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Abstract: Understanding and predicting sealing characteristics and containment efficiency as a 25 
function of burial depth across sedimentary basins is a prerequisite for safe and secure subsurface 26 
CO2 storage. Instead of estimators and empirical relationships, this study aims to delineate bounds 27 
and variability domains for non-cemented fine-grained sediments. Constant rate of strain uniaxial 28 
compression experiments were performed to measure changes in rock properties of brine-saturated 29 
quartz-clay mixtures. The binary mixtures were prepared by mixing quartz with strongly-swelling 30 
(smectite) and non-swelling (kaolinite) clays representing endmember characteristics within the 31 
clay minerals. The primary objective was to evaluate the evolution of mudstone rock properties in 32 
the first 2.5 km of burial depth (approximately 25 MPa effective vertical stress) before chemical com- 33 
paction and cementation. By conducting systematic laboratory tests, variability domains, normal 34 
compaction trends, and the boundaries in which characteristics of fine-grained argillaceous CO2 35 
caprocks may vary were identified and quantified. The results showed distinct property domains 36 
for kaolinite-rich and smectite-rich mudstones as endmember mineralogical composition scenarios. 37 
In addition, two discrepancies were discovered in the literature and resolved regarding maximum 38 
possible compaction and ultimate lowest porosity. The present experimental study can provide in- 39 
puts for numerical simulation and geological modeling of candidate CO2 storage sites. 40 

Keywords: Permeability; Porosity; Elastic Moduli; Seismic Properties; Effective Stress; Mechanical 41 
Compaction; Mudstone; Caprock; Petrophysics; Rock Physics 42 
 43 

1. Introduction 44 

Fine-grained clastic sediments are the most abundant deposits of sedimentary basins 45 
and yet among the least investigated sedimentary rocks. Because of the markedly distinct 46 
properties of mudstones and shales compared to sandstones, they are of fundamental im- 47 
portance as caprocks for anthropogenic-related storage sites such as geological CO2 se- 48 
questration and waste repositories [1–5], and conventional and unconventional petro- 49 
leum-related activities [6–8]. 50 

Rock properties of the fine-grained argillaceous sediments are strongly affected by 51 
local geologic trends. They may markedly change even within a sedimentary basin [4,9– 52 
11]. The geological trends can be divided into compaction trends and depositional trends 53 
[9,12]. In other words, critical geologic parameters that determine the evolution of rock 54 
properties are either related to burial history or depositional environment. Post-deposi- 55 
tional processes modify mudstone properties during burial through mechanical and 56 
chemical compactions. How depositional trends and lateral variability dictate the changes 57 
in macro-scale rock properties should also be incorporated in basin-wide interpretations. 58 
Such knowledge and understanding are crucial, particularly in areas with little or no well 59 
log information, to constrain geological and geophysical models and reduce uncertainties 60 
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in predicting rock and fluid properties. This study will focus on sediment burial and com- 61 
paction trends. 62 

There are two different conceptual models, as presented in Figure 1, which explain 63 
the post-depositional changes related to compaction trends in mudstones. These two 64 
frameworks define the relative impact and the domain of influence for mechanical and 65 
chemical compactions as a function of temperature or burial depth.  66 

The first conceptual model, the left side of Figure 1, states that after the initial me- 67 
chanical compaction, there is a transition zone during which clay diagenesis, cementation, 68 
and chemical compaction begin simultaneously as mechanical compaction is still active 69 
[13,14]. At higher temperatures, chemical compaction (cementation) is the only governing 70 
mechanism that continues, by implication, independent of the effective stress [13,14]. 71 
However, the importance, presence, and span of the transition zone are discussed and 72 
highlighted dissimilar in literature proposing the first model (e.g., Bjørlykke in [15]). For 73 
instance, Storvoll and Brevik [16] assert that at the onset of chemical compaction, when 74 
quartz cement precipitates, the grain contacts become more stable, the stress distributes 75 
on a larger surface area because of the cement, and as a result, increase in effective vertical 76 
stress becomes insufficient to overcome the strength and stability of the grain framework. 77 
They, hence, conclude that it marks the end and stop of mechanical compaction and the 78 
beginning of sole chemical compaction [16]. 79 

