendix A. 

 

3.2.3 Data Acquisition System 

Omega pressure transducers were used to record the pressure evolution data along the 

pressure cells with two transducers on each cell. The range of the transducers is 0 – 5000 psi 

with stated accuracy of 0.5% of the full pressure. The pressure transducers were connected to a 

National Instruments (NI) data acquisition device with insulated electrical wiring that was 

factory calibrated with the manufacturer’s pump. Data was stored on a computer using National 

Instruments’ proprietary software Labview. The device can be seen in figure A.1 in Appendix A. 

 

3.2.4 Back Pressure Regulator (BPR) 

A back pressure regulator (BPR), manufactured by Temco Inc.,Tulsa, OK, was used to 

achieve higher injection pressures. The BPR can accommodate flow rates up to 10 ml/min. 
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Dome pressure was applied using Nitrogen (N2). The upstream pressure (the pressure in the 

outlet) was adjusted to a value very close to the applied dome pressure (one to one ratio). 

Nitrogen supply cylinder and the BPR device can be seen in figures A.7 and A.8 respectively in 

appendix A. 

3.3 Experimental Process Parameters 

The following experimental conditions were used during the shale/CO2-brine flooding study: 

a. Global flow rate:  0.9ml/min or 0.3ml/min/cell 

b. Flow cell back pressure: 970 psi. Appendix A details the justification of this value. 

c. Operating temperature: ambient 

d. CO2 – brine pH: 3.70 - 4.01 

3.4 Experimental Shale Caprock Geology 

The shale caprock of the Pottsville Formation (Pennsylvanian Age) in Alabama was used 

in this experiment. Whole core samples of the shale caprock were obtained from three 

monitoring wells for the CO2 Enhanced Coal Bed Methane (ECBM) Project of the Southeast 

Regional Carbon Sequestration Partnership (SECARB) in the Black Warrior Basin, Alabama. 

The Black Warrior basin is a late Paleozoic foreland basin that formed in response to 

converging thrusts and sediment loads in the Ouachita and Appalachian orogenic belts. Regional 

dip is toward the southwest, and broad Alleghanian folds and numerous northwest-striking 

normal faults occur in the eastern part of the basin. The Pottsville Formation is exposed at the 

surface in the eastern part of the basin and is overlain with angular unconformity in the western 

two-thirds of the area by poorly consolidated Mesozoic and Cenozoic strata of the Gulf coastal 

plain and Mississippi Embayment. Burial depths of the upper part of the Pottsville Formation in 
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coal bed methane fields of the Black Warrior basin range from 0 to about 4925 ft. In the Early 

Permian, the formation was buried at maximum depths of approximately 2–3 km. Fracture 

systems in the Black Warrior basin are diverse and consist of joints, cleats, and faults [72]. 

Figure 3.3 below shows the stratigraphic layers at the geologic site: 

 

Figure 3.3: Stratigraphic profile of the Pottsville Formation showing shale sample location 

(Courtesy of the Department of Energy)  [73]. 
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Figure 3.4 showed the shale caprock samples with codes corresponding to the monitoring 

wells from which the cores were drilled and the red points for crushed sample locations. Final 

selection of samples based on mineralogy uses a ternary plot of percentage composition of major 

minerals in the shale caprock. This is discussed further in the results and discussion chapter. 

 

Figure 3.4: Physical shale caprock cores from the Pottsville Formation, Alabama 

 

3.5 Experimental CO2-brine Fluid 

Carbon dioxide saturated brine solution was used for all experiments. Brine was prepared 

with distilled water to ensure that unknown species were not present in the solution. The brine 

composition was originally designed to simulate West Texas formation fluids. This original brine 

contained Mg and CaCO3 in minor amounts. The composition was then simplified to include 

only NaCl and KCl. As seen in the Table 3.1, the brine solution contained ~ 2% dissolved solids. 

After mixing water and salts, the brine was filtered using filter paper to eliminate undissolved 
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solid particles that can plug the flow lines in the experimental set-up. A filter was also installed 

upstream of injection to reduce the risk of plugging the flow lines. An accumulator (volume ~25 

liters) was used to hold the brine solution as CO2 was bubbled through at 25 psi for 

approximately 80 mins resulting in average pH value of 3.9 over the course of the experiment. 

This method was selected because of ease of preparation. A digital pH meter was used to record 

pH measurements every morning and calibration was done with standard buffer solutions (pH= 

4, 7, 10) each week. Figure A.6 in Appendix A shows the setup for CO2-brine preparation. 

 

Table 3.1: Experimental brine composition for Shale/CO2-brine flooding experiment  

 

Chemical Reagents Molecular Weight Amount added to 1 l 

of Distilled Water 

Molality (mol/kg) 

Sodium Chloride 

(NaCl) 

58.45g/mol 20.196g 0.3455m 

Pottassium Chloride 

(KCl) 

74.6g/mol 0.345g 0.0046m 

 

3.6 Techniques in Rock and Fluid Analysis 

Prior to and after the experiments, various material characterization techniques were 

employed to assess the internal and external mineralogical and petrophysical alterations of the 

shale caprock. The following discusses the specific analytical tools used for fluid and shale 

caprock analysis. 

3.6.1 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 

  Analysis of influent/effluent fluid included metallic mineral evaluation of the influent and 

the effluent which established the expected geochemical alterations in the rock with CO2-brine 

depletion [74]. ICP-OES is a method which was conducted to determine metallic cation contents 

in the fluid. The fundamental characteristic of this process is that each element emits energy at 

specific wavelengths peculiar to its atomic character. By determining which wavelengths are 
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emitted by a sample and their intensities, the analyst can determine the elements from the given 

sample relative to a reference standard qualitatively and quantitatively. The samples were 

analyzed in the LSU Department of School of Plant, Environmental and Soil Sciences. During 

the experiments, effluent brine samples were monitored for pH and collected daily while samples 

were selected for ICP-OES analysis depending on pH values. 

 

3.6.2 X-Ray Diffraction (XRD) Analysis  

X-Ray Diffraction was used in the mineralogical analysis of the shale caprock- the 

inorganic mineral composition [28, 75]. XRD is a bulk analysis technique, used to determine the 

mineralogical content of a core sample, in which the section of interest is powdered and placed 

inside the X-Ray diffractometer. X-rays are emitted and rotated from 2 to 70 degrees at a step of 

0.02 degree increments with Cu Kα1 (copper) radiation. The X-ray source sends the signal and 

receives a response. Each mineral has a characteristic response. Computer software determines 

the type of mineral and outputs peak versus intensity plots for the minerals present in the core 

sample. Since XRD can only determine crystalline substances, amorphous materials present 

cannot be identified by XRD. XRD analyses were conducted on the control  sample and the CO2-

bine contacted samples in the LSU Geology Department using a Siemens Kristalloflex D5000 X-

Ray diffractometer shown in Figure A.9 in appendix A. 

 

3.6.3 Energy Dispersive Spectroscopy (EDS) 

EDS is a spot elemental analysis that can be used while imaging surfaces with Scanning 

Electron Microscopy. It detects the chemicals that are present in the section of interest. When it 

is used on a low magnification image, it also detects chemicals surrounding the section being 

analyzed. This technique is a powerful tool to detect an increase or reduction in elemental 
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components that may indicate precipitation and dissolution. Samples can be in solid chip form or 

grounded into powder for effective elemental analysis. Single or multiple point surface impact 

and capture is obtainable from this technique. 

 

3.6.4 Optical and Scanning Electron Microscopy (SEM) Imaging 

SEM is a technique that was used to examine physical changes on the surface of the shale 

particles providing useful information at high magnification and resolution. Portions of CO2-

brine contacted and uncontacted crushed shale caprock samples were imaged using SEM for 

microstructural characterization. SEM was deployed to further investigate the nature of altered 

surfaces at a much finer scale and under low vacuum conditions in order to obtain clearer images 

during the analysis. Micro-porous spaces can be identified from the captured images. The SEM 

images were obtained using an EDAX model electron microscope at the Center for Material 

Characterization, in the LSU Mechanical Engineering Department. Light microscopy images 

were obtained using a Leica microscope at the LSU Sustainable Energy and Environmental 

Laboratory. 

 

3.6.5 Brunauer, Emmet and Teller (BET) Technique  

    This is a nitrogen adsorption technique used as an indicator of petrophysical changes in the 

comminuted (crushed) shale caprock as a result of geochemical alterations [76, 77]. 

 

a) Surface Area 

     The Brunauer-Emmett-Teller (BET) method is the most widely used procedure for the 

determination of the surface area of solid materials. It involves the use of the BET equation (14). 
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in which W is the weight of gas adsorbed at a relative pressure, P/P0 (P= equilibrium pressure, 

P0= saturation pressure)  and Wm is the weight of adsorbate constituting a monolayer of surface 

coverage. The term C, the BET constant, is related to the energy of adsorption in the first 

adsorbed layer and consequently its value is an indication of the magnitude of the 

adsorbent/adsorbate interactions [36, 78]. 

 

b) Multipoint BET Method 

 

     The BET equation (14) requires a linear plot of 1/[W(P0/P)-1] vs P/P0 which for most 

solids, using nitrogen as the adsorbate, is restricted to a limited region of the adsorption isotherm, 

usually in the P/P0 range of 0.05 to 0.35. This linear region is shifted to lower relative pressures 

for microporous materials [79]. 

   The standard multipoint BET procedure requires a minimum of three points in the 

appropriate relative pressure range. The weight of a monolayer of adsorbate Wm can then be 

obtained from the slope s and intercept I of the BET plot. From equation (14), (15), (16) and (17) 
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The second step in the application of the BET method is the calculation of the surface 

area. This requires knowledge of the molecular cross-sectional area Acs of the adsorbate 

molecule. The total surface area St of the sample can be expressed as in equation (18): 
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where N is Avogadro’s number (6.023x10
23

 molecules/mol) and M is the molecular weight of 

the adsorbate. Nitrogen is the most widely used gas for surface area determinations since it 

exhibits intermediate values for the C constant (50-250) on most solid surfaces, precluding either 

localized adsorption or behavior as a two dimensional gas. For the hexagonal close-packed 

nitrogen monolayer at 77 K, the cross-sectional area Acs for nitrogen is 16.2 Å
2
. 

The specific surface area S of the solid can be calculated from the total surface area St and the 

sample weight w, according to equation (19): 

 

  
  
 
                                 (  ) 

 

    Cumulative properties of specific surface area and pore volume are obtained by adding 

their values for measured pore diameters up to the largest detected pore size. Figure A.10 in 

Appendix A shows the LSU Chemical Engineering Quantachrome Autosorb equipment used for 

the BET analysis. 

 

c) Total Pore Volume and Average Pore  

     The total pore volume is derived from the amount of vapor adsorbed at a relative pressure 

close to unity, by assuming that the pores are then filled with liquid adsorbate. If the solid 

contains no macropores the isotherm will remain nearly horizontal over a range of P/P0 

approaching unity and the pore volume is well defined. However, in the presence of macropores 

the isotherm rises rapidly near P/P0 = 1 and in the limit of large macropores may exhibit an 

essentially vertical rise. In this case the limiting adsorption can be identified reliably with the 
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total pore volume assuming careful temperature control of the sample. The volume of nitrogen 

adsorbed (Vads) can be converted to the volume of liquid nitrogen (Vliq) contained in the pores 

using equation (20). 

That is, 

 

     
        

  
                                 (  ) 

 

in which Pa and T are ambient pressure and temperature, respectively, and Vm is the molar 

volume of the liquid adsorbate (34.7 cm
3
/mol for nitrogen). 

Since pores which would not be filled below a relative pressure of 1 have a negligible 

contribution to the total pore volume and the surface area of the sample, the average pore size 

can be estimated from the pore volume. For example, assuming cylindrical pore geometry (type 

A hysteresis), the average pore radius rp can be expressed as in equation (21); 
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where Vliq is obtained from previous equation and S is the BET surface area. For other pore 

geometries a knowledge of the shape of the hysteresis in the adsorption/desorption isotherm is 

required. 

 

d) Pore Size Distributions 

    The distribution of pore volume with respect to pore size is called a pore size distribution. 

It is generally accepted that the desorption isotherm is more appropriate than the adsorption 

isotherm for evaluating the pore size distribution of an adsorbent [79]. The desorption branch of 
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the isotherm, for the same volume of gas, exhibits a lower relative pressure, resulting in a lower 

free energy state. Thus, the desorption isotherm is closer to true thermodynamic stability. Since 

nitrogen has been used extensively in gas adsorption studies, it has been well-characterized and 

serves as the most common adsorbate for pore size distribution measurements. The distribution 

of pore sizes can be expressed with respect to the specific pore volume and area of the sample 

being analyzed. Mesopore size calculations are made assuming cylindrical pore geometry using 

the Kelvin equation (22) in the form of reversed ratio: 
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where 

γ = the surface tension of nitrogen at its boiling point (8.85 ergs/cm
2
 at 77 K). 

Vm = the molar volume of liquid nitrogen (34.7 cm
3
/mol). 

R = gas constant (8.314x10
7
 ergs/deg/mol). 

T = boiling point of nitrogen (77 K). 

P/P0 = relative pressure of nitrogen. 

rk = the Kelvin radius of the pore. 

The working fluids used in this BET technique application were nitrogen and helium. 

 

The various techniques discussed above were used to correlate mineralogy, pore 

geometry and time of exposure to the geochemical strength of the shale caprock. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Selection of Shale Caprock Samples and Back Pressure Magnitude 

  The selection process for the experimental samples involved the use of a ternary diagram 

(figure 4.1) which compared the weight percent of the samples’ bulk clay, quartz and feldspar. 

These minerals are the most significant (by percentage) in the shale caprock samples  

Table 4.1: Experimental shale caprock mineralogy in weight percents of its major components

    Wt % 

S/N Samples Bulk Clay 

-Muscovite 

-Chlorite 

-Kaolinite 

Quartz Feldspar 

-Orthoclase 

 -Albite 

1 2EBC1 47.45 47.51 5.04 

2 ENML3 56.6 40.62 2.78 

3 2EPR1 65.05 32.54 2.41 

3 2EPR4 64.99 33.73 1.28 

4 CEBC5 76.98 21.53 1.49 

5 CEML5 73.26 24.85 1.89 

 

 

Figure 4.1: Ternary plot of shale caprock mineralogy showing the content of experimental cells 
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Figure 4.1 (constructed from table 4.1) above captures the mineralogical content of Cell 

A (sample A), Cell B (sample B) and Cell C (sample C) which consist of mixtures of rock 

samples CEBC5 and CEML5, 2EPR1 and 2EPR4, and 2EBC1 (shown in figure 3.4) 

respectively. This grouping was based primarily on the closeness of the percentages of the bulk 

clay and the quartz contents for samples A and B, while that of sample C considered the 

relatively higher percentage of feldspar in it (5.04%) as well as the 1:1 ratio of bulk clay and 

quartz. The ratio of bulk clay to quartz in samples A and B are approximately 3:1 and 2:1 

respectively. Appendix A has the details of the procedures that were followed in sample 

collection and preparation for XRD analysis. 

 

4.2 Geochemical Analysis of Fluid and Rock 

4.2.1 pH Profile 

Geochemical activity of the shale caprock was reflected in the pH evolution chart as 

shown in figure 4.2. The experimental samples were flooded at a flow rate of 0.3ml/min/cell at a 

back pressure of 970psi. This back pressure value was arrived at based on literature values of 

capillary entry pressure for shale rocks as reported by Al-Bazali etal., in 2005 using Oil-Based 

Mud, Decane, Crude Oil and Nitrogen Gas. Appendix A details the justification for this back 

pressure value.  

The initial 20 days of the experiment produced effluents that suggest alkaline buffering 

capability of the rock. The pH climbed to a maximum of 8.6 within the first 3 days of the 

experiment before gradually decreasing at a negative slope of 1.29. The next 50 days of the 

experiment resulted in a nearly flat pH value (approximate slope of zero) with a sustained ability 

for keeping the pH to between 6 and 6.5 for a larger part of the experiment. This indicates some 

resilience in the geochemical pH alteration of the connate water that may be present in the rock. 
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The final 20 days saw a less steep decrease (a negative slope of 0.89) in the pH of the effluent 

with a tendency towards equilibrating with the influent pH. This suggests a waning buffering 

strength of the shale rock as it continued to be flooded with fresh CO2-brine solution. It should 

be noted that mixed effluent of the fluids from all the three samples were tested for pH. This was 

because of limitations in experimental setup that would have required three different back 

pressure regulators. One back pressure regulator was used to impose the 970psi pressure required 

for the three cells and a larger header leading into the inlet tubings of the pressure cells was used 

to minimize flow constriction. Procedure for collection of effluent sample for pH measurements 

is documented in Appendix A and data points for the pH profile can be found in Appendix B. 

 

Figure 4.2: pH evolution chart for shale/CO2-brine flooding effluents over the 3 months 

experimental period. Three distinct regions of pH change indicate the geochemical buffer 

strength of the shale caprock under continuous contact mode 
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4.2.2 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

  Figure 4.3 presents a plot of the analysis of the effluent solution for common metallic 

ions (cations) that are present in the rock sample with the exception of the cations that are 

already present in large amount within the influent fluid i.e Sodium (Na
+
) and Potassium (K

+
) 

within the CO2-brine. Calcium (Ca
2+

), Magnesium (Mg
2+

), Iron (Fe
2+

), Manganese (Mn
2+

), 

Aluminum (Al
3+

) and Silicon (Si
2+

) were identified in parts per million (ppm) values ranging 

between 0 and 60. Na
+
 and K

+
 were excluded because of their high concentration in the CO2-

brine injected. The measured values for Na
+
 and K

+
 are included in the data section of Appendix 

B. The plot showed an unexpectedly high concentration of Calcium ions which are probably 

leeched out of the rock, followed by Mg
2+

, Si
2+

, Al
3+

, Mn
2+

 and Fe
2+/3+

 in that order of 

concentration. The inserted graph shows the concentration distributions of the cations that are 

less than 5ppm in the effluent. The minerals that are suspected of releasing these cations as 

identified by X-Ray Diffraction (XRD) analysis include magnesium-rich Muscovite 

[(K,Na)(Al,Mg,Fe)2(Si3Al)O10(OH)2], Iron-rich Chlorite [(Mg,Fe)6(Si,Al)4O10(OH)8], Kaolinite 

[Al2Si2O5(OH)4], Orthoclase [(KAlSi3O8)] and Albite [(NaAlSi3O8)].  

  These alkaline earth metals-rich minerals are the constituents of the bulk clay and 

feldspar which are present in the samples flooded. The presence of these minerals may also be 

the reason for their alkaline buffering strength reflected in the pH measurements. The ability of 

these minerals to exchange the alkaline earth metals in form of cations with carbonate anions 

under oxygen deprived conditions may be able to produce precipitates capable of plugging nan-

scale defects that may exist in a shale caprock. Formation of complexes with water may aid 

reaction progress.  Procedure for collection of effluent sample for ICP-OES analysis is 

documented in Appendix A and the data points for the ICP profile can be found in Appendix C. 
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Figure 4.3: ICP-OES cation identification in effluent collected from shale/CO2-brine flooding 

over the 3 months experimental period. It showed Ca
2+

 as having the highest part per million 

concentration out of the five alkaline earth metals analyzed in the effluent. The lower 5ppm 

portion of the graph is inserted to show the concentrations of Fe
2+

, Mn
2+

, Al
3+

 and Si
2+

  

 

4.2.3 XRD Analysis 

X-ray diffraction (XRD) analysis was used to analyze the geochemical properties of the 

bulk caprock over 92 day, once each month. The results as presented in figures 4.4, 4.5 and 4.6 

showed that mineralogical alterations within the shale caprock are such that the relative amount 

of the clays particularly muscovite and chlorite are altered. These alterations are reflected in the 

variations of the heights of these minerals on the XRD diffractogram. Tables 4.2, 4.3 and 4.4 

show the approximate percentage change in the mineralogy of the rock samples after three 

months of flooding with CO2-brine. The quantitative percentage change in these samples are low 

as can be expected from the part per million concentration levels of critical cations that are in the 
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Table 4.2: Percentage (%) change in the mineralogical composition of Sample 

A after months of CO2-flooding 

 

 Muscovite Chlorite K-Feldspar Quartz Albite Kaolinite 

1st month -1.45 -2.20 -0.33 1.67 1.38 2.92 

2nd
 
month -1.45 -1.71 -1.33 1.67 2.41 2.5 

3rd month 1.23 -1.22 -1.33 1.75 3.10 3.33 

 

Table 4.3: Percentage (%) change in the mineralogical composition of Sample B 

after months of CO2-flooding 

 

 Muscovite Chlorite K-Feldspar Quartz Albite Kaolinite 

1st month -2.8 -1.88 -0.37 1.31 -3.68 -0.28 

2nd
 
month -0.6 -0.94 -1.48 1.39 -2.11 -1.39 

3rd month -0.8 -0.94 -0.74 1.64 -2.89 1.11 

 

Table 4.4: Percentage (%) change in the mineralogical composition of Sample C 

after months of CO2-flooding 

 

 Muscovite Chlorite K-Feldspar Quartz Albite Kaolinite 

1st month -0.53 -1.25 0.91 1.48 -1.2 1.19 

2nd month -2.11 0.63 -0.91 1.48 -0.8 0.48 

3rd month 0.26 1.25 0.45 1.56 -0.6 0.24 

 

ICP effluent analysis. This suggests that the changes are occurring at the micropore to nanopore 

levels. The percentage change showed an increase in Kaolinite for samples A and C while 

sample B had an overall decrease in percentage over the flooding period. Muscovite and chlorite 

decreased in the first two months of the experiment with the third month having stable values for 

all the three samples. Feldspar also exhibited a noticeable change in percentage weight 

decreasing mainly for samples A and B. These minerals are predicted by Johnson etal., to play 

active role in geochemical interaction of shale and aqueous CO2 as depicted by equation (8). The 

reversible reaction shows that k-feldspar and chlorite are critical reactants that are necessary for 

increased content of kaolinite and muscovite in the rock samples. 
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Figure 4.4: X-ray diffractogram for bulk mineralogical analysis of CO2-brine contacted shale 

(sample A) before and after the three months experiment. It showed less noise in the CO2-brine 

contacted sample indicating reduced amorphous content 

 

KAlSi3O8 + 2.5Mg5Al2Si3O10(OH)8 + 12.5CO2(aq)                KAl3Si3O10(OH)2 

K-feldspar         Mg-Chlorite                                                                   Muscovite 

 

+ 1.5Al2Si2O5(OH)4 + 12.5MgCO3 + 4.5SiO2 + 6H2O ………………………………………..(8) 

  Kaolinite                    Magnesite         Silica                                                  

 

Moreover, the XRD analysis of precipitates (Figure 4.7) that were formed from the 

effluent stored in a repository showed an amorphous material with some quartz content. 

The reduction in noise level of figures 4.4, 4.5 and 4.6 indicates that a geochemical 

cleaning out of amorphous content in the caprock  have occurred, leading to the trend in figure 

4.7. Procedure for collection of rock samples for XRD analysis is documented in Appendix A. 
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Figure 4.5: X-ray diffractogram for bulk mineralogical analysis of CO2-brine contacted shale 

(sample B) before and after the three months experiment. It showed less noise in the CO2-brine 

contacted sample indicating reduced amorphous content 

 

 

 

Figure 4.6: X-ray diffractogram for bulk mineralogical analysis of CO2-brine contacted shale 

(sample C) before and after the three months experiment. It showed less noise in the CO2-brine 

contacted sample indicating reduced amorphous content 
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Figure 4.7: X-ray diffractogram for bulk mineralogical analysis of precipitates obtained from 

CO2-brine contacted shale samples’ effluent after the three month experiment. It showed high 

pitch noise indication large amorphous content in the precipitates 

 

4.3 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)  

The surface imaging of the shale caprocks and the effluent’s precipitate using SEM 

revealed the nature of the microscopic pores and the possible growth of new secondary features. 

This was combined with the average spot and areal EDS analysis (location shown by the red 

dotted points and lines) of the imaged surfaces. The EDS analysis was performed on the original 

shale caprock samples, the CO2-brine contacted samples and the effluent precipitates. The results 

presented below showed the presence of Iron (Fe), Sodium (Na), Potassium (K), Silicon (Si), 

Carbon (C), Oxygen (O), Chromium (Cr), Manganese (Mn), Calcium (Ca), Magnesium (Mg) 

and Aluminum (Al). They are present in rock minerals capable of exchanging ions with carbonic 

acid. The relative ratio of the metals confirms that Calcium-based minerals (like anhydrite and 

carbonates) are susceptible to carbonic acid attack. The elemental concentration of Ca in samples 
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B and C were low as shown in figures 4.13 and 4.19. This is in addition to alkali metals (e.g Na 

and K) whose compounds are generally soluble in acidic or alkaline fluids. This implies that 

compounds of Na, K, Ca, Mg, Al and Mn which were identified in the shale caprock samples 

would be reactively soluble (with slow kinetics) in aqueous CO2 with the possibility of re-

precipitation to form new minerals. The ratio of the elements identified at the surface of the 

samples over the 3 months of CO2-brine flooding showed mixed variations which could be 

partially attributed to mineral dissolution/precipitation and sample heterogeneity. 

Figure 4.8 represent the control specimen for sample A and it showed that there are fewer 

pore spaces in the CO2-brine flooded sample (Figure 4.10) after 3 months. The pair figures (4.12 

and 4.14) and (4.16 and 4.18) which are the control samples and CO2-brine flooded samples for 

specimen B and C respectively suggest the opposite for the two other samples which are leaner 

in clay content. These SEM images for all the three samples showed that pore spaces in the shale 

caprock are of the sub-micron level as can be seen in figures 4.8, 4.10, 4.12, 4.14, 4.16 and 4.18. 

 

Figure 4.20 shows the SEM image of the amorphous precipitate with no crystalline 

particle visible at the 1μm resolution.  Figure 4.21 shows the elements that are preponderance in 

the effluents precipitate that XRD analysis indicated as amorphous in characteristics. Fe and Si 

are the two prominent mineral forming elements which confirm the presence of Quartz (SiO2) 

and most-likely amorphous Iron Oxide that resulted from the oxidation of leached Fe
2+

 to Fe
3+

 

giving the brown-like coloration of the effluent after exposure to the atmosphere over time.  

Procedure for collection of rock samples for SEM/EDS analysis is documented in 

Appendix A. Multiple SEM and EDS analysis were used to examine the surface chemistry of the 

caprocks and the samples that were imaged are documented in Appendix D.  
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Figure 4.8:5μm resolution SEM image of 

control sample for specimen A showing mineral 

grains sizes of platelet structure and sub-micron 

pores at the site around EDS multi-spot analysis 

 

Figure 4.9: Average EDS plot of surface 

mineralogy of control sample for specimen 

A showing the relative elemental 

composition of multiple spots on the 

corresponding SEM image 

 

Figure 4.10:5μm resolution SEM image for 

specimen A showing mineral grains sizes of 

platelet structure and sub-micron pores at the 

site around EDS multi-spot analysis after 3 

months of CO2-brine flooding 

 

Figure 4.11: Average EDS plot of surface 

mineralogy for specimen A showing the 

relative elemental composition of multiple 

spots on the corresponding SEM image after 

3 months of CO2-brine flooding 

0

5000

10000

15000

20000

25000

30000

35000

-100 100 300 500 700

O 

C 
Fe 

Na 
Mg 

Al 

Si 

K 
Fe 

C:Q;F% 
3:1;1.6% 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

-100 100 300 500 700

C 

O 

Na Mg 

Al 

Si 

K 

Fe 

C:Q;F% 
3:1;1.6% 

C:Q;F% 

3:1;1.6% 

C:Q;F% 

3:1;1.6% 

 



50 
 

 

Figure 4.12: 5μm resolution SEM image of 

control sample for specimen B showing 

mineral grains sizes of platelet structure and 

sub-micron pores at the site around EDS multi-

spot analysis 

 

Figure 4.13: Average EDS plot of surface 

mineralogy of control sample for specimen B 

showing the relative elemental composition of 

multiple spots on the corresponding SEM 

image 

 

Figure 4.14: 5μm resolution SEM image for 

specimen B showing mineral grains sizes of 

platelet structure and sub-micron pores at the 

site around EDS multi-spot analysis after 3 

months of CO2-brine flooding 

 

Figure 4.15: Average EDS plot of surface 

mineralogy for specimen B showing the 

relative elemental composition of multiple 

spots on the corresponding SEM image after 3 

months of CO2-brine flooding  
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Figure 4.16: 5μm resolution SEM image of 

control sample for specimen C showing 

mineral grains sizes of platelet structure and 

sub-micron pores at the site around EDS multi-

spot analysis 

 
 

Figure 4.17: Average EDS plot of surface 

mineralogy of control sample for specimen C 

showing the relative elemental composition of 

multiple spots on the corresponding SEM 

image  

 
 

Figure 4.18: 5μm resolution SEM image for 

specimen C showing mineral grains sizes of 

platelet structure and sub-micron pores at the 

site around EDS multi-spot analysis after 3 

months of CO2-brine flooding 

 

 
 

Figure 4.19: Average EDS plot of surface 

mineralogy for specimen C showing the 

relative elemental composition of multiple 

spots on the corresponding SEM image after 3 

months of CO2-brine flooding 
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Figure 4.20: 1μm resolution SEM image of the 

effluent precipitate with no crystalline micro-

structure visible. The surface appears 

amorphous 

 
 

Figure 4.21: Average EDS plot of surface 

elemental mineralogy of effluent precipitate 

showing high Fe, O and Si concentration after 

3 months of CO2-brine flooding 

 

The varying appearances of physical features (grain shape, size, depositional orientation, 

pores etc) suggest that active mineral alteration might have affected the microscopic structure of 

the shale caprock as seen from the SEM images above. 

The tendency of the clay minerals present to swell is not significant as smectite and other 

montmorillonite that are responsible for clay swelling on contact with aqueous fluid were not 

identified in the bulk sample, hence no visible bridging of pore throat in all the images analyzed. 
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surface area, specific pore volume and pore sizes. Surface area and pore volume are estimated 

per gram of sample and hence the “specific” prefixes for the two parameters. Data points were 

based on measurements carried out on brine re-saturated samples and the three CO2-brine 

contacted samples, giving four data points each per sample. These pore geometrical parameters 

and the noticeable changes in them are fully discussed in the next sections of this chapter. All 

BET data points presented graphically in this thesis are documented in Appendix E. 

 

i) Bulk Specific Surface Area 

  The bulk specific surface areas (in m
2
/g) for the three shale caprock samples are shown in 

figure 4.22. There is a tendency for the surface area to increase as CO2-brine flooding continues 

over the 3-month experimental period. There appears to be a slowdown in the increases 

particularly between the 2nd and the 3rd months. However Sample C showed a distinctly 

different feature as there was an initial decrease in the bulk surface area in 1st month of the 

experiment which may reflect some form of mineral precipitation reducing the available surfaces 

for adsorption. Mineral dissolution seems to be the cause of surface area increases that 

dominated over the three month period as reflected in the ICP-OES analysis. Also the starting 

point of each sample showed that rocks with the highest percentage of clay had the highest 

specific surface area and vice versa. It is an indication that these shale rocks with high clay 

content may have few and tighter connected pores, the surface area available for reactive flow is 

significantly high. 

 

ii) Bulk Specific Pore Volume 

The specific pore volume (in cc/g) showed similar trend as in the surface area. It is a 

measure of the connected pore volume available within the samples that may be affected by 
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geochemical changes.  Figure 4.23 depicts the approximate changes in pore volume of the rock 

samples with slight increases in value over the three month experimental period. The initial 

decrease in pore volume for sample C was less prominent in slope compared to the specific 

surface area. 

 

 

Figure 4.22: Bulk specific surface area of the shale caprock samples over 3 months of CO2-brine 

flooding depicting an overall increase in measured surface area available for adsorption with the 

exception of sample C that initially decreased after the first month of flooding 

  

  Sample C which has the lowest clay content reflected the lowest pore volume both at the 

initial value and throughout the measured values of the CO2-brine contacted samples. The results 
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suggest small but noticeable changes in overall pore volumes that may impact both permeability 

and storage spaces that are available for CO2. A reduction in the rate of pore volume increases 

can be seen in all the three samples between the 2nd and 3rd months suggesting lowered 

geochemical reactivity. 

 
 

Figure 4.23: Bulk specific pore volume of the shale caprock samples over the 3 months of CO2-

brine flooding depicting an overall increase in measured pore volume available for adsorption 

with the exception of sample C that initially decreased after the first month of flooding 
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iii) Bulk Average Pore Size 

The bulk average pore size (in nm) shown in figure 4.24 reflects an opposite trend to that 

of the specific surface area and pore volume. Sample C seems to have the highest pore size on 

the average, with sample B having the lowest and Sample A maintaining the middle position. 

There appears to be no correlation between the pore size and the other two pore geometrical 

properties discussed above. Also the data points for the pore size trend appear to be haphazard 

over time. 