  80 

 81 

 82 

 83 

 84 

Figure 1. Alternative con- 85 
ceptual models for the  86 
relative impact of     87 
mechanical and chemical 88 
compactions on mud- 89 
stones during burial 90 
(modified from [3,17]). 91 

The right side of Figure 1 presents the second conceptual model. It states that both 92 
chemical and mechanical compactions are responsible for the changes in mudstone prop- 93 
erties after the onset of clay mineral transformation [17–19]. Moreover, there is no impli- 94 
cation in the second model about mechanical compaction getting negligible at tempera- 95 
tures above 100°C. Goulty et al. [19] documented evidence of mechanical compaction in 96 
response to increased effective stress up to 130°C. 97 

Another group of scientists, such as Day-Stirrat et al. [20], while using the first con- 98 
ceptual model, have incorporated the second model by stating that there is a mutual im- 99 
pact of mechanical and chemical compactions at deeper depths. Chemical compaction 100 
dominates the mutual impact, and the effect of mechanical compaction eventually fades 101 
away [20,21]. In which depth or above which temperature interval, the mechanical com- 102 
paction fades away, and the chemical compaction becomes the only governing factor, 103 
however, remain elusive. 104 

In contrast to what is often assumed for mudstones to use a single curve normal com- 105 
paction trend (NCT), fine-grained argillaceous rocks show a considerable scatter in com- 106 
paction curves during burial, even in the mechanical compaction domain [3,4,7,11,22–25]. 107 
Depending on the microstructure and composition of the constituents in terms of miner- 108 
alogy and grain size, a boundary or domain should be used to describe mudstone prop- 109 
erties instead of a single line or equation. Until recently, though, mudstones and shales 110 
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have often been considered similar lithology types, and not much attention has been given 111 
to the micro-scale properties [6].  112 

The mechanical properties and elastic moduli will increase as a result of increasing 113 
effective vertical stress, which in turn leads to an increase in acoustic velocity during bur- 114 
ial. The elastic moduli increase rapidly during early compaction, up until 10 MPa, because 115 
of the significant porosity loss at low-stress levels. Afterward, they show a steady and 116 
gentle increase as the grains get closer and become more densely packed. While these 117 
moduli increase monotonically during mechanical compaction with the decrease in po- 118 
rosity or increase of effective vertical stress, they show different behaviors when chemical 119 
compaction begins [11,16,26]. In particular, the shear modulus reacts distinctly above and 120 
below an apparent knee-point, representing the initiation of quartz cementation. The 121 
knee-point is characterized by a sharp increase in shear modulus and change in the trend 122 
line. 123 

In the mechanical compaction domain, the Athy-like exponential decline in porosity 124 
can generally describe porosity compaction curves [27]. The shape of the compaction 125 
curves is controlled by microstructure [25,28,29], which in turn, determines the pore space 126 
properties and the available intergranular volume for cementation [21,30]. At the onset of 127 
chemical compaction, the precipitated cement does not significantly influence porosity or 128 
bulk density because the pore volume only changes slightly [31]. It, however, results in a 129 
significant increase in velocity-depth trends [3,32] as incipient quartz cementation near 130 
grain contacts causes a rapid and considerable framework stiffening [7,33,34]. Therefore, 131 
the early quartz cementation causes a substantial increase in shear modulus. It is why 132 
shear wave velocity indicates a much higher sensitivity to weak cementation than com- 133 
pressional wave velocity [16,35]. As burial depth increases and chemical compaction con- 134 
tinues, total porosity decreases and acoustic velocity increases. However, it has less im- 135 
pact on the continued stiffening of grain framework and, consequently, elastic moduli 136 
[11,16,32].  137 