 
 

Figure 4.24: Bulk average pore sizes of the shale caprock samples over the 3 months of CO2-

brine flooding. It shows haphazard changes that indicated sample B has the lowest average pore 

size magnitude in contrast to observed specific surface area and pore volume evolution trend 
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It is an evidence of the undefined geometrical shape of the pore spaces whose connectivity 

is heavily influenced by pore sizes. It is also an indication of the inherent heterogeneity that may 

be present in the rocks. However, it is clear that the pore sizes are changing and these can impact 

capillary entry pressure into the shale caprock. 

 

iv) Bulk Modal Pore Size 

The bulk modal pore sizes (in nm) refer to the highest occurring pore diameters in the 

shale rock samples .Figure 4.25 shows that sample B has the lowest values of modal pore 

diameters while  

 

 

Figure 4.25: Bulk modal pore sizes for the shale caprock samples over the 3 months of CO2-

brine flooding. It shows haphazard changes that indicated sample B has the lowest modal pore 

size magnitude in contrast to observed specific surface area and pore volume evolution trend 
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samples A and C tend to follow the same trend in the changes that are noticeable over the 

experimental period. This is in contrast to the average pore diameter values and these modal pore 

sizes are expected to produce the most significant changes that can be noticed as indicated by the 

pore size distribution data.   

 

4.4.2 Pore Size Distribution 

This section highlights the results from pore size distribution data measurements obtained 

from running 40-point adsorption experiments that lasted for an average of 8hours to 11hours per 

sample. Figures 4.26 to 4.40 present the results of the measurements. Bulk pore size distribution, 

cumulative specific surface area and cumulative specific pore volume are examined with respect 

to the pore sizes making significant fractional contributions to these parameters. 

 

i) Bulk Pore Size Distribution 

This entails the measurement of the variations in pore sizes and pore volume for all the 3 

samples over the experimental period. It is a plot of pore diameter (nm) versus pore volume 

(cc/nm/g). It reflects the individual contributions of the pore sizes to the bulk pore volume of the 

rock samples and the changes in those contributions are presented below. 

 

1) Sample A 

  The changes in the pore size distribution for sample A were concentrated at four major 

points on the plot as indicated in figure 4.26. Point 1 shows a net increase in the pore volume for 

the same pore diameter range while point 2 reflects a modest increase in pore volume at the 

modal diameter. Point 3 shows a net decrease in pore volume but later gave way to an increase 

over the few but more significant pore sizes at the extreme right of the plot. This trend probably 
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contributed to the overall increases in the pore geometrical parameters of the bulk samples. The 

bulk of the pore volume in this sample is in the pore diameter range 1.5nm – 30nm. 

 

 

Figure 4.26: Pore size distribution for sample A over the 3 month experimental period of shale 

caprock/CO2-brine flooding. It shows four regions of changes in specific pore volume with only 

region 3 having a net decrease in pore volume by the end of the third month of experiment 
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   The pore size distribution for sample B, shown in figure 4.27, reflects major pore volume 
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reflects a net decrease in pore volume for the modal diameter and the pore size range considered 

respectively. The distribution suggests that the bulk of the pore volume in this shale caprock 

resides in the pore size range 1.5nm to 30nm. 

 

 

Figure 4.27: Pore size distribution for sample B over the 3 month experimental period of shale 

caprock/CO2-brine flooding. It shows four regions of changes in specific pore volume with only 

region 3 having a net decrease in pore volume by the end of the third month of experiment 

 

3) Sample C 

    Sample C has three major points on the pore size distribution reflecting changes. Point 1 

on figure 4.28 shows a net increase in pore volume while points 2 and 3 showed significant 

decreases in the pore volume for the range of pore diameters considered. Point 4 reflects a less 
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significant increase in the pore volume for the range considered. The bulk of the pore volume is 

concentrated in the pore diameter range 1.5nm – 30nm. 

 

 

Figure 4.28: Pore size distribution for sample A over the 3 month experimental period of shale 

caprock/CO2-brine flooding. It shows four regions of changes in specific pore volume with no 

region having a net decrease in pore volume by the end of the third month of experiment 

 

ii) Cumulative Specific Surface Area and Pore Volume 

  This represents the cumulative contribution of measured pore sizes to the bulk specific 

surface area and pore volume of the shale rock over the 3-month experimental period. These 

plots were divided into two sections; less than 5.5nm and greater than 5.5nm (pore size) plots. 
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This afforded the opportunity to examine the cumulative impacts of CO2 reactive flow through 

the rock pore spaces as observed in the bulk pore size distribution for the experimental samples. 

a) Cumulative Specific Surface Area of Pore Sizes Less Than 5.5nm 

1) Sample A 

   The cumulative specific surface area for sample A as shown in figure 4.29 reflects an 

elongated S-shaped changes in the cumulative specific surface area for the shale rock. The 

changes are prominent at the lower pore diameters of between 1.5nm to 3.5nm which later 

thinned out to the original value measured at approximately 5.5nm pore size. 

 

 

Figure 4.29: Cumulative specific surface area for sample A with less than 5.5nm pores over the 3 

months of CO2-brine flooding. It shows that significant surface area changes occur in pore sizes 

that are less than 3.5nm with the surface area converging back to the control sample initial value 
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  These observations suggest a widening of available surface area for CO2-rock interaction 

and can also be construed as an increase in pore space that may be available for CO2 storage. The 

shape of the curve indicates a possibility of change prediction modeling for the cumulative 

specific surface area in CO2-brine/shale caprock interaction. 

2) Sample B 

    The cumulative specific surface area for sample B, shown in figure 4.30, followed the 

elongated S-shape of sample A albeit with an open end. The increases in this cumulative  

 
 

Figure 4.30: Cumulative specific surface area for sample B with less than 5.5nm pores over the 3 

months of CO2-brine flooding. It shows that significant surface area changes occur in pore sizes 

that are less than 3.5nm with net overall increase at the end of the third month 
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parameter were unchanged in the first two months but it finally increased almost by the 

proportion it increased in the first month. The increases for the pore sizes between 1.5nm and 

3.5nm were much larger than pores sizes between 4nm and 5.5nm. The plot showed the path of 

surface area widening with respect to pore sizes in shale rocks when in contact with CO2-brine. 

3) Sample C 

    Figure 4.31 showed the changes in cumulative specific surface area for the shale caprock 

over the 3 month experimental period. The elongated S-shape as in samples A and B are also  

 

 

Figure 4.31: Cumulative specific surface area for sample C with less than 5.5nm pores over the 3 

months of CO2-brine flooding. It shows that significant surface area changes occur in pore sizes 

that are less than 3.5nm with net overall increase at the end of the third month 
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noticed albeit thinner in size with the upper end closing at the control and 3-month samples. The 

changes in cumulative specific surface area are dominated by pore sizes ranging between 1.5nm 

and 3.5nm. The rock recovered much of the cumulative surface area lost between the 1st and 2nd 

month in the range 4nm to 5.5nm. This was the only sample where there is a noticeable initial 

reduction in cumulative surface area between 4nm and 5.5nm pore sizes. 

b) Cumulative Specific Pore Volume for Pore Sizes Less Than 5.5nm 

1) Sample A 

   The elongated S-shape noticed in the cumulative surface area is visible in the cumulative 

pore volume as well albeit with a crossing over of the control sample and the 3rd month sample 

lines at the upper tip of the curves. Initial increases in the cumulative pore volume of sample A 

thinned out at the 3.5nm pore size and eventually decreased at pore sizes greater than 4nm as 

shown in Figure 4. 32. 

    The tendency of pore volumes near the middle band of 5.5nm pore size to be fairly 

unchanged suggests that geochemical changes might eventually cause some constriction of pore 

spaces depending on whether dissolution or precipitation processes are controlling. It can also be 

noted that the magnitude of cumulative pore volume changes is lower than the cumulative 

surface area for the same pore size range over the 3 months experimental period. 

 

2) Sample B 

     Figure 4.33 showed the cumulative pore volume plot for sample B. The elongated S-shape 

revealed a larger volume change for the 1.5nm – 3.5nm range with a thin trunk at the middle. 

This is another confirmation that smaller pore sizes in the range 1.5nm – 3.5nm are most-likely 

more susceptible to changes in both their associated pore volumes and surface areas. This may be 

due to longer residence time for fluid flowing through these tighter pores, allowing stronger and 
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Figure 4.32: Cumulative specific pore volume for sample A with less than 5.5nm pores over the 

3 months of CO2-brine flooding. It shows that modest pore volume changes occur in pore sizes 

that are less than 3.5nm with net overall increase at the end of the third month 

 

 

more complete reactive transport of CO2 into the rock minerals. Subsequent and previous 

evidences support this proposition. For the 4.5nm to 5.5nm pores sizes in sample B, the changes 

in cumulative pore volume are not significant for the 3 months under which the rock samples 

were contacted with CO2-brine, unlike it was in the cumulative surface area changes for the same 

range of pore sizes. The middle section of the S-shaped and elongated chart shows that pore 

geometrical properties are not changing much and this region corresponds to the modal pore 
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diameter range. This may suggest that equal but opposite amount of pore spaces at the lower and 

the upper end of the middle of the chart are changing such that the net effect is significantly 

reduced with respect to cumulative surface areas and pore volumes.  

 
 

Figure 4.33: Cumulative pore volume for sample B with less than 5.5nm pores over the 3 months 

of CO2-brine flooding. It shows that modest pore volume changes occur in pore sizes that are 

less than 3.5nm with net overall increase at the end of the third month 

 

3) Sample C 

    Figure 4.34 shows the changes in the cumulative pore volume for sample C with initial 

overall decreases in the cumulative values in the first two months before increasing back to the 

initial values. Though the 4nm to 5.5nm range showed some decrease in the 3rd month. This 

represents a reduction in the volume that is available in the rock to hold fluids and it may be due 
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to a greater effect of precipitation than dissolution. In addition, the distinct S-shape of the curves 

like previous cumulative properties of pore volume and surface area can be observed on the 

graph. There is a slight difference in the behavior of cumulative pore volume and surface area for 

sample C alluding to the fact that changes in the pore volume and surface area of the rock 

nanopores do not follow exactly the same path though they have similar shape of plot lines. 

 
 

Figure 4.34: Cumulative pore volume for sample C with less than 5.5nm pores over the 3 months 

of CO2-brine flooding. It shows that modest pore volume changes occur in pore sizes that are 

less than 3.5nm with net overall increase at the end of the third month 
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c) Specific Surface Area of Pore Sizes Greater Than 5.5nm 

1) Sample A 

    The cumulative specific surface area of pores that are greater than 5nm for sample A as 

shown in figure 4.35 reflects an exponential curve changes in the cumulative specific surface 

area for the shale. These changes are concentrated at the higher pore diameters between 35nm 

and 300nm, plateauing out from the 25nm pore size such that their lines are eventually parallel to 

one another. Although the bulk of the surface area still resides in the less than 30nm pores. 

 

 

 

Figure 4.35: Cumulative specific surface area for sample A with greater than 5.5nm pores over 

the 3 months of CO2-brine flooding. It shows a modest net increase in surface area at the end of 

the 3rd month 
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These observations suggest that the most significant changes are taking place within 

pores that are less than 30nm as a result of CO2-rock interaction and can also be construed as an 

increase in pore volumes that may be available for CO2 storage. The exponential shape of the 

curve indicates petrophysical change prediction for the cumulative specific surface area in CO2-

shale caprock interaction. While there is an overall decrease in specific surface area for the lower 

band of pore sizes that are less than 30nm in the figure, there is still a modest surface area 

increase for pore sizes that are greater than 30nm over the 3 month experimental period.  

 

 
 

Figure 4.36: Cumulative specific surface area for sample B with greater than 5.5nm pores over 

the 3 months of CO2-brine flooding. It shows a significant net increase in surface area at the end 

of the 3rd month 
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2) Sample B 

    In figure 4.36 above, the same exponential curve characterizes the cumulative surface area 

for pores that are greater than 5.5nm for sample B as it was in sample A. The change in 

magnitude of the cumulative surface area was more pronounced for pore sizes that are greater 

than 30nm compared to lesser pore sizes. There is a noticeable overall increase in surface area 

for this sample suggesting an increase in reactive flow effects. The near overlapping trend line 

for the 1st and 2nd month showed that the greatest change in the magnitude of the cumulative 

property occurred within the first two months of the experiment. The cumulative values for pores 

that are greater than 30nm also plateaued out over the course of the experiment lying parallel to 

one another as observed in sample A. 

3) Sample C 

 

    Figure 4.37 presents the cumulative surface area for sample C. The critical feature of the 

exponential curves is the significant initial reduction in cumulative surface area which tended to 

increase substantially again in the 2nd and 3rd months. These variations suggest a uniform 

change in petrophysical properties taking place within the rock pore spaces. The overall effect as 

suggested by the graph is such that there is no significant net change in the cumulative surface 

area for this sample in pore spaces that are greater than 5.5nm. 

     The evolution of the specific surface area for each of the samples examined  indicate that 

pore space properties can be shifted uniformly at the nano-scale level with possible aggregated 

consequences for fluid flow and mineralogical changes at least at the part per million scale 

observed in the ICP-OES results. 

   The concentration of cumulative surface area in the narrow range of about 1.5nm to 30nm 

of pore sizes in all the samples is perhaps their singular homogeneous petrophysical property. 
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Figure 4.37: Cumulative specific surface area for sample C with greater than 5.5nm pores over 

the 3 months of CO2-brine flooding. It shows an insignificant net increase in surface area at the 

end of the 3rd month 

 

 

d) Specific Pore Volume of Pore Sizes Greater Than 5.5nm 

1) Sample A 

  The cumulative pore volume curves for pore sizes that are greater than 5nm for sample A 

are shown in figure 4.38. The curves are partially exponential with the cumulative values 

associated with pore sizes greater than 30nm not associated with a plateau-like form as observed 

in the cumulative surface area plot discussed earlier. The changes in the cumulative pore volume 
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for this sample is more significant for pore sizes that ranges between 20nm and 300nm compared 

to the 5.5nm to 20nm range of pore sizes. The effect of reactive dissolution/precipitation 

processes appears to be more pronounced in volumetric quantity than in surface area for this 

sample.  

 
 

Figure 4.38: Cumulative pore volume for sample A with greater than 5.5nm pores over the 3 

months of CO2-brine flooding. It shows a significant net increase in pore volume for pore sizes 

greater than 30nm 

 

 

  The overall effect is such that there is a small decrease in volume for pores that are less than 

20nm and large increase for pores that are larger than 20nm with the rate of the increase more 

pronounced in the 1st and 2nd months. Although the bulk of the pore volume still resides in the 

less than 30nm pore size range. 
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2) Sample B 

   Sample B shows a different change rate in the cumulative pore volume plots (Figure 4.39). 

Though the curve is partially exponential, the curve has a narrower and less significant 

volumetric change occurring at pore sizes that are less than 20nm compared to sample A. 

 
 

Figure 4.39: Cumulative pore volume for sample B with greater than 5.5nm pores over the 3 

months of CO2-brine flooding. . It shows a significant net increase in pore volume for pore sizes 

greater than 30nm 

 

     The cumulative volume change in pore sizes that are less than 20nm is a reduction which 

occurs till the 3rd month of the experiment; though the band is much narrower. The significant 

increases for pore sizes that are greater than 20nm appear to be uniform over the 3-month 

experimental period. The bulk of the pore volume resides in the less than 30nm pores and this 

trend is noticeable in all the samples that have been discussed. 
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3) Sample C 

     Figure 4.40 depicts the cumulative pore volume variations in sample C over the course of 

the experiment. The shape of the curve is also partially exponential and overly stretched out. The 

starting points of the cumulative volume for individual plots are much lower than samples A and 

B with a large volumetric change for pore sizes larger than 30nm. 

 

 

Figure 4.40: Cumulative pore volume for sample C with greater than 5.5nm pores over the 3 

months of CO2-brine flooding. It shows a significant net increase in pore volume for pore sizes 

greater than 30nm 
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The net reduction in cumulative pore volume for pores that are lower than 20nm on the 

curves suggests that dissolution-precipitation reaction processes counter each other effectively in 

tighter pores than in larger pores where the effect of dissolution may be dominant. Volumetric 

capacity in the shale caprock is shown to reside predominantly in pore spaces that are less than 

30nm as reflected in all the figures associated with specific surface area and pore volume. It can 

be inferred that pores that hold the larger volume of spaces in the shale rocks might experience 

the net effect of geochemical activities as a result of rock-fluid interaction during diffusive loss 

of CO2 into the caprock and subsequent dissolution. 

 

4.5 Permeability Implication 

   Using the Karman-Cozeny Equation which estimates permeability from rock properties 

such as porosity, specific surface area and tortuosity, the impact of the nano-scale changes 

observed during the shale caprock/CO2-brine flooding experiment were quantified.  Applying the 

following assumptions to the size-reduced units of the experimental shale caprocks: 

i. Tortuosity is unchanged 

ii. Bulk rock volume is much larger than pore spaces 

iii. Only inter-connected pores are involved  

Mathematical transformations were made to obtain permeability ratios for the three samples over 

the 3-month experimental period. This resulted in a ratio that involved only the pore volumes and 

the specific surface of the rock samples. It should be noted that as an approximation the ratio of 

the pore volumes were taken to be equivalent to the ratio of the porosity. Equations (23), (24), 

(25) and (26) below capture these mathematical transformations applying previously stated 

assumptions; 
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k = de-consolidated rock permeability 

  = porosity 

  = specific surface area 

 = tortuosity 

 

Figure 4.41 showed the plot of the permeability ratio with the control sample as the 

starting point and having a ratio of unity. The control sample is the base permeability for all the 

ratio data points on the graph i.e ki = permeability of control sample for each month.  Appendix 

E documents the calculation procedures for these ratios. It is interesting to note that the most 

significant permeability ratio change is in the shale rock sample with the smallest clay content 

(sample C) while the lowest permeability ratio change is observed in the sample with clay to 

1 
1 
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quartz ratio of 2:1 (sample B). Sample A with clay to quartz ratio of 3:1 appeared stable in 

permeability ratio over the three months of flooding with CO2- rich brine. 

 

 

Figure 4.41: Plot of permeability ratio of the shale caprock samples over the 3- month 

experimental period. Sample B consistently had the lowest ratio indicating a strong resistance to 

flow within connected rock matrix pores 

 

All the three samples can be observed plateauing out with respect to their permeability 

ratio by the third month of CO2 flooding. The worst case change in permeability for this sample 

is by a factor of 2. The impact of these factors on diffusive transport and carbon accounting 

could be significant for a typical CO2 sequestration site over the long term. 
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4.6 Dimensionless Numbers 

The dimensionless numbers considered in this research work relates to the concepts of 

diffusion, convection and reaction kinetics. Assumptions were made with respect to these 

parameters which are not normally constant. Relevant experimentally measured values from the 

literature were used in computing these dimensionless quantities. Below are the discussions on 

Peclet and Peclet-Damkohler Numbers. Detailed calculations are presented in Appendix F. 

  

4.6.1 Peclet Number 

As mentioned under the literature review in chapter 2, Peclet Number (Pe) describes the 

effect of advection relative to that of molecular diffusion on solute transport and it is the ratio 

between convective and diffusive fluxes. The plot shown in Figure 4.42 depicts the Pe values for 

the shale caprock samples and their interaction with CO2-brine. The graph shows that there is the 

Peclet numbe for sample is the highest in the Pe values over the first month of the experiment 

with the latter two months showing a more stable Pe value. This implies rapid initial diffusion of 

aqueous CO2 into the shale rock samples aided only slightly in the first month of the experiment 

by convection. The 10
-10

 magnitude on the Pe plot ascribes dominance to diffusion over 

convection. It suggests that molecular diffusion plays an important role in reactive transport of 

aqueous CO2 into the pore spaces of the shale caprock.  

 

4.6.2 Peclet-Damkohler Number 

Peclet-Damkohler Number (PeDa) describes the effect of reactive fluxes relative to 

diffusion and it is used frequently because convective effects diminish at the interface. Figure 

4.43 shows the plot of the predicted PeDa number. It suggests that the changes in average and 

modal pore diameters are heavily dependent on reaction. The significantly low value of the 
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diffusion coefficient for CO2-brine/shale caprock interaction suggest that the largest impact on 

PeDa number comes from the pore size parameter which is part of the variables that define the 

PeDa number. Hence the results are approximate dimensionless values. 

 

 

Figure 4.42: Peclet Number variation over the 3-month experimental period. It indicates a 

uniform diffusion process into the shale caprocks with sample B having the lowest Peclet values 

 

It should be re-emphasized that the intrinsic kinetic rate kr of mineral precipitation and 
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constant, the approximation suffices for estimating the range of the dimensionless number which 

in this case is in the order of 10
-2

. This range is associated with low mineral dissolution rate. 

 

 

Figure 4.43: Peclet-Damkohler Number variation over the three month experimental period. The 

reactive components of PeDa indicate a direct relationship between geochemical interactions and 

pore size distribution 

 

 

4.7 General Discussion of Results 
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exposure to the atmosphere indicated an active geochemical interaction between the shale 

caprock and the CO2-brine experimental fluid. The pH measurements (figure 4.3) of 

effluent fluid showed the (alkaline) reactive strength of the shale caprock in the first 

month of the experiment, with the pH value stabilizing in the second month before taking 

a gradual dip by the middle of the third month. This suggests a form of buffering strength 

for the shale caprock in case CO2 diffuses into the connate pore waters of the caprock 

during CO2 plume development as can be expected during CO2 sequestration. 

 

The ICP-OES (figure 4.4) results further confirmed the geochemical interaction 

noticed in the pH measurements. High concentration of Ca
2+

, Mg
2+

 and other alkaline 

earth metals (Na
+
 and K

+
 could have reflected a significant increase in concentration but 

for their already high amounts in the experimental CO2-brine fluid used) indicated 

mineral dissolution from the pore spaces of the caprock that were penetrated at the 970psi 

back pressure imposed. The minerals that are suspected of releasing these cations as 

identified by X-Ray Diffraction (XRD) analysis include magnesium-rich Muscovite 

[(K,Na)(Al,Mg,Fe)2(Si3Al)O10(OH)2], Iron-rich Chlorite [(Mg,Fe)6(Si,Al)4O10(OH)8], 

Kaolinite [Al2Si2O5(OH)4], Orthoclase [(KAlSi3O8)] and Albite [(NaAlSi3O8)].  These 

mineral are capable of exchanging alkaline earth metals in acidic medium as relatively 

slow kinetic rates. The formation of ionic complexes such as [Fe(H2O)6]
2+

, [Fe(H2O)6]
3+

 

and Al(OH)4]
−
 may yield free radicals that are capable of driving reactions toward the 

right leading  to precipitation of secondary minerals in the rock. 

 

The bulk XRD analysis carried out on the experimental crushed shale caprock 

reflected considerable changes in mineral composition of the rock as shown by the 
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altered undulations of mineral peaks (heights) and the reduced noise levels in the X-ray 

diffractogram (figures 4.4 to 4.7) for the three caprock samples. Tables 4.2, 4.3 and 4.4 

which captured the quantitative changes of the minerals indicated significant changes in 

Kaolinite, Muscovite, Chlorite and Felsdpar when compared with the control samples. 

Muscovite to chlorite ratio also changed by a maximum factor of 0.5 when only the CO2-

brine flooded samples are considered. The tables showed values that indicated varying 

reduction and increment over the three months experimental period.  This suggested that 

the geochemical reactivities noticed in the effluent fluid affected the bulk caprock on a 

scale that XRD analysis can detect particularly with respect to the clay minerals. EDS 

analysis showed a varying amount of elemental species on the surface of the rock. Iron 

(Fe) is highest in the effluent precipitate, suggesting a conversion of leached soluble Fe
2+

 

compounds to amorphous Fe
3+

 compound through atmospheric oxidation (hematite, 

Fe3O4 suspected). Aluminum and Silicon were also present in appreciable percentage 

with a possibility of Aluminum Oxide and Silica as the other constituents of the effluent 

precipitate (Silica was identified by the XRD analysis performed on the precipitate as 

shown by figure 4.29). 

 

The physical appearance of the shale caprock at high resolution and magnification 

from SEM imaging micrograph (figures 4.8, 4.10, 4.12, 4.14, 4.15 and 4.16) showed 

special features that can be associated with mineralogical changes and natural rock 

heterogeneity. These changes defer extensively for the three samples that were analyzed. 

For sample A closing of pores were noticed while sample B showed secondary 

precipitation feature. Sample C indicated a wider pore features after the last month of 

flooding with CO2-brine. The presence of connected pore spaces in the rock as observed 
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through optical microscopy imaging of thin-section samples (figure D.19 in the appendix) 

suggested that only limited feature changes can be observed particularly along the length 

of these connected nano-pores. The three types of pores present in the rock were 

identified as through, blind and closed pores indicating that not all the pore spaces 

present in the caprock can actually be reached by inducing flow through the caprock, 

artificially or naturally. 

 

b)         The BET technique used in the estimation of internal pore geometrical properties 

such as specific surface area and pore volume indicated that the geochemical changes 

observed can affect petrophysical properties of the rock at nano-scale level. The bulk 

specific surface area and pore volume increased progressively for each sample over the 

three month experimental period with similar graphical trend (figures 4.22 and 4.23). The 

exception was the graphical trend for Sample C over the first month of the experiment as 

depicted by figures 4.22 and 4.23. These part of the plots showed that shale caprock- 

aqueous CO2 interaction can cause a decrease in specific surface area and pore volume. 

This in part, supports simulation results from Lawrence Livermore National Laboratory 

that geochemical changes can counter geomechanical alterations by continuously 

constricting geomechanical apertures through precipitation, though in this case 

petrophysical properties were measured. 

The average pore diameter as well as the modal pore size (figures 4.24 and 4.25) 

followed different trends from the bulk specific surface area and pore volume, indicating 

haphazard dissolution/precipitation of rock minerals at the pore throat. This is highly 

influenced by diffusion and kinetic rate of shale caprock/CO2-brine interaction at the 

nano-scale level. The bulk pore size distribution for the samples over the three month 
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experimental period showed that for specific pore diameter ranges, an increase in pore 

volume is more likely than a decrease. Figures 4.26, 4.27 and 4.28 all showed increases 

in pore volumes for points 1, 2 and 4 as indicated on the graphs while only point 3 

reflected a net decrease in pore volume at the end of the three months of CO2-brine 

flooding for all the three experimental samples. This suggests a 25% possibility of shale 

caprock appreciation and a 75% possibility of shale caprock depreciation under the worst 

case scenario of pervasive CO2 ingress by diffusion into the caprock. 

Analyzing further, the distribution of pore sizes with respect to cumulative 

specific surface area and pore volume (figures 4.29 to 4.40) revealed a consistent but 

slightly different trend for each of the caprock samples. The changes in cumulative 

specific surface area have wider bands than the cumulative specific pore volume for all 

the three samples. This indicates that changes in specific surface area are more 

pronounced than changes in specific pore volume.  For all the three samples, the lower 

end (< 3.5nm) of the cumulative curves were most significantly affected by geochemical 

interaction between the shale caprock and the CO2-brine fluid. Changes in specific 

surface area for the upper end of the cumulative curves were more significant for >5.5nm 

pore sizes while the changes in specific pore volume were more significant for the >20nm 

pore sizes. This showed that though the trend in specific surface area and pore volume 

may be similar, there still exist some subtle differences in the impact of geochemical 

alterations on these two pore space parameters. 

Permeability ratio estimates (figure 4.41) , computed using the Carman-Kozeny 

equation which incorporated bulk specific surface area and pore volume showed that in 

the worst case scenario, intrinsic permeability cannot increase more than a factor of 2. 
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This might impact carbon accounting in the long term due to increased storage space in 

the lower part of the caprock. Sample B had the lowest permeability ratio of all the 

samples throughout the three months of CO2-brine flooding. This was despite having the 

most visible changes in specific pore volume and surface area. Pore throat size appears to 

correlate well with the permeability ratio values for all the three samples. 

 

c)           Estimation of Peclet (Pe) and Peclet-Damkohler (PeDa) Numbers (figures 4.42 and 

4.43) from pore geometric parameters indicated that the diffusion of CO2 saturated brine 

into the caprock would be uniform and dominates over reaction kinetics and convection.  

Pe number is in the order of 10
-10

 which implies that diffusion dominates strongly over 

convection in the tight shale rock with respect to aqueous CO2 transport. The PeDa 

number is in the order of 10
-2

 which implies that diffusion weakly dominates over 

reaction kinetics (reaction front movement) making the reaction rate a significant factor 

in caprock evaluation as part of reservoir characterization in CO2 sequestration.  

Diffusion into the shale caprock is expected to be the primary transport mechanism for 

CO2 stored in the sub-surface to invade intact caprock as convective fluid movement is 

strongly constrained by the tightness of the interconnected pores that may exist in the 

rock. This further implies that reaction rate will be highly dependent on diffusion 

coefficient for shale/ aqueous CO2 interaction.  Reactive flow in the long term can cause 

significant changes in pore throat sizes albeit with progressively lower kinetic rates. 

Geochemical interaction is expected to uniformly slow down over time as mineral 

substrates availability from the caprock decreases. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

    The geochemical interaction of shale caprock with aqueous CO2 and its impact on the 

petrophysical properties of the rock have been investigated. The results presented showed that 

geophysical and petrophysical properties of shale rocks can be significantly altered by minute 

geochemical changes that are hard to detect particularly at the submicron level. Effluent analysis 

which showed a high percentage of Ca
2+

 indicated the tendency of calcium based minerals and 

other alkaline earth metal compounds to dissolve easily in mildly acidic brine with relatively 

stable pH. These geochemical changes affect the pore volumes, surface area and pore diameters 

of shale caprock such that in all the samples examined their values tended to increase with time 

though at reduced rates in the later months of the experiment. These nano-scale changes varied 

significantly depending on the range of pore diameters that are being considered. The following 

major conclusions can be reached from this experimental investigation; 

1. The pH of effluent from shale caprock/CO2-brine interaction under continuous contact 

mode tends to increase initially and decrease almost linearly over time indicating 

geochemical activity. 

2. Alkaline earth minerals in the form of Ca
2+

, Mg
2+

, Fe
2+

 Mn
2+

 and Al
3+

 compounds are 

susceptible to dissolution due to continuous flow of mildly acidic CO2-brine solution. 

This does not exclude the alkali metals ions of Na
+
 and K

+
 as their percentage change is 

significantly masked by the brine composition used in this experimental research. 

3. Re-precipitation of dissolved minerals in amorphous forms is possible, particularly under 

oxygen rich conditions. 

4. Pore space geometric parameters such as specific pore volume, specific surface area and 
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pore diameter in tight shale caprock can increase at the nano-scale level under continuous 

contact with CO2-brine. 

5. The impact of reactive transport of aqueous CO2 through shale caprock is such that the 

intrinsic permeability under the worst case scenario can increase by up to a factor of 2. 

6.  Carbon accounting and caprock integrity with respect to permeability can be impacted 

by shale caprock/CO2-brine interaction under continuous flow conditions. 

7. Dimensionless numbers that account for the impacts of diffusion, convection and reaction 

kinetics can reveal the uniformity or non-uniformity of reactive transport parameters in 

shale caprock/CO2-brine interaction. 

 

5.2 Recommendations 

It is recommended that the volumetric significance of fractional permeability changes as 

a result of geochemical interactions and petrophysical properties alterations in shale seals 

overlaying potential CO2 repositories should be extensively investigated. Also their potential to 

serve as pressure perturbation dampers and provide increased storage space which may help limit 

the impacts of pressure-induced geomechanical changes particularly at the caprock/reservoir 

rock interface should be researched through experimental and simulation tools. 

The conditions that best favor geochemical re-precipitation need to be investigated, particularly 

under oxygen deprived conditions similar to what is obtainable in the subsurface. This will 

provide clues into the possibility of fine-grained precipitates plugging the type of nanopores 

identified in the shale caprock as observed and measured quantitatively in the samples used for 

this experiment. 
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APPENDIX A 

EXPERIMENTAL SETUP AND SAMPLE PREPARATION 

A.1 Physical Experimental Setup and Materials 

 

Figure A.1: Physical arrangement of experimental apparatus in shale caprock/CO2-brine flooding 

 
Figure A.2: Crushed shale caprock samples 

showing particle dimension 

 
Figure A.3: Crushed shale caprock sample 

packed into a pressure cell 
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Figure A.4: Syringe pump used as backup pump 

in shale caprock/CO2-brine flooding 

 
Figure A.5: Crushed shale caprock control 

sample re-saturation under vacuum condition 

 

 
Figure A.6: CO2-brine preparation setup 

showing CO2 cylinder and mixing tank 

 
FigureA.7: Nitrogen cylinders used in 

operating back-pressure regulator 
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Figure A.8: Back pressure regulator and piston 

pump connnected during experiment 

 
Figure A.9: XRD instrument at the LSU 

Geology department 

 

 
Figure A.10: BET instrument showing liquid 

nitrogen dewar and sample holder bulbs 

 
Figure A.11: CO2-brine flooded crushed shale 

samples after three months 
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A.2 Preparation of Shale Caprock Samples 

The preparation of shale rock samples from the 4-in cores for rock-fluid interaction is outlined 

below: 

1. Carefully selected portions of the cores are cut out using laboratory hammer to break the 

rock portion out by impact. Three inches thick sections were enough for each sample. 