There are two different approaches to describing the physical properties of rocks, 138 
namely, "estimators" and "bounds." In contrast to bounds that provide a range of potential 139 
variations in rock properties, given the limited subsurface data that we typically have, the 140 
estimators give a specific value for the rock property. For instance, when Archie's Law is 141 
being used to predict saturation or Gassmann's equations are being applied to see how 142 
effective moduli vary as a function of pore fluid variations. However, rock microstructure 143 
and micro-scale properties are controlling factors that determine where the values should 144 
locate within the boundaries and why estimators cannot provide a universal solution and 145 
may fail or mislead us. 146 

The mechanical compaction experiments in the laboratory provide the opportunity 147 
to study the evolution of rock properties during burial and compare the results with in- 148 
situ measurements in natural settings. The experiments simulate the compaction of sedi- 149 
ments in a normally-compacted basin before the onset of chemical compaction and ce- 150 
mentation. The evolution of petrophysical, rock physics, and geomechanical properties of 151 
mixtures of quartz-kaolinite and quartz-smectite during laboratory compaction is pre- 152 
sented here. The concurrent study of non-swelling (kaolinite) and strongly-swelling 153 
(smectite) clay minerals provides insights into the boundaries in which properties of fine- 154 
grained sediments and mudstone caprocks may change as a result of burial and increase 155 
in effective stress. 156 

2. Materials and Methods 157 

2.1. Sample preparation and characterization 158 

A total of 8 brine-saturated specimens of quartz-clay mixtures were tested. Each spec- 159 
imen was tested twice to ensure repeatability. The synthetic samples were prepared by 160 
mixing quartz grains with non-swelling (kaolinite) and strongly-swelling (smectite) clay 161 
minerals. The quartz grains are composed of silt-sized (4-63 μm) and very fine sand-sized 162 
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(63-125 μm) aggregates. The quartz-clay samples were obtained by mixing quartz with 163 
different weight percentages of kaolinite or smectite clay groups. The quartz-clay weight 164 
percentages were 85:15, 50:50, 15:85, and 0:100. Therefore, four quartz-clay mixtures were 165 
tested for each kaolinite (non-swelling) and smectite (strongly-swelling) clay mineral. 166 

The mineralogical composition, including whole-rock (bulk) and clay minerals, was 167 
identified and quantified using the X-ray diffraction (XRD) technique. A laser particle size 168 
analyzer (Beckman Coulter LS13 320) provided the grain size. The detailed procedures of 169 
sample characterization were given in [4,11]. 170 

2.2. Laboratory setup and experimental procedure 171 

Mechanical compaction experiments using a constant rate of strain protocol were car- 172 
ried out to measure the evolution of petrophysical and rock physics properties. An aque- 173 
ous solution of 0.6 M (35 g/l) sodium chloride (NaCl, EMSURE®) in distilled water was 174 
used to prepare the brine-saturated quartz-clay mixtures. Approximately 55 grams of dry 175 
aggregates were used to prepare each brine-saturated sample. The brine-saturated sam- 176 
ples were tested using a high-stress oedometer equipped with acoustic measurement 177 
transducers. The cross-section of the utilized high-stress oedometer and a schematic of the 178 
experimental procedure are shown in Figure 2. Constant rate of strain (CRS) uniaxial com- 179 
pression tests were performed to measure the compressibility of the brine-saturated 180 
quartz-clay mixtures [36,37]. Aiming to simulate a close to hydrostatic pressure condition, 181 
a strain rate of 0.67% per hour was selected, corresponding to an initial deformation of 0.2 182 
mm per hour for an initial sample height of 30 mm. In these experiments, effective vertical 183 
stress was increased to 25 MPa. All experiments were performed with drained loading 184 
conditions at room temperature of approximately 19-21°C. A detailed description of the 185 
experimental setup for compaction experiments is given [11,25]. 186 

2.3. Elastic moduli derivation 187 

Through the pulse transmission technique, the travel time of the acoustic signals that 188 
passed a sample of known height was measured and converted the travel time to ultra- 189 
sonic velocity. The dynamic elastic moduli were extracted from the bulk density (ρ) and 190 
ultrasonic wave velocity measurements. The experimental setup was equipped with two 191 
piezoelectric transducers with a resonant frequency of 500 kHz to generate and receive 192 
high-quality ultrasonic signals. The pulse transmission technique was used to measure 193 
compressional (Vp) and shear wave (Vs) velocities. A detailed derivation of physical prop- 194 
erties during compaction experiments is given [11,25]. 195 