2. The hammer impact process is repeated three to four times. This breaks the rock to four 

to five chunks. 

3. The rock chunks are size reduced/crushed repeatedly with pestles and mortars to sizes 

ranging between 3mm to 5mm. See figures A.2 and A.3. 

4. Samples of similar mineralogy are then mixed together to form the desired ratio of bulk 

clay to quartz. Samples A, B and C are mixed samples of CEBC5 and CEML5, 2EPR1 

and 2EPR4, and 2EBC1 respectively.  CEBC5, CEML5, 2EPR1, 2EPR4 and 2EBC1 

refers to the original 4-in core samples shown in figure 3.4. 

5. The newly mixed experimental samples are charged into the pressure cells and packed 

tightly with the two ends sealed with the cells’ air tight stainless steel covers. 

6. 265g each of samples A, B and C are charged into each of the pressure cells. 

 

A.3 Preparation of CO2-brine Injection Fluid 

The preparation of CO2-brine liquid injected during shale/CO2-brine flooding is outlined below: 

1. 20.196g of Sodium Chloride (NaCl) and 0.345g of Potassium Chloride (KCl) are 

dissolved in 1liter of distilled/de-ionized water and the mixture stirred for 50mins using 

magnetic stirrers. This mixture is referred to as brine. 

2. The brine is funneled into a stainless steel accumulator and the accumulator is capped 

afterwards. The head of the cap is connected to a pressurized cylinder containing CO2. 
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See figure A.6 

3. CO2 is released from the cylinder into the brine accumulator at a pressure of 25psi for 

80mins to ensure equilibrium is reached in the dissolution of CO2 in brine. 

4. The brine accumulator is de-pressurized and the CO2-brine is collected into a capped 

glassware for storage and subsequent usage in shale/CO2-brine flooding experiment. 

 

A.5 Justification of Back-Pressure Value of 970psi 

Preliminary information about the capillary entry data was obtained from the analysis of the 

initial pressure evolution as recorded for each packed cell by National Instruments’ Labview data 

acquisition device shown in figure A.12.  

 

Figure A.12: Pressure evolution plot as captured by National Instrument Labview data 

acquisition device showing the approximate capillary entry pressure for the shale caprock 

(sample A) 

Approximate 

capillary entry 

pressure point 
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All the six pressure transducers that were used (two pressure transducers per cell; one in the inlet 

and one at the outlet) captured the critical points on the graph. The horizontal red line on figure 

A.12 indicated the approximate capillary entry pressure for the shale caprock while the vertical 

red lines showed the time at which it was overcome as well as the differential pore space filling 

time. The value of the back-pressure used during the experiment was set at approximately 70psi 

above the approximate capillary entry pressure recorded by the logging device (back pressure 

value of 970psi was used). This was to provide enough driving force for the CO2-brine to move 

through the pore spaces of the samples in the cells. The approximate value of capillary entry 

pressure for the shale rock samples is in agreement with the values reported by Al-Bazali etal., in 

2005 using three different mineralogical samples of shale rock (see table 2.1 in Chapter 2) and 

four capillary-probing fluid (Oil-Based Mud, Decane, Crude-Oil and Nitrogen Gas). The Al-

Bazali etal., capillary entry pressure values for shale which are presented in table A.1 ranged 

between 150 psi and 950 psi. 

 

Table A.1: Measured capillary entry pressure of Pierre, C1 and Arco-China shales using Oil-

Based Mud, Decane, Crude Oil and Nitrogen Gas as reported by Al-Bazali etal., 2005 [28] 

 Oil-Based Mud Decane Crude Oil Nitrogen Gas 

Pierre Shale 150 psi 270 psi 470 psi 630 psi 

C1-Shale 250 psi 365 psi 600 psi 700 psi 

Arco-China Shale 300 psi 450 psi 750 psi 950 psi 

 

 

 

Table A.2 records the approximate values of the capillary entry pressure, pore sizes and pore 

volume of the samples when considered as a bulk caprock. Literature values of interfacial 

tension and contact angles were used to arrive at these estimates. Table A.2 also gives 
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approximate values of pore space properties (such as pore volume and pore size) that could be 

expected from the application of the BET technique to CO2-brine flooded shale caprock samples 

over the three months experimental period. These approximate properties are for individual 

samples A, B and C. It could be noted that pore sizes are estimated to be in the nanometer range 

which are typical values for shale caprocks. 

Table A.2: Estimated nano-porous shale capillary data using available values of  IFT 

and contact angle for shale/CO2-brine interaction reported by Daniel and Kaldi, 2009 

 

Samples Capillary 

entry 

pressure 

(psi) 

Capillary 

fillage 

time 

(mins) 

Pore 

volume/gram 

(ml/g) 

Pore 

Diameter 

(nm) 

Interfacial* 

Tension 

(mN/m) 

Contact* 

Angle 

° 

Ratio 

C:Q;F% 

A 880 4.50 0.0051 16.1 24.80 9.0 3:1;1.6 

B 900 4.60 0.0052 13.5 21.10 5.0 2:1;2.4 

C 875 4.50 0.0051 16.6 25.20 7.0 1:1;5.0 

Average 885 4.53 0.0051 15.4 23.7 7.0  

 

The Washburn expression, equation (27), was used as the correlation expression for the 

wettability parameters.  

PcDA = 4 σ cos θ ……………………………………………………………………..………. (27) 

where Pc = capillary entry pressure, DA= pore throat diameter,  σ = interfacial tension, θ = 

contact angle. 

Contact angle and interfacial tension values starred (*) above were obtained from wettability 

parameters reported by Daniel and Kaldi [25]. In table A.2, C : Q refers to the ratio of bulk clay 

to quart and F% is the percentage of feldspar in samples A, B and C. 
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A.5 Detailed Description of Experimental Procedure in Shale Caprock/CO2-Brine 

Interaction 

 

Crushed samples of shale caprock are packed tightly and neatly into three 4000psi rated flow 

cells. There are 3 samples of different mineralogy (samples A, B and C) with each packed into 

flow cells A, B and C respectively. An inlet header carrying CO2-brine leads into the 3 cells as 

well as an outlet header. See figures 3.2 and A.1. After all the experimental set-up parts have 

been assembled, a back pressure of 970psi is imposed to induce flow through the porous spaces 

of the rock materials during injection. The pressure inside the cells begins to build up after it is 

totally filled with CO2-brine.  A flow rate of approximately 0.9ml/min is channeled to the cells 

from a syringe pump. This floods the external and internal surface area of the shale rock. The 

injection is continued for 30days after which the cells are depressurized gradually over 4hrs by 

stopping the pump and bleeding off the dome pressure of the back-pressure regulator. During 

these 30 days, effluent samples from the bottom outlet of the pressure cells are collected for pH 

and ICP-OES analysis at room conditions every day. CO2-brine reacted shale caprock samples 

are removed once, all together, from the bottom part of the cells for XRD, SEM, EDS and BET 

analysis. This process is repeated over the next 60 days at interval of 30 days. 
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APPENDIX B 

COLLECTION OF POST-EXPERIMENTAL EFFLUENT AND SELECTION OF CO2-

BRINE REACTED SHALE ROCK FOR ANALYSIS 

 

B.1 Collection of Effluent Liquid for Analysis 

1. Effluent samples are collected every day from the singular outlet of the connected flow 

cells using 1800ml sealed conical beakers. 50ml of the effluent is collected and stored 

separately in environmental bottles for ICP-OES analysis.  

2. The remaining bulk of effluent is tested for pH using digital meters. Remainder of 

effluent is disposed of according to LSU policy. 

3. The effluent liquid is agitated using magnetic mixers before pH measurements and ICP-

OES liquid samples are obtained. 

4. Precipitate which formed after pH and ICP-OES analyses are filtered out of the solution 

for XRD, SEM and EDS analyses. 

 

B.2 Sample Selection of CO2-Brine Reacted Shale Rocks 

1. After each month (1st month, 2nd month and 3rd month) of the continuous CO2-brine 

contact  experiment on the crushed shale rocks, the cells are depressurized and allowed to 

drain completely over several hours (3hours to 5hours). 

2. The inlet and outlet CO2-brine headers of the cells are removed. The cells are then 

positioned such that the bottom parts are accessible. 

3. The lid of the bottom section of the cells (see figure G.1) are removed and approximately 

40g of the CO2-brine contacted shale rock samples from cells A, B and C are taken out 

for SEM, EDS, XRD and BET analysis. 
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B.3 Sample Selection and Preparation for SEM and EDS Analysis 

Three to four pebbles of each of the CO2-brine contacted samples, after each month, are put out 

separately and air dried. 

1. The preferred samples are flat platelet-like specimen 

2. They are later kept in environmental bottles for SEM analysis at the earliest chance 

3. The same samples are used for EDS analysis 

 

B.4 Sample selection and Preparation for XRD analysis 

1. 10g of each of the CO2-brine reacted samples, after each month, are put out separately 

and later crushed into powder. 

2. The samples are micronized using glycol and micro-agitator. 

3. The fine samples are filtered using centrifuge and vacuum suction. 

4. The samples are placed in oven over night to dry completely and XRD analysis is run 

 

B.5 Sample selection and Preparation for BET Analysis 

1. A total of 26g of each of the CO2-brine reacted samples are taken apart for BET analysis 

2. The samples are loaded into the BET equipment specimen holding bulb for vacuum 

drying at 100 degrees Celsius. 

3. After the samples have been bone dried, they are blanketed with helium to prevent the re-

entry of air into the samples. 

4. The samples are transferred to the liquid nitrogen port for 40 points adsorption-desorption 

process 

 

 

 

 

 

 



106 
 

APPENDIX C 

pH DATASHEET 

Table C.1: pH datasheet (A)        Table C.2: pH datasheet (B)           Table C.3: pH datasheet (C) 

Day Initial 

pH 

Final 

pH 

1 4.09 7.73 

2 4.11 8.28 

3 4.03 7.09 

4 3.98 7.1 

5 3.86 7.05 

6 3.86 6.45 

7 3.81 6.36 

8 3.88 6.19 

9 3.81 6.21 

10 3.81 6.36 

11 3.84 6.98 

12 3.84 6.42 

13 3.82 6.39 

14 3.89 6.36 

15 3.91 6.12 

16 3.85 6.09 

17 3.95 5.85 

18 3.93 5.65 

19 3.95 5.67 

20 3.89 5.82 

21 3.91 5.9 

22 3.91 6.13 

23 3.91 6.05 

24 3.92 6.21 

25 3.91 6.42 

26 3.9 6.37 

27 3.9 6.08 

28 3.91 6.42 

29 3.89 6.51 

30 3.89 6.56 

31 3.9 6.55 

32 3.91 6.55 

33 3.92 6.56 

34 4.01 6.48 

35 3.99 6.49 

Day Initial 

pH 

Final 

pH 

36 3.9 6.47 

37 3.89 6.53 

38 3.95 6.54 

39 3.96 6.55 

40 3.95 6.51 

41 3.92 6.52 

42 3.91 6.71 

43 3.93 6.44 

44 3.91 6.49 

45 3.81 6.19 

46 3.81 6.46 

47 3.96 6.46 

48 3.91 6.49 

49 3.91 6.57 

50 3.92 6.53 

51 3.94 6.12 

52 3.93 6.31 

53 3.91 6.5 

54 3.89 6.44 

55 3.81 6.49 

56 3.9 5.99 

57 3.94 6.39 

58 3.92 6.49 

59 3.92 6.52 

60 3.91 6.48 

61 3.93 6.39 

62 3.88 6.35 

63 3.88 6.11 

64 3.89 6.31 

65 3.91 6.11 

66 3.9 6.23 

67 3.99 6.18 

68 3.89 6.1 

69 3.92 5.99 

70 3.92 5.91 

Day Initial 

pH 

Final 

pH 

71 3.91 5.79 

72 3.92 5.77 

73 3.93 5.69 

74 3.82 5.64 

75 3.82 5.36 

76 3.81 5.55 

77 3.88 5.49 

78 3.89 5.43 

79 3.89 5.41 

80 3.91 5.32 

81 3.92 5.34 

82 3.91 5.26 

83 3.9 5.28 

84 3.89 5.1 

85 3.88 5.31 

86 3.88 5.08 

87 3.88 5.02 

88 3.92 5.03 

89 3.94 5.01 

90 3.93 5.22 

91 3.85 5.03 

92 3.85 5.06 

AVR 3.91 6.12 

 

Effluent sample and pH 

measurements were 

collected 9am every 

morning. 25 ml of 

effluent sample were 

stored each day. 
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APPENDIX D 

ICP-OES DATASHEET 

Table D: ICP-OES datasheet for cations present in effluent solution 

Sample 

Number 

Ca
2+

 Fe
2+/3+

 K
+
 Mg

2+
 Mn

2+
 Al

3+
 Na

+
 Si

2+
 

0 0.32 0.20 145.5 0.10 0.00 0.61 1851.0 1.50 

1 21.5 0.00 238.5 5.70 0.40 0.69 4341.0 1.50 

2 58.3 0.20 186.0 18.80 0.30 0.67 4167.0 2.70 

3 34.6 0.00 247.2 14.70 1.20 0.63 4422.0 1.60 

4 37.1 0.00 252.9 16.20 1.40 0.70 4683.0 1.70 

5 30.7 0.10 240.6 13.60 1.30 0.56 4395.0 1.50 

6 30.0 0.00 246.3 13.70 1.40 0.63 4383.0 1.20 

7 22.6 2.60 247.5 10.50 1.30 0.65 4374.0 1.60 

8 23.7 0.00 238.8 10.80 1.30 0.64 4404.0 1.80 

9 17.0 0.10 193.8 8.00 1.00 0.61 3327.0 3.10 

10 16.6 0.20 148.2 8.00 1.10 0.65 2235.0 5.30 

11 10.00 0.05 224.0 5.48 1.05 0.60 3536.0 1.73 

12 8.10 0.11 226.0 4.89 0.78 0.50 3572.0 1.67 

13 6.73 0.30 217.0 4.32 0.66 0.55 3472.0 1.78 

14 5.88 0.00 222.0 3.91 0.60 0.56 3528.0 1.72 

15 5.93 0.00 230.0 3.94 0.60 0.50 3444.0 1.62 

16 5.18 0.00 227.0 3.64 0.55 0.59 3492.0 1.57 

17 5.04 0.00 223.0 3.61 0.57 0.55 3508.0 1.50 

18 4.92 0.00 223.0 3.58 0.59 0.46 3468.0 1.31 

19 4.73 0.00 218.0 3.53 0.59 0.59 3412.0 1.31 

20 3.60 0.00 217.0 3.04 0.54 0.59 3372.0 1.23 

21 0.00 0.00 224.0 0.82 0.26 0.46 3440.0 0.75 

22 2.95 0.00 234.0 0.80 0.23 0.44 3404.0 0.82 

23 2.35 0.00 227.0 2.18 0.36 0.55 3416.0 0.82 

24 2.12 0.00 224.0 2.03 0.33 0.50 3412.0 0.84 

25 2.27 0.00 242.0 2.02 0.32 0.51 3504.0 0.82 

26 3.05 0.00 240.0 1.96 0.31 0.50 3448.0 0.83 

27 1.48 0.00 236.0 1.83 0.29 0.55 3504.0 1.08 

28 3.14 0.00 228.0 1.86 0.29 0.59 3468.0 0.82 

29 1.04 0.00 226.0 1.61 0.26 0.57 3444.0 0.75 

30 1.00 0.07 228.0 1.49 0.25 0.50 3536.0 0.72 
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APPENDIX E 

SCANNING ELECTRON MICROSCOPY IMAGE OF SHALE CAPROCK SAMPLE 

 

 
Figure E.1: SEM image for sample A after 1 

month of CO2-brine flooding 

 
Figure E.2: SEM image for sample B after 1 

month of CO2-brine flooding 

 

 
Figure E.3: SEM image for sample C after 1 

month of CO2-brine flooding 

 
Figure E.4: SEM image for sample A after 3 

month of CO2-brine flooding 
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Figure E.5: SEM image for sample B after 2 

month of CO2-brine flooding 

 
Figure E.6: SEM image for sample B after 2 

month of CO2-brine flooding 

 

 
Figure E.7: SEM image for sample C after 2 

month of CO2-brine flooding 

 
Figure E. 8: Optical Microscopy image of thin 

section cut for control sample A showing pore 

networks 
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APPENDIX F 

BET NITROGEN ADSORPTION DATASHEET 

F.1 SAMPLE A; CONTROL 

Date:  04/21/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Abiola1 

Description      ShaleCon1 

Comments          

Sample Weight    0.8010 g 

Adsorbate        NITROGEN      Operator        Abiola    Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   238.1   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      04/09/2012 22:06 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

EABI1CI.RAW  Station #        1              Bath Temp.    77.35 °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  6.442E+00 m²/g 

BJH Method Cumulative Desorption Surface Area...............  8.093E+00 m²/g 

DH Method Cumulative Desorption Surface Area................  8.231E+00 m²/g 

DR Method Micro Pore Area.................................................  9.202E+00 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 5248.2 Å at P/Po = 0.99634.....................................  1.260E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume................  1.264E-02 cc/g 

DH Method Cumulative Desorption Pore Volume.................  1.239E-02 cc/g 

DR Method Micro Pore Volume.............................................  3.270E-03 cc/g 

HK Method Cumulative Pore Volume....................................  2.635E-03 cc/g 

SF Method Cumulative Pore Volume......................................  2.691E-03 cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter................................................................ 7.822E+01Å 

BJH Method Desorption Pore Diameter (Mode)....................…. 3.793E+01Å 

DH  Method Desorption Pore Diameter (Mode).........................  3.793E+01Å 

DR  Method Micro Pore Width   ...............................................  1.156E+02 Å 

DA  Method Pore Diameter (Mode)...........................................  1.780E+01 Å 
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HK  Method Pore Width    (Mode)...........................................  1.552E+01 Å 

SF  Method Pore Diameter (Mode)...........................................  2.934E+01 Å 

 

                       

Table F.1: BET desorption pore size distribution for control specimen of sample A 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

13.45 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

16.19 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

18.65 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

21.15 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

23.77 5.55E-05 9.34E-02 2.06E-05 3.47E-02 1.13E-03 1.90E+00 

26.58 1.66E-04 2.60E-01 3.78E-05 5.68E-02 2.31E-03 3.48E+00 

29.74 2.86E-04 4.21E-01 3.53E-05 4.75E-02 2.41E-03 3.25E+00 

33.67 6.65E-04 8.71E-01 8.48E-05 1.01E-01 6.56E-03 7.79E+00 

37.93 2.59E-03 2.91E+00 4.76E-04 5.01E-01 4.15E-02 4.38E+01 

42.36 3.95E-03 4.19E+00 2.83E-04 2.67E-01 2.76E-02 2.60E+01 

47.96 4.76E-03 4.86E+00 1.26E-04 1.05E-01 1.39E-02 1.16E+01 

55.15 5.77E-03 5.59E+00 1.27E-04 9.24E-02 1.61E-02 1.17E+01 

64.53 6.88E-03 6.28E+00 1.03E-04 6.37E-02 1.52E-02 9.44E+00 

76.68 8.30E-03 7.02E+00 1.05E-04 5.50E-02 1.86E-02 9.68E+00 

92.97 9.52E-03 7.55E+00 6.39E-05 2.75E-02 1.36E-02 5.87E+00 

117.29 1.04E-02 7.85E+00 3.03E-05 1.03E-02 8.15E-03 2.78E+00 

159.96 1.11E-02 8.02E+00 1.18E-05 2.94E-03 4.28E-03 1.07E+00 

287.48 1.15E-02 8.08E+00 2.14E-06 2.97E-04 1.36E-03 1.89E-01 

2817.66 1.26E-02 8.09E+00 2.34E-07 3.32E-06 1.01E-03 1.43E-02 
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F.2 SAMPLE A; MONTH 1 

Date:  04/26/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Abiola1a 

Description      ShaleSamp3 

Comments          

Sample Weight    0.9130 g 

Adsorbate        NITROGEN      Operator        Abiola    Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   262.2   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      04/13/2012 09:11 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

EABI1AI.RAW  Station #        1              Bath Temp.    77.35 °C  

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  7.233E+00 m²/g 

BJH Method Cumulative Desorption Surface Area...............  8.580E+00 m²/g 

DH Method Cumulative Desorption Surface Area................  8.682E+00 m²/g 

DR Method Micro Pore Area.................................................  1.019E+01 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 5120.2 Å at P/Po = 0.99625.......................................  1.529E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume.................  1.525E-02 cc/g 

DH Method Cumulative Desorption Pore Volume..................  1.491E-02 cc/g 

DR Method Micro Pore Volume..............................................  3.621E-03 cc/g 

HK Method Cumulative Pore Volume.....................................  2.953E-03 cc/g 

SF Method Cumulative Pore Volume......................................  3.020E-03 cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter.............................................................  8.455E+01 Å 

BJH Method Desorption Pore Diameter (Mode).......................  3.822E+01 Å 

DH  Method Desorption Pore Diameter (Mode).......................  3.822E+01 Å 

DR  Method Micro Pore Width   ..............................................  1.104E+02 Å 

DA  Method Pore Diameter (Mode)..........................................  1.780E+01 Å 

HK  Method Pore Width    (Mode)............................................  1.502E+01 Å 

SF  Method Pore Diameter (Mode)...................................……. 2.824E+01 Å 
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Table F.2: BET desorption pore size distribution for 1 month CO2-brine flooded specimen of 

sample A 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/Å/g [m²/Å/g] [cc/g] [m²/g] 

13.51 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

16.24 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

18.7 2.83E-05 6.04E-02 1.15E-05 2.46E-02 4.94E-04 1.06E+00 

21.19 8.36E-05 1.65E-01 2.20E-05 4.15E-02 1.07E-03 2.02E+00 

23.8 1.59E-04 2.91E-01 2.79E-05 4.69E-02 1.53E-03 2.57E+00 

26.63 2.86E-04 4.82E-01 4.29E-05 6.44E-02 2.63E-03 3.95E+00 

29.82 4.75E-04 7.36E-01 5.51E-05 7.39E-02 3.78E-03 5.07E+00 

33.94 7.89E-04 1.11E+00 6.54E-05 7.71E-02 5.10E-03 6.02E+00 

38.22 3.13E-03 3.55E+00 6.23E-04 6.52E-01 5.48E-02 5.73E+01 

42.39 4.40E-03 4.76E+00 2.78E-04 2.62E-01 2.71E-02 2.56E+01 

47.9 5.07E-03 5.31E+00 1.03E-04 8.64E-02 1.14E-02 9.51E+00 

55.18 5.83E-03 5.86E+00 9.33E-05 6.77E-02 1.18E-02 8.58E+00 

64.61 6.80E-03 6.47E+00 9.13E-05 5.65E-02 1.36E-02 8.39E+00 

77.4 7.95E-03 7.06E+00 7.72E-05 3.99E-02 1.37E-02 7.09E+00 

95.58 9.29E-03 7.62E+00 6.21E-05 2.60E-02 1.36E-02 5.69E+00 

124.04 1.07E-02 8.08E+00 4.00E-05 1.29E-02 1.13E-02 3.66E+00 

171.38 1.21E-02 8.41E+00 2.38E-05 5.56E-03 9.31E-03 2.17E+00 

273.56 1.31E-02 8.55E+00 6.77E-06 9.90E-04 4.16E-03 6.08E-01 

2733.16 1.53E-02 8.58E+00 4.50E-07 6.59E-06 1.84E-03 2.69E-02 
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F.3 SAMPLE A; MONTH 2 

Date:  05/20/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Abiola1B 

Description      AbiolaShale3B 

Comments          

Sample Weight    1.2000 g 

Adsorbate        NITROGEN       Operator        Abiola  Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   262.2   min  NonIdeality      6.580E-05      P/Po Toler    5        

End of Run      05/18/2012 07:58 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

EABI1B1.RAW  Station #        1              Bath Temp.    77.35  °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  7.966E+00 m²/g 

BJH Method Cumulative Desorption Surface Area...............  8.891E+00 m²/g 

DH Method Cumulative Desorption Surface Area................  8.965E+00 m²/g 

DR Method Micro Pore Area.................................................  1.156E+01 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 2466.6 Å at P/Po = 0.99217......................................  1.591E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume................  1.568E-02 cc/g 

DH Method Cumulative Desorption Pore Volume.................  1.534E-02 cc/g 

DR Method Micro Pore Volume.............................................  4.110E-03 cc/g 

HK Method Cumulative Pore Volume....................................  3.331E-03 cc/g 

SF Method Cumulative Pore Volume......................................  3.400E-03 cc/g 

                                 

 PORE SIZE DATA 

 

Average Pore Diameter..............................................................  7.990E+01 Å 

BJH Method Desorption Pore Diameter (Mode).......................  3.760E+01 Å 

DH  Method Desorption Pore Diameter (Mode).......................  3.760E+01 Å 

DR  Method Micro Pore Width   ..............................................  1.141E+02 Å 

DA  Method Pore Diameter (Mode)..........................................  1.780E+01 Å 

HK  Method Pore Width    (Mode)............................................  1.538E+01 Å 

SF  Method Pore Diameter (Mode)...........................................  2.888E+01 Å 
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Table F.3: BET desorption pore size distribution for 2-month CO2-brine flooded specimen of 

sample A 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

13.61 7.15E-05 2.10E-01 2.41E-05 7.09E-02 7.54E-04 2.21E+00 

16.31 1.28E-04 3.48E-01 2.32E-05 5.69E-02 8.69E-04 2.13E+00 

18.76 2.04E-04 5.10E-01 3.09E-05 6.59E-02 1.33E-03 2.84E+00 

21.25 3.08E-04 7.07E-01 4.15E-05 7.81E-02 2.03E-03 3.82E+00 

23.85 4.34E-04 9.18E-01 4.69E-05 7.86E-02 2.57E-03 4.31E+00 

26.67 5.68E-04 1.12E+00 4.56E-05 6.83E-02 2.80E-03 4.19E+00 

29.83 6.91E-04 1.28E+00 3.62E-05 4.86E-02 2.49E-03 3.33E+00 

33.32 1.01E-03 1.67E+00 8.97E-05 1.08E-01 6.87E-03 8.25E+00 

37.6 3.55E-03 4.37E+00 5.09E-04 5.42E-01 4.40E-02 4.69E+01 

42.5 4.52E-03 5.28E+00 2.01E-04 1.89E-01 1.96E-02 1.85E+01 

48.08 5.19E-03 5.83E+00 1.06E-04 8.80E-02 1.17E-02 9.72E+00 

55.27 5.86E-03 6.32E+00 8.39E-05 6.08E-02 1.07E-02 7.72E+00 

64.64 6.59E-03 6.77E+00 6.82E-05 4.22E-02 1.01E-02 6.26E+00 

77.51 7.47E-03 7.23E+00 5.86E-05 3.02E-02 1.04E-02 5.38E+00 

96.62 8.50E-03 7.66E+00 4.44E-05 1.84E-02 9.83E-03 4.07E+00 

123.06 9.78E-03 8.07E+00 4.29E-05 1.40E-02 1.21E-02 3.93E+00 

170.63 1.19E-02 8.56E+00 3.21E-05 7.53E-03 1.25E-02 2.92E+00 

291.35 1.39E-02 8.84E+00 1.16E-05 1.59E-03 7.53E-03 1.03E+00 

1423 1.57E-02 8.89E+00 8.46E-07 2.38E-05 2.17E-03 6.11E-02 
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F.4 SAMPLE A; MONTH 3 

Date:  06/19/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Shale1D 

Description      ReactedShale 1D 

Comments          

Sample Weight    1.4000  g 

Adsorbate        NITROGEN     Operator        Abiola   Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   301.7   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      06/19/2012 18:56 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

SHALE1D.RAW  Station #        1              Bath Temp.    77.35 °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET.......................................................................  8.731E+00  m²/g 

BJH Method Cumulative Desorption Surface Area................  8.316E+00  m²/g 

DH Method Cumulative Desorption Surface Area.................  8.393E+00  m²/g 

DR Method Micro Pore Area..................................................  1.177E+01  m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 3866.8 Å at P/Po = 0.99502.......................................  1.968E-02  cc/g 

BJH Method Cumulative Desorption Pore Volume..................  1.691E-02  cc/g 

DH Method Cumulative Desorption Pore Volume...................  1.652E-02  cc/g 

DR Method Micro Pore Volume...............................................  4.182E-03  cc/g 

HK Method Cumulative Pore Volume......................................  3.198E-03  cc/g 

SF Method Cumulative Pore Volume........................................  3.302E-03  cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter.................................................................  9.015E+01 Å 

BJH Method Desorption Pore Diameter (Mode)..........................  3.820E+01 Å 

DH  Method Desorption Pore Diameter (Mode)...........................  3.820E+01 Å 

DR  Method Micro Pore Width   ..................................................  1.264E+02 Å 

DA  Method Pore Diameter (Mode)..............................................  1.840E+01 Å 

HK  Method Pore Width    (Mode)................................................  1.533E+01 Å 

SF  Method Pore Diameter (Mode)................................................  2.888E+01 Å 
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Table F.4: BET desorption pore size distribution for 3 month CO2-brine flooded specimen of 

sample A 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

13.94 5.82E-05 1.67E-01 2.06E-05 5.92E-02 6.60E-04 1.89E+00 

16.44 1.73E-04 4.46E-01 5.26E-05 1.28E-01 1.99E-03 4.84E+00 

18.76 3.14E-04 7.47E-01 5.75E-05 1.23E-01 2.48E-03 5.29E+00 

21.24 4.54E-04 1.01E+00 5.59E-05 1.05E-01 2.73E-03 5.14E+00 

23.82 5.73E-04 1.21E+00 4.47E-05 7.50E-02 2.45E-03 4.11E+00 

26.66 6.29E-04 1.30E+00 1.87E-05 2.81E-02 1.15E-03 1.72E+00 

29.93 7.91E-04 1.51E+00 4.58E-05 6.12E-02 3.16E-03 4.22E+00 

34.06 1.23E-03 2.03E+00 9.35E-05 1.10E-01 7.32E-03 8.60E+00 

38.2 3.11E-03 4.00E+00 5.32E-04 5.57E-01 4.68E-02 4.90E+01 

42.41 3.90E-03 4.74E+00 1.60E-04 1.51E-01 1.56E-02 1.47E+01 

48.02 4.37E-03 5.14E+00 7.57E-05 6.31E-02 8.36E-03 6.96E+00 

55.25 4.96E-03 5.56E+00 7.18E-05 5.20E-02 9.12E-03 6.60E+00 

64.79 5.65E-03 5.98E+00 6.29E-05 3.88E-02 9.35E-03 5.78E+00 

77.26 6.51E-03 6.43E+00 6.18E-05 3.20E-02 1.10E-02 5.68E+00 

92.46 7.37E-03 6.80E+00 5.26E-05 2.28E-02 1.12E-02 4.83E+00 

121.6 9.13E-03 7.38E+00 4.19E-05 1.38E-02 1.16E-02 3.82E+00 

179.68 1.16E-02 7.93E+00 3.32E-05 7.39E-03 1.35E-02 3.01E+00 

289.61 1.40E-02 8.26E+00 1.64E-05 2.27E-03 1.07E-02 1.48E+00 

2114.62 1.69E-02 8.32E+00 8.34E-07 1.58E-05 2.84E-03 5.37E-02 
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F.5 SAMPLE B; CONTROL 

Date:  04/25/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Abiola2c 

Description      ShaleCon2 

Comments          

Sample Weight    0.8320  g 

Adsorbate        NITROGEN     Operator        Abiola    Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   235.8   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      04/12/2012 08:13 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

EABI2CI.RAW  Station #        1              Bath Temp.    77.35 °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  9.576E+00 m²/g 

BJH Method Cumulative Desorption Surface Area...............  1.153E+01 m²/g 

DH Method Cumulative Desorption Surface Area................  1.165E+01 m²/g 

DR Method Micro Pore Area.................................................  1.347E+01 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 4571.6 Å at P/Po = 0.99580......................................  1.883E-02  cc/g 

BJH Method Cumulative Desorption Pore Volume................  1.886E-02  cc/g 

DH Method Cumulative Desorption Pore Volume.................  1.846E-02  cc/g 

DR Method Micro Pore Volume.............................................  4.786E-03  cc/g 

HK Method Cumulative Pore Volume....................................  3.882E-03  cc/g 

SF Method Cumulative Pore Volume......................................  3.971E-03  cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter............................................................  7.864E+01 Å 