2.4. Vertical permeability measurement 196 

The constant rate of strain (CRS) compaction technique offers a direct method for 197 
computing vertical hydraulic conductivity continuously during the test. Figure 2 demon- 198 
strates the applied stress and drainage condition for the performed uniaxial CRS compac- 199 
tion experiment. While the non-moving pedestal was kept undrained, the moving piston 200 
allowed the pore fluid to drain to atmospheric pressure (Fig. 2). The procedures given in 201 
[36,37] were followed to calculate the vertical permeability of the samples. The permea- 202 
bility values were computed continuously at 5 min time intervals during the compaction 203 
experiments. Each specimen was also subjected to several single-phase flow direct perme- 204 
ability measurements to ensure the reliability of the CRS-driven permeability curves. 205 
Steady-state flow-through experiments were performed to measure absolute permeability 206 
at a constant pressure gradient condition and calculated vertical permeability using Dar- 207 
cy's law [25,38,39]. 208 

The vertical permeability measurements were conducted under controlled axial 209 
stress and pore pressure. While the oedometer cell was placed on the hydraulic load 210 
frame, a computer-controlled screw pump (GDS pressure-volume controller) regulated 211 
the vertical stress over the oedometer's top piston using the load frame.  212 
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Figure 2. (a) A schematic representation of high-stress oedometer compression setup equipped with piezoelectric transducers for 213 
real-time Vp and Vs measurements. (b) Applied vertical stress and pore fluid drainage conditions during the constant rate of strain 214 
(CRS) uniaxial compaction experiments. 215 

Another computer-controlled GDS pump injected the brine at a constant pressure condi- 216 
tion via the bottom compartment of the oedometer (inlet). During the permeability test, 217 
the pore pressure sensor continuously monitored the lower pore pressure. The top drain- 218 
age opening (outlet) was connected to a graduated pipette at atmospheric pressure (Pout- 219 
let = 0.101 MPa) to collect and measure the displaced pore fluid. To begin with the perme- 220 
ability measurement, the inlet pressure was adjusted to the desired pressure using the 221 
inlet GDS controller, and then the inlet valve was opened for flow. Although reaching 222 
steady-state flow requires prolonged testing time, the flow rates were only considered for 223 
evaluation of vertical permeability once the steady-state flow conditions were achieved. 224 

3. Results and Discussion 225 

In the following sections, the results of laboratory experiments to evaluate the evolu- 226 
tion of mudstone rock properties in the first 2.5 km of burial depth (until approximately 227 
25 MPa effective stress) are presented and discussed. Instead of individual compaction 228 
curves, the focus is on boundaries and domains in which properties of non-swelling (ka- 229 
olinite) and strongly-swelling (smectite) clay-rich caprock layers change. 230 

3.1. Changes in rock properties as a function of effective stress 231 

The uniaxial mechanical compaction results of brine-saturated clay-quartz aggre- 232 
gates are presented in Figure 3, where total porosity [%], vertical permeability [mD], com- 233 
pressional wave velocity (Vp) [m/s], and shear wave velocity (Vs) [m/s] are plotted as a 234 
function of effective vertical stress [MPa]. The variability domain of kaolinite-rich and 235 
smectite-rich mudstone samples are color-coded in violet and green, respectively. 236 