BJH Method Desorption Pore Diameter (Mode).....................  3.767E+01 Å 

DH  Method Desorption Pore Diameter (Mode)......................  3.767E+01 Å 

DR  Method Micro Pore Width   .............................................  1.119E+02 Å 

DA  Method Pore Diameter (Mode).........................................  1.780E+01 Å 

HK  Method Pore Width    (Mode)...........................................  1.542E+01 Å 

SF  Method Pore Diameter (Mode)..........................................  2.907E+01 Å 

 



119 
 

Table F.5: BET desorption pore size distribution for control specimen of sample B 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

13.6 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

16.3 1.18E-05 2.89E-02 4.88E-06 1.20E-02 1.83E-04 4.48E-01 

18.74 7.25E-05 1.59E-01 2.48E-05 5.29E-02 1.07E-03 2.28E+00 

21.23 1.79E-04 3.59E-01 4.19E-05 7.90E-02 2.05E-03 3.86E+00 

23.82 2.79E-04 5.26E-01 3.77E-05 6.32E-02 2.06E-03 3.46E+00 

26.63 3.14E-04 5.79E-01 1.18E-05 1.77E-02 7.23E-04 1.09E+00 

29.79 4.43E-04 7.53E-01 3.86E-05 5.19E-02 2.65E-03 3.55E+00 

33.29 7.70E-04 1.15E+00 8.96E-05 1.08E-01 6.87E-03 8.25E+00 

37.67 4.44E-03 5.05E+00 7.21E-04 7.66E-01 6.24E-02 6.63E+01 

42.49 6.06E-03 6.57E+00 3.56E-04 3.35E-01 3.48E-02 3.28E+01 

48.07 6.93E-03 7.29E+00 1.31E-04 1.09E-01 1.45E-02 1.21E+01 

55.5 7.98E-03 8.05E+00 1.27E-04 9.12E-02 1.61E-02 1.16E+01 

65.18 9.32E-03 8.87E+00 1.22E-04 7.46E-02 1.82E-02 1.12E+01 

77.99 1.10E-02 9.74E+00 1.16E-04 5.94E-02 2.07E-02 1.06E+01 

96.13 1.27E-02 1.04E+01 7.77E-05 3.23E-02 1.71E-02 7.13E+00 

123.32 1.44E-02 1.10E+01 5.29E-05 1.72E-02 1.49E-02 4.85E+00 

170.22 1.59E-02 1.13E+01 2.36E-05 5.54E-03 9.13E-03 2.15E+00 

269.92 1.69E-02 1.15E+01 7.75E-06 1.15E-03 4.71E-03 6.98E-01 

2455.32 1.89E-02 1.15E+01 4.54E-07 7.40E-06 1.70E-03 2.77E-02 
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F.6 SAMPLE B; MONTH 1 

Date:  04/26/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Abiola2a 

Description      ShaleSamp2a 

Comments          

Sample Weight    0.9090  g 

Adsorbate        NITROGEN       Operator        Abiola    Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   293.0   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      04/13/2012 15:38 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

EABI2AI.RAW  Station #        1              Bath Temp.    77.35 °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  1.082E+01 m²/g 

BJH Method Cumulative Desorption Surface Area...............  1.249E+01 m²/g 

DH Method Cumulative Desorption Surface Area................  1.260E+01 m²/g 

DR Method Micro Pore Area.................................................  1.562E+01 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 2146.5 Å at P/Po = 0.99098......................................  2.016E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume................  1.989E-02 cc/g 

DH Method Cumulative Desorption Pore Volume.................  1.946E-02 cc/g 

DR Method Micro Pore Volume.............................................  5.552E-03 cc/g 

HK Method Cumulative Pore Volume....................................  4.486E-03 cc/g 

SF Method Cumulative Pore Volume......................................  4.581E-03 cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter...............................................................  7.451E+01 Å 

BJH Method Desorption Pore Diameter (Mode)........................  3.770E+01 Å 

DH  Method Desorption Pore Diameter (Mode).........................  3.770E+01 Å 

DR  Method Micro Pore Width   ................................................  1.150E+02  Å 

DA  Method Pore Diameter (Mode)............................................  1.780E+01 Å 

HK  Method Pore Width    (Mode)..............................................  1.533E+01 Å 

SF  Method Pore Diameter (Mode).............................................  2.888E+01 Å 
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Table F.6: BET desorption pore size distribution for 1-month CO2-brine flooded specimen of 

sample B 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

13.7 8.51E-05 2.49E-01 2.90E-05 8.46E-02 9.10E-04 2.66E+00 

16.36 2.21E-04 5.80E-01 5.66E-05 1.38E-01 2.13E-03 5.21E+00 

18.78 3.76E-04 9.10E-01 6.32E-05 1.35E-01 2.73E-03 5.82E+00 

21.27 5.75E-04 1.29E+00 7.91E-05 1.49E-01 3.87E-03 7.27E+00 

23.88 6.94E-04 1.49E+00 4.41E-05 7.39E-02 2.42E-03 4.06E+00 

26.71 8.86E-04 1.77E+00 6.50E-05 9.74E-02 4.00E-03 5.98E+00 

29.89 1.15E-03 2.13E+00 7.84E-05 1.05E-01 5.39E-03 7.21E+00 

33.39 1.68E-03 2.76E+00 1.46E-04 1.75E-01 1.12E-02 1.35E+01 

37.7 5.10E-03 6.39E+00 6.81E-04 7.23E-01 5.91E-02 6.27E+01 

42.6 6.54E-03 7.74E+00 3.01E-04 2.83E-01 2.95E-02 2.77E+01 

48.21 7.42E-03 8.47E+00 1.36E-04 1.13E-01 1.51E-02 1.25E+01 

55.53 8.48E-03 9.23E+00 1.30E-04 9.38E-02 1.66E-02 1.20E+01 

65.13 9.67E-03 9.96E+00 1.07E-04 6.59E-02 1.60E-02 9.85E+00 

77.76 1.08E-02 1.06E+01 8.27E-05 4.25E-02 1.48E-02 7.60E+00 

95.64 1.22E-02 1.11E+01 6.28E-05 2.63E-02 1.38E-02 5.76E+00 

119.65 1.38E-02 1.17E+01 6.16E-05 2.06E-02 1.69E-02 5.65E+00 

173.61 1.61E-02 1.22E+01 2.73E-05 6.30E-03 1.07E-02 2.47E+00 

281.86 1.76E-02 1.24E+01 1.17E-05 1.66E-03 7.44E-03 1.06E+00 

1247.97 1.99E-02 1.25E+01 1.26E-06 4.02E-05 2.86E-03 9.17E-02 
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F.7 SAMPLE B; MONTH 2 

Date:  05/20/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Abiola2B 

Description      AbiolaShale2B 

Comments          

Sample Weight    1.2000  g 

Adsorbate        NITROGEN      Operator        Abiola    Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   265.6   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      05/18/2012 16:01 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

EABI2B1.RAW  Station #        1              Bath Temp.    77.35 °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  1.152E+01 m²/g 

BJH Method Cumulative Desorption Surface Area...............  1.255E+01 m²/g 

DH Method Cumulative Desorption Surface Area................  1.267E+01 m²/g 

DR Method Micro Pore Area.................................................  1.639E+01 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 2988.2 Å at P/Po = 0.99355......................................  2.187E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume................  2.141E-02 cc/g 

DH Method Cumulative Desorption Pore Volume.................  2.094E-02 cc/g 

DR Method Micro Pore Volume.............................................  5.824E-03 cc/g 

HK Method Cumulative Pore Volume....................................  4.823E-03 cc/g 

SF Method Cumulative Pore Volume......................................  4.924E-03 cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter...............................................................  7.597E+01 Å 

BJH Method Desorption Pore Diameter (Mode)........................  3.829E+01 Å 

DH  Method Desorption Pore Diameter (Mode)................ ........  3.829E+01 Å 

DR  Method Micro Pore Width   ................................................  1.065E+02 Å 

DA  Method Pore Diameter (Mode)............................................  1.780E+01 Å 

HK  Method Pore Width    (Mode)..............................................  1.502E+01 Å 

SF  Method Pore Diameter (Mode)..............................................  2.814E+01 Å 
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Table F.7: BET desorption pore size distribution for 2 month CO2-brine flooded specimen of 

sample B 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

13.8 1.45E-04 4.19E-01 5.00E-05 1.45E-01 1.58E-03 4.58E+00 

16.44 2.44E-04 6.60E-01 4.17E-05 1.02E-01 1.58E-03 3.84E+00 

18.85 3.70E-04 9.28E-01 5.14E-05 1.09E-01 2.23E-03 4.72E+00 

21.35 5.48E-04 1.26E+00 7.03E-05 1.32E-01 3.45E-03 6.47E+00 

23.97 7.31E-04 1.57E+00 6.78E-05 1.13E-01 3.74E-03 6.24E+00 

26.81 9.42E-04 1.88E+00 7.05E-05 1.05E-01 4.35E-03 6.49E+00 

30.1 1.23E-03 2.26E+00 7.91E-05 1.05E-01 5.47E-03 7.27E+00 

34.07 1.84E-03 2.97E+00 1.40E-04 1.64E-01 1.10E-02 1.29E+01 

38.29 5.45E-03 6.75E+00 8.87E-04 9.27E-01 7.82E-02 8.17E+01 

42.76 6.59E-03 7.82E+00 2.36E-04 2.20E-01 2.32E-02 2.17E+01 

48.43 7.37E-03 8.46E+00 1.20E-04 9.95E-02 1.34E-02 1.11E+01 

55.86 8.28E-03 9.11E+00 1.08E-04 7.72E-02 1.38E-02 9.91E+00 

65.57 9.30E-03 9.74E+00 9.31E-05 5.68E-02 1.40E-02 8.56E+00 

78.47 1.05E-02 1.03E+01 7.99E-05 4.07E-02 1.44E-02 7.34E+00 

95.04 1.17E-02 1.09E+01 6.60E-05 2.78E-02 1.44E-02 6.06E+00 

122.82 1.39E-02 1.16E+01 5.87E-05 1.91E-02 1.65E-02 5.36E+00 

176.77 1.66E-02 1.22E+01 3.83E-05 8.67E-03 1.54E-02 3.48E+00 

314.91 1.91E-02 1.25E+01 1.23E-05 1.57E-03 8.62E-03 1.10E+00 

1702.96 2.14E-02 1.26E+01 8.89E-07 2.09E-05 2.67E-03 6.28E-02 
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F.8 SAMPLE B; MONTH 3 

Date:  06/20/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Shale2D 

Description      ReactedShale 2D 

Comments          

Sample Weight    1.3000  g 

Adsorbate        NITROGEN      Operator        Abiola   Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   321.2   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      06/20/2012 07:14 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

SHALETD.RAW  Station #        1              Bath Temp.    77.35 °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  1.447E+01 m²/g 

BJH Method Cumulative Desorption Surface Area...............  1.308E+01 m²/g 

DH Method Cumulative Desorption Surface Area................  1.327E+01 m²/g 

DR Method Micro Pore Area.................................................  2.009E+01 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 2557.4 Å at P/Po = 0.99245......................................  2.741E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume................  2.255E-02 cc/g 

DH Method Cumulative Desorption Pore Volume.................  2.207E-02 cc/g 

DR Method Micro Pore Volume.............................................  7.140E-03 cc/g 

HK Method Cumulative Pore Volume....................................  5.726E-03 cc/g 

SF Method Cumulative Pore Volume......................................  5.876E-03 cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter.............................................................  7.576E+01 Å 

BJH Method Desorption Pore Diameter (Mode)......................  3.793E+01 Å 

DH  Method Desorption Pore Diameter (Mode)......................  3.793E+01 Å 

DR  Method Micro Pore Width   .............................................  1.151E+02 Å 

DA  Method Pore Diameter (Mode).........................................  1.800E+01 Å 

HK  Method Pore Width    (Mode)...........................................  1.548E+01 Å 

SF  Method Pore Diameter (Mode)..........................................  2.907E+01 Å 
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Table F.8: BET desorption pore size distribution for 3-month CO2-brine flooded specimen of 

sample B 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

14.14 2.17E-04 6.14E-01 7.89E-05 2.23E-01 2.56E-03 7.24E+00 

16.58 3.96E-04 1.05E+00 8.41E-05 2.03E-01 3.21E-03 7.73E+00 

18.86 6.69E-04 1.63E+00 1.12E-04 2.39E-01 4.88E-03 1.03E+01 

21.35 9.30E-04 2.11E+00 1.03E-04 1.92E-01 5.03E-03 9.43E+00 

23.96 1.19E-03 2.54E+00 9.54E-05 1.59E-01 5.26E-03 8.78E+00 

26.79 1.46E-03 2.95E+00 9.25E-05 1.38E-01 5.70E-03 8.51E+00 

29.99 1.69E-03 3.26E+00 6.66E-05 8.88E-02 4.59E-03 6.13E+00 

33.66 2.20E-03 3.86E+00 1.31E-04 1.56E-01 1.02E-02 1.21E+01 

37.93 5.55E-03 7.40E+00 7.16E-04 7.56E-01 6.25E-02 6.59E+01 

42.7 6.73E-03 8.50E+00 2.42E-04 2.27E-01 2.38E-02 2.23E+01 

48.29 7.52E-03 9.15E+00 1.24E-04 1.03E-01 1.38E-02 1.14E+01 

55.68 8.27E-03 9.69E+00 8.91E-05 6.40E-02 1.14E-02 8.19E+00 

65.43 9.26E-03 1.03E+01 9.02E-05 5.52E-02 1.36E-02 8.29E+00 

77.96 1.04E-02 1.09E+01 8.15E-05 4.18E-02 1.46E-02 7.48E+00 

93.38 1.15E-02 1.14E+01 6.45E-05 2.76E-02 1.38E-02 5.93E+00 

122.56 1.35E-02 1.20E+01 4.80E-05 1.57E-02 1.34E-02 4.38E+00 

181.36 1.63E-02 1.26E+01 3.70E-05 8.17E-03 1.52E-02 3.36E+00 

306.66 1.91E-02 1.30E+01 1.61E-05 2.10E-03 1.11E-02 1.44E+00 

1475.66 2.26E-02 1.31E+01 1.59E-06 4.30E-05 4.22E-03 1.15E-01 
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F.9 SAMPLE C; CONTROL 

Date:  04/26/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Abiola3c 

Description      ShaleCon3 

Comments          

Sample Weight    0.9050 g 

Adsorbate        NITROGEN    Operator        Abiola    Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   244.2   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      04/12/2012 14:02 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

EABI3CI.RAW  Station #        1              Bath Temp.    77.35    

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  5.057E+00 m²/g 

BJH Method Cumulative Desorption Surface Area...............  6.550E+00 m²/g 

DH Method Cumulative Desorption Surface Area................  6.648E+00 m²/g 

DR Method Micro Pore Area.................................................  7.246E+00 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 3064.9 Å at P/Po = 0.99371.....................................  1.043E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume................  1.053E-02 cc/g 

DH Method Cumulative Desorption Pore Volume.................  1.031E-02 cc/g 

DR Method Micro Pore Volume.............................................  2.575E-03 cc/g 

HK Method Cumulative Pore Volume....................................  2.064E-03 cc/g 

SF Method Cumulative Pore Volume.....................................  2.108E-03 cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter.............................................................  8.247E+01 Å 

BJH Method Desorption Pore Diameter (Mode)......................  3.799E+01 Å 

DH  Method Desorption Pore Diameter (Mode)......................  3.799E+01 Å 

DR  Method Micro Pore Width   .............................................  1.181E+02  Å 

DA  Method Pore Diameter (Mode).........................................  1.780E+01 Å 

HK  Method Pore Width    (Mode)...........................................  1.523E+01 Å 

SF  Method Pore Diameter (Mode)..........................................  2.870E+01 Å 

 



127 
 

 Table F.9: BET desorption pore size distribution for control specimen of sample C 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