Figure 3 shows a distinct compaction behavior for porosity, permeability, Vp and Vs 237 
of quartz-kaolinite and quartz-smectite mixtures. As Figure 3a shows smectite-rich mix- 238 
tures are less prone to compaction (lower degree of compressibility) than the kaolinite- 239 
rich mixtures, with a final total porosity ranging 28-42% and 19-30%, respectively. There- 240 
fore, the laboratory compaction results document a wide range of potential values (19- 241 
42%, with a span of 23%) for the total porosity of mudstones and fine-grained sediments 242 
at the end of the mechanical compaction domain (Fig. 1). Two to three orders of magni- 243 
tude reduction in vertical permeability were recorded between 1 and 25 MPa effective 244 
vertical stresses (Fig. 3b).  245 
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Figure 3. Experimental compaction results of brine-saturated binary quartz-clay mixtures. The evolution of (a) total porosity [%], (b) 246 
vertical permeability [mD], (c) compressional wave velocity (Vp) [m/s], and (d) shear wave velocity (Vs) [m/s] are plotted as a func- 247 
tion of effective vertical stress [MPa]. The variability domain of kaolinite-rich and smectite-rich mudstone samples are color-coded 248 
in violet and green, respectively. 249 

The vertical permeability results show approximately two orders of magnitude do- 250 
main of variability (Fig. 3b). The kaolinite-rich samples show higher permeability (trans- 251 
missivity) in a range of (≈ 0.001-0.0002 mD) compared to smectite-rich samples (≈ 0.0001- 252 
0.00001 mD). Kaolinite-rich fine-grained mixtures consistently show higher Vp and Vs 253 
values than smectite-rich specimens (Fig. 3c-d). While compressional wave velocity (Vp) 254 
graphs show considerable overlap, the shear wave velocities (Vs) are more or less span- 255 
ning over two distinct regions with a slight overlap in values. In each subplot in Figure 3, 256 
although the tested clay-quartz mixtures have a domain of variability at any given effec- 257 
tive stress, the loading curves of the brine-saturated samples are similar in shape, and 258 
consequently, the type of mathematical equation that may be used to describe or estimate 259 
them. 260 

In Figure 3a, three stages of porosity loss can be identified in the normal compaction 261 
trends (NCTs) of fine-grained sediments at a given interval of effective vertical stress, 262 
namely I) 0-1 MPa, II) 1-5 MPa, and III) 5-25 MPa effective vertical stress. At stage I, 263 
around 40% of initial porosity loss occurs due to the slurry's water loss before grains come 264 
in contact at very low effective stresses (up to 1 MPa). A rapid porosity reduction is ob- 265 
servable at the early stages of compaction (lower than 10 MPa or approximately the first 266 
1 km burial depth). Stage II (1-5 MPa) defines the shape and susceptibility to loss of the 267 
pore volume. Relatively slow and steady compaction occurred between 10 and 25 MPa in 268 
stage III. The compaction in this interval is mainly associated with rearrangement, reori- 269 
entation, and closer packing of the grains. Therefore, similar to Velde's results [28], an 270 
exponential and a linear sub-stage can be considered for the mechanically dominated 271 
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compaction. Careful observation of compaction curves (particularly Fig. 3a) shows that 272 
porosity loss before 5 MPa is different for each mixture. The compressibility in this inter- 273 
val defines the form of compaction baseline for each tested sample. This specific com- 274 
pressibility could be related to the development of depositional fabric and the packing of 275 
the grains in this interval. 276 

The ultrasonic wave velocity (Vp and Vs) depends considerably on effective vertical 277 
stress (Fig. 3c-d). Rapid development in velocity, especially in Vp, is observable in early 278 
compaction stages (I-II). As mentioned above, the rapid velocity increase corresponds to 279 
the significant porosity loss at low stress levels. The domain of variability in acoustic ve- 280 
locity (both Vp and Vs) increases with the increase in effective vertical stress, and hence 281 
during burial in the mechanical compaction domain (Fig. 1). The increment of compres- 282 
sional wave velocity in stage III is nearly the same for all tested samples. 283 

3.2 Changes in rock properties as a function of total porosity 284 

Figure 4 shows the semi-logarithmic cross-plot of vertical permeability (kv) and lin- 285 
ear plots of Vp and Vs as a function of measured total porosity (φ). It presents domains of 286 
variation in permeability and acoustic wave velocity of endmember quartz-clay mixtures 287 
rich in kaolinite (color-coded in violet) and smectite (color-coded in green) clay minerals. 288 

Figure 4. Experimental compaction results of brine-saturated binary quartz-clay mixtures. The evolution (a) vertical permeability 289 
[mD] in semi-logarithmic plane, (b) compressional wave velocity (Vp) [m/s], and (c) shear wave velocity (Vs) [m/s] in linear coordi- 290 
nates are plotted as a function of total porosity [%]. The variability domain of kaolinite-rich and smectite-rich mudstone samples are 291 
color-coded in violet and green, respectively. 292 

In Figure 4a, the semi-logarithmic (logarithmic ordinate versus linear abscissa) kv-φ 293 
relationship indicates that the permeability decline is much faster than the porosity loss 294 
and the decrease in permeability is more rapid at higher porosities. Approximately four 295 
to five orders of magnitude dispersion between the two boundaries (lowest and highest 296 
boundaries of kv-φ relationship) indicate the potential variability of fluid flow properties 297 
in fine-grained sediments and mudstones within the mechanical compaction domain. 298 

In analyzing the fluid flow measurements, a negative correlation between the vertical 299 
permeability and the content of clay-sized fractions and a positive correlation with the 300 
silt-sized particles were identified, consistent with the published literature [e.g., 301 
24,28,38,39]. Although several studies (for instance, Yang and Aplin [42]) proposed that 302 
samples with similar content of clay-sized particles show the same permeability, the re- 303 
sults of the present study suggest that it is not a universally accurate observation (Figs. 3- 304 
3). To be precise, the quartz-clay mudstones show an overall decrease in permeability with 305 
the increase of clay-sized content. The relationship, however, is not one-to-one. In other 306 
words, a higher clay-sized content does not necessarily mean a lower permeability. It im- 307 
plies that the best-possible packing of different size classes produces the most low-perme- 308 
ability porous medium. The synthetic quartz-clay mixtures range between 10−2 and 10−5 309 



Non-peer reviewed preprint submitted to EarthArXiv 9 of 19 
 

 

mD (Fig. 7). At effective vertical stresses equivalent to 2 km burial depth, the highest and 310 
lowest permeabilities among binary mixtures are recorded for the quartz-kaolinite 85:15 311 
and quartz-smectite 15:85 (wt %), respectively. 312 

The strongly-swelling clays (smectitic) markedly influence fluid flow properties of 313 
fine-grained sediments, which can be associated with the grain size of these clays [43]  314 
and the subsequent influence of pore size and pore throat on the permeability (or trans- 315 
missivity). Moreover, large specific surface area of the smectite clay group (inversely pro- 316 
portional to grain size) can prevent pore fluid from participating in flow and lead the 317 
reduced permeability. 318 

At the start of the uniaxial compression experiments (the equivalent of deposition 319 
time in the natural setting in sedimentary basins), the properties of brine-saturated fine- 320 
grained quartz-clay mixtures are expected to lie on or near the Reuss bound [7,11,44] as 321 
long as they are unconsolidated and weak. The increase of effective vertical stress and 322 
consequently decrease in total porosity cause steeper increasing permeability and acoustic 323 
velocity trajectories. In Figure 4, permeability, P- and S-wave velocity measurements of 324 
non-swelling and strongly-swelling clay-quartz samples show somewhat separate and 325 
distinctive domains and, therefore, can be used to construct respective rock physics tem- 326 
plates. 327 

The ultrasonic velocity measurements (Vp and Vs) show a general trend of increasing 328 
velocity with decreasing total porosity, highlighting the significant porosity control on Vp 329 
and Vs of mudstone (and shale) sediments during mechanical compaction. The crossplots 330 
of Vp-φ and Vs-φ (Fig. 4b-c) suggest that published velocity-porosity empirical relations 331 
cannot be used reliably and broadly because approximately 800 m/s in Vp and 400 m/s in 332 
Vs are observable at a given total porosity value. The broad domain of variability in Vp 333 
and Vs at the same total porosity highlight the importance of factors such as compositional 334 
content (mineralogy and grain size), microfabric, and packing. Therefore, it is essential to 335 
consider both velocity and porosity measurements for characterizing mechanically com- 336 
pacted formations on well log data. In addition, it is crucial to consider the coupled effect 337 
of clay type and clay content on acoustic velocity and porosity (Figs. 3-4). 338 