14.05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

16.17 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

18.65 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

21.15 2.86E-05 5.42E-02 1.13E-05 2.14E-02 5.50E-04 1.04E+00 

23.76 9.81E-05 1.71E-01 2.57E-05 4.33E-02 1.40E-03 2.36E+00 

26.59 1.90E-04 3.09E-01 3.10E-05 4.67E-02 1.90E-03 2.86E+00 

29.73 3.67E-04 5.47E-01 5.29E-05 7.12E-02 3.62E-03 4.87E+00 

33.69 5.73E-04 7.92E-01 4.51E-05 5.36E-02 3.50E-03 4.15E+00 

37.99 2.48E-03 2.80E+00 4.73E-04 4.98E-01 4.13E-02 4.35E+01 

42.18 3.81E-03 4.06E+00 3.07E-04 2.91E-01 2.98E-02 2.83E+01 

47.58 4.18E-03 4.37E+00 5.65E-05 4.75E-02 6.18E-03 5.19E+00 

54.72 4.77E-03 4.81E+00 7.61E-05 5.56E-02 9.57E-03 7.00E+00 

63.7 5.42E-03 5.21E+00 6.40E-05 4.02E-02 9.36E-03 5.88E+00 

75.86 6.19E-03 5.62E+00 5.43E-05 2.86E-02 9.46E-03 4.99E+00 

92.83 7.03E-03 5.98E+00 4.24E-05 1.83E-02 9.02E-03 3.89E+00 

118.78 7.77E-03 6.23E+00 2.31E-05 7.76E-03 6.27E-03 2.11E+00 

165.98 8.57E-03 6.42E+00 1.28E-05 3.09E-03 4.84E-03 1.17E+00 

303.76 9.34E-03 6.52E+00 3.64E-06 4.79E-04 2.43E-03 3.21E-01 

1737.67 1.05E-02 6.55E+00 4.46E-07 1.03E-05 1.36E-03 3.12E-02 
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F.10 SAMPLE C; MONTH 1 

Date:  05/19/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Abiola3A 

Description      AbiolaShale3A 

Comments          

Sample Weight    1.4000  g 

Adsorbate        NITROGEN      Operator        Abiola    Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   243.2   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      05/17/2012 21:03 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

ABIOLATA.RAW Station #        1              Bath Temp.    77.35 °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  4.422E+00 m²/g 

BJH Method Cumulative Desorption Surface Area...............  5.354E+00 m²/g 

DH Method Cumulative Desorption Surface Area................  5.401E+00 m²/g 

DR Method Micro Pore Area.................................................  6.239E+00 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 1993.6 Å at P/Po = 0.99028......................................  1.016E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume................  1.018E-02 cc/g 

DH Method Cumulative Desorption Pore Volume.................  9.947E-03 cc/g 

DR Method Micro Pore Volume.............................................  2.217E-03 cc/g 

HK Method Cumulative Pore Volume....................................  1.779E-03 cc/g 

SF Method Cumulative Pore Volume.....................................  1.821E-03 cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter.............................................................  9.187E+01 Å 

BJH Method Desorption Pore Diameter (Mode)......................  3.812E+01 Å 

DH  Method Desorption Pore Diameter (Mode).......................  3.812E+01 Å 

DR  Method Micro Pore Width   ..............................................  1.154E+02 Å 

DA  Method Pore Diameter (Mode)..........................................  1.800E+01 Å 

HK  Method Pore Width    (Mode)............................................  1.562E+01 Å 

SF  Method Pore Diameter (Mode)...........................................  2.925E+01 Å 
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Table F.10: BET desorption pore size distribution for 1-month CO2-brine flooded specimen of 

sample C 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

14.08 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

16.21 1.20E-05 2.96E-02 4.80E-06 1.19E-02 1.79E-04 4.41E-01 

18.68 5.22E-05 1.16E-01 1.65E-05 3.53E-02 7.07E-04 1.51E+00 

21.16 8.35E-05 1.75E-01 1.25E-05 2.35E-02 6.06E-04 1.15E+00 

23.77 9.58E-05 1.96E-01 4.54E-06 7.64E-03 2.48E-04 4.18E-01 

26.59 1.64E-04 2.97E-01 2.31E-05 3.47E-02 1.41E-03 2.12E+00 

29.8 2.63E-04 4.32E-01 2.87E-05 3.85E-02 1.97E-03 2.64E+00 

33.95 5.63E-04 7.85E-01 6.23E-05 7.34E-02 4.86E-03 5.73E+00 

38.12 2.15E-03 2.45E+00 4.51E-04 4.73E-01 3.95E-02 4.15E+01 

42.22 2.88E-03 3.15E+00 1.56E-04 1.48E-01 1.52E-02 1.44E+01 

47.72 3.24E-03 3.44E+00 5.56E-05 4.66E-02 6.10E-03 5.12E+00 

54.85 3.66E-03 3.75E+00 5.30E-05 3.86E-02 6.68E-03 4.87E+00 

64.03 4.15E-03 4.05E+00 4.71E-05 2.94E-02 6.93E-03 4.33E+00 

76.3 4.73E-03 4.36E+00 4.12E-05 2.16E-02 7.21E-03 3.78E+00 

94.49 5.32E-03 4.61E+00 2.66E-05 1.13E-02 5.77E-03 2.44E+00 

123.01 6.14E-03 4.88E+00 2.35E-05 7.63E-03 6.60E-03 2.15E+00 

165.75 7.00E-03 5.08E+00 1.71E-05 4.13E-03 6.47E-03 1.56E+00 

286.43 8.54E-03 5.30E+00 8.07E-06 1.13E-03 5.12E-03 7.15E-01 

1187.68 1.02E-02 5.35E+00 1.02E-06 3.42E-05 2.28E-03 7.67E-02 

 

 

 

 

 

 

 

 



130 
 

F.11 SAMPLE C; MONTH 2 

Date:  05/20/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Abiola3B 

Description      AbiolaShale3B 

Comments          

Sample Weight    1.2000  g 

Adsorbate        NITROGEN    Operator        Abiola    Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   250.9   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      05/18/2012 22:43 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

ABIOLA3B.RAW Station #        1              Bath Temp.    77.35 °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  5.297E+00 m²/g 

BJH Method Cumulative Desorption Surface Area...............  5.850E+00 m²/g 

DH Method Cumulative Desorption Surface Area................  5.906E+00 m²/g 

DR Method Micro Pore Area.................................................  7.629E+00 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 4000.9 Å at P/Po = 0.99519......................................  1.228E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume................  1.210E-02 cc/g 

DH Method Cumulative Desorption Pore Volume.................  1.182E-02 cc/g 

DR Method Micro Pore Volume.............................................  2.711E-03 cc/g 

HK Method Cumulative Pore Volume....................................  2.236E-03 cc/g 

SF Method Cumulative Pore Volume......................................  2.283E-03 cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter...............................................................  9.276E+01 Å 

BJH Method Desorption Pore Diameter (Mode)........................  3.804E+01 Å 

DH  Method Desorption Pore Diameter (Mode).........................  3.804E+01 Å 

DR  Method Micro Pore Width   ................................................  1.093E+02 Å 

DA  Method Pore Diameter (Mode)............................................  1.780E+01 Å 

HK  Method Pore Width    (Mode)..............................................  1.552E+01 Å 

SF  Method Pore Diameter (Mode)..............................................  2.916E+01 Å 
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Table F.11: BET desorption pore size distribution for 2-month CO2-brine flooded specimen of 

sample C 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

13.44 5.49E-05 1.63E-01 1.82E-05 5.41E-02 5.60E-04 1.67E+00 

16.2 5.87E-05 1.73E-01 1.51E-06 3.72E-03 5.61E-05 1.39E-01 

18.67 1.18E-04 3.01E-01 2.44E-05 5.22E-02 1.05E-03 2.24E+00 

21.16 1.77E-04 4.11E-01 2.31E-05 4.38E-02 1.13E-03 2.13E+00 

23.75 2.49E-04 5.32E-01 2.70E-05 4.55E-02 1.48E-03 2.49E+00 

26.57 2.77E-04 5.75E-01 9.52E-06 1.43E-02 5.82E-04 8.76E-01 

29.76 3.70E-04 7.00E-01 2.75E-05 3.69E-02 1.88E-03 2.53E+00 

33.79 6.67E-04 1.05E+00 6.35E-05 7.52E-02 4.93E-03 5.84E+00 

38.04 2.31E-03 2.78E+00 4.31E-04 4.53E-01 3.77E-02 3.96E+01 

42.17 3.25E-03 3.67E+00 2.11E-04 2.00E-01 2.04E-02 1.94E+01 

47.49 3.52E-03 3.90E+00 4.39E-05 3.70E-02 4.79E-03 4.04E+00 

54.51 3.86E-03 4.15E+00 4.39E-05 3.22E-02 5.50E-03 4.03E+00 

63.6 4.29E-03 4.42E+00 4.15E-05 2.61E-02 6.06E-03 3.81E+00 

76 4.82E-03 4.70E+00 3.65E-05 1.92E-02 6.36E-03 3.35E+00 

94.13 5.50E-03 4.98E+00 3.10E-05 1.32E-02 6.68E-03 2.84E+00 

123.83 6.39E-03 5.28E+00 2.39E-05 7.72E-03 6.76E-03 2.18E+00 

173.81 7.48E-03 5.52E+00 1.74E-05 4.00E-03 6.88E-03 1.58E+00 

319.16 9.74E-03 5.81E+00 9.92E-06 1.24E-03 6.97E-03 8.73E-01 

2217.13 1.21E-02 5.85E+00 6.61E-07 1.19E-05 2.44E-03 4.41E-02 
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F.12 SAMPLE C; MONTH 3 

Date:  06/19/2012 

 

                            Quantachrome Corporation 

            Quantachrome Autosorb Automated Gas Sorption System Report 

                      Autosorb for Windows® Version 1.19 

 

Sample ID        Shale3D 

Description      ReactedShale 3D 

Comments          

Sample Weight    1.3000  g 

Adsorbate        NITROGEN       Operator        Abiola    Cross-Sec Area   16.2  Å²/molec Outgas 

Time   0.5  hrs Analysis Time   269.0   min NonIdeality      6.580E-05      P/Po Toler    5        End 

of Run      06/19/2012 09:08 Molecular Wt     28.0134 g/mol  Equil Time    2        File Name       

SHALE2D.RAW  Station #        1              Bath Temp.    77.35 °C 

 

 

AREA-VOLUME-PORE SIZE SUMMARY 

 

SURFACE AREA DATA 

 

Multipoint BET......................................................................  7.608E+00 m²/g 

BJH Method Cumulative Desorption Surface Area...............  6.655E+00 m²/g 

DH Method Cumulative Desorption Surface Area................  6.722E+00 m²/g 

DR Method Micro Pore Area.................................................  1.035E+01 m²/g 

 

PORE VOLUME DATA 

 

Total Pore Volume for pores with Diameter 

less than 1830.1 Å at P/Po = 0.98940......................................  1.602E-02 cc/g 

BJH Method Cumulative Desorption Pore Volume................  1.332E-02 cc/g 

DH Method Cumulative Desorption Pore Volume.................  1.302E-02 cc/g 

DR Method Micro Pore Volume.............................................  3.677E-03 cc/g 

HK Method Cumulative Pore Volume....................................  2.780E-03 cc/g 

SF Method Cumulative Pore Volume.....................................  2.867E-03 cc/g 

 

PORE SIZE DATA 

 

Average Pore Diameter.............................................................  8.424E+01 Å 

BJH Method Desorption Pore Diameter (Mode)......................  3.786E+01 Å 

DH  Method Desorption Pore Diameter (Mode).......................  3.786E+01 Å 

DR  Method Micro Pore Width   ..............................................  1.300E+02  Å 

DA  Method Pore Diameter (Mode)..........................................  1.840E+01 Å 

HK  Method Pore Width    (Mode)............................................  1.667E+01 Å 

SF  Method Pore Diameter (Mode)............................................  3.137E+01 Å 
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Table F.12: BET desorption pore size distribution for 3-month CO2-brine flooded specimen of 

sample C 

 

Diameter Pore Vol Pore Surf 

Area 

Dv(d) Ds(d) Dv(logd) Ds(logd) 

Å [cc/g] [m²/g] cc/ Å /g [m²/Å/g] [cc/g] [m²/g] 

13.8 6.10E-05 1.77E-01 2.13E-05 6.18E-02 6.75E-04 1.96E+00 

16.35 1.27E-04 3.39E-01 2.95E-05 7.22E-02 1.11E-03 2.71E+00 

18.68 2.40E-04 5.81E-01 4.64E-05 9.94E-02 1.99E-03 4.27E+00 

21.17 3.49E-04 7.86E-01 4.30E-05 8.13E-02 2.09E-03 3.96E+00 

23.77 4.53E-04 9.62E-01 3.88E-05 6.53E-02 2.12E-03 3.57E+00 

26.59 5.81E-04 1.15E+00 4.34E-05 6.53E-02 2.65E-03 3.99E+00 

29.76 7.28E-04 1.35E+00 4.33E-05 5.82E-02 2.96E-03 3.98E+00 

33.68 1.09E-03 1.78E+00 8.06E-05 9.57E-02 6.24E-03 7.41E+00 

37.86 2.55E-03 3.32E+00 3.72E-04 3.93E-01 3.24E-02 3.43E+01 

42.16 3.41E-03 4.14E+00 1.84E-04 1.75E-01 1.79E-02 1.70E+01 

47.6 3.80E-03 4.47E+00 6.27E-05 5.27E-02 6.86E-03 5.77E+00 

54.67 4.21E-03 4.77E+00 5.23E-05 3.83E-02 6.57E-03 4.81E+00 

63.63 4.70E-03 5.08E+00 4.89E-05 3.08E-02 7.15E-03 4.50E+00 

76.04 5.18E-03 5.33E+00 3.24E-05 1.70E-02 5.65E-03 2.97E+00 

94.76 5.95E-03 5.65E+00 3.37E-05 1.42E-02 7.32E-03 3.09E+00 

125.16 6.95E-03 5.97E+00 2.64E-05 8.42E-03 7.54E-03 2.41E+00 

173.24 8.17E-03 6.25E+00 2.10E-05 4.85E-03 8.29E-03 1.92E+00 

282.57 1.02E-02 6.54E+00 1.26E-05 1.78E-03 7.96E-03 1.13E+00 

1096.49 1.33E-02 6.66E+00 2.14E-06 7.79E-05 4.46E-03 1.63E-01 
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APPENDIX G 

CALCULATION OF PERMEABILITY RATIO AND DIMENSIONLESS NUMBERS 

G.1 Calculation of Permeability Ratio 

  

    
  

 [
    

 

  
 ] [

   
 

     
 ] 

 

Table G.1: Calculations of permeability ratio for shale caprock samples over 3 months of CO2- 

brine flooding 

 Area(m
2
/g) 

Month/Sample A B C 

0 7.992 11.557 6.375 

1 8.671 12.883 5.354 

2 9.346 13.283 6.171 

3 9.381 13.525 6.53375 

    

    

 Volume(cc/g) 

Month/Sample A B C 

0 0.0126 0.01886 0.01043 

1 0.01529 0.02016 0.01016 

2 0.01591 0.02187 0.01228 

3 0.0162 0.02241 0.01302 

    

    

 
Permeability Ratio, 

    

  
 

Month/Sample A B C 

0 1 1 1 

1 1.518040642 0.982885 1.310484 

2 1.472171143 1.180373 1.741773 

3 1.542574283 1.224944 1.851891 
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G.2 Calculation of Dimensionless Numbers  

Pe= vl/D Da= l/vTa PeDa= l
2
/TaD= ɣrl/D 

    ɣr= l/Ta v=q / A 

 

Table G.2: Calculation of Peclet (Pe) and Peclet-Damkohler (PeDa) Numbers 

Sample A 

Month l(m) v(m/s) D(m
2
/s) ɣr(m/s) 

0 3.793E-09 0 3.95E-11 0.0008 

1 3.822 E-09 2.18E-12 3.95E-11 0.0008 

2 3.810 E-09 2.23E-12 3.95E-11 0.0008 

3 3.816 E-09 2.41E-12 3.95E-11 0.0008 

     

Sample B 

Month l(m) v(m/s) D(m
2
/s) ɣr(m/s) 

0 3.767 E-09 0 3.95E-11 0.0008 

1 3.770 E-09 1.46E-12 3.95E-11 0.0008 

2 3.790 E-09 1.58E-12 3.95E-11 0.0008 

3 3.793 E-09 1.72E-12 3.95E-11 0.0008 

     

Sample C 

Month l(m) v(m/s) D(m
2
/s) ɣr(m/s) 

0 3.799 E-09 0 3.95E-11 0.0008 

1 3.812 E-09 3.52E-12 3.95E-11 0.0008 

2 3.804 E-09 3.39E-12 3.95E-11 0.0008 

3 3.810 E-09 3.54E-12 3.95E-11 0.0008 

     

Pe 

Sample/Month 0 1 2 3 

A 0 2.107E-10 2.158E-10 2.328E-10 

B 0 0.140E-10 1.517E-10 1.655E-10 

C 0 0.341E-10 3.264E-10 3.420E-10 

     

PeDa 

Sample/Month 0 1 2 3 

A 0 7.751E-02 7.726E-02 7.738E-02 

B 0 7.645E-02 7.685E-02 7.692E-02 

C 0 7.730E-02 7.714E-02 7.726E-02 
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