3.3 Changes in elastic moduli and rock physics properties 339 

Experimental compaction results of computed dynamic elastic moduli of brine-satu- 340 
rated fine-grained quartz-clay mixtures are presented in Figure 5, where the evolution of 341 
elastic moduli, namely, bulk modulus, shear modulus, and Poisson's ratio, are plotted 342 
against (top row) effective vertical stress and (bottom row) total porosity. The variability 343 
domain of kaolinite-rich and smectite-rich mudstone samples are color-coded in violet 344 
and green, respectively. 345 

The cross-plots of elastic moduli demonstrate that the mechanical rock properties of 346 
clay-rich sediments strongly depend on the type of clays besides their content, particularly 347 
endmembers clay minerals of non-swelling (kaolinite) and strongly-swelling (smectite) 348 
nature. A rapid increase in bulk modulus is observable in the early compaction stages (I- 349 
II) (Fig. 5a). The rapid increase is attributed to the significant porosity loss at low-stress 350 
levels as the bulk modulus indicates how incompressible the samples are. The compress- 351 
ibility rate decreases after 10 MPa effective vertical stress, and the bulk modulus continues 352 
to increase almost linearly afterward. 353 

The shear modulus or rigidity indicates a steady and gentle increase during mechan- 354 
ical compaction. The Poisson's ratio shows a considerable drop throughout the experi- 355 
ments. The decline is notable in the first 10 MPa effective vertical stress (Fig. 5c). When 356 
specimens resemble incredibly soft water-saturated sediments or suspension of particles 357 
in a fluid, the values of Poisson's ratio are around 0.45 and approaching 0.5. The Poisson's 358 
ratio experiences an instant fall as effective vertical stress increases. It decreases with a 359 
gentler slope toward the end of the tests.  360 
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Figure 5. Computed dynamic elastic moduli of brine-saturated binary quartz-clay mixtures. The evolution of elastic moduli, namely, 361 
(a, d) bulk modulus [GPa], (b, e) shear modulus [GPa], and (c, f) Poisson's ratio are plotted against (top row) effective vertical stress 362 
[MPa] and (bottom row) total porosity [%]. The variability domain of kaolinite-rich and smectite-rich mudstone samples are color- 363 
coded in violet and green, respectively. 364 

The scatter in mechanical properties (i.e., elastic moduli) of the tested samples is relatively 365 
small at early stress levels, but it increases with effective vertical stress (Fig. 5).  366 

The quartz-kaolinite mixtures have higher bulk and shear moduli and lower Pois- 367 
son's ratios than the quartz-smectite samples. For the synthetic quartz-clay mixtures (Fig. 368 
4), the endpoint values at 25 MPa effective vertical stress vary approximately in the fol- 369 
lowing ranges: bulk modulus 6.2–11.2 GPa, shear modulus 0.45–2.1 GPa, and Poisson's 370 
ratio 0.41–0.46. As end members clay minerals with respect to grain size and surface area, 371 
the kaolinite-rich and smectite-rich domains of variability demonstrate the maximum and 372 
minimum compressibility (Fig. 5). The smectite-rich samples show notably low rigidity 373 
(shear modulus) and Poisson's ratios. The smectite content within the fine-grained sedi- 374 
ments is also important because it can cause abnormal pore pressure within the sedimen- 375 
tary strata. 376 

However, regarding the smectite clay fractions, it should be noted that these 377 
strongly-swelling fractions constitute a large group of 2:1 (tetrahedral-octahedral-tetrahe- 378 
dral) clay minerals, characterized by low layer charge (0.2–0.6 per half unit cell) and hy- 379 
drated exchangeable cations [43,45]. These characteristics determine the weakness of link- 380 
age between the different layers of a given particle [43,45,46]. Therefore, chemical and 381 
structural heterogeneity are typical for species in the smectite group. Both composition 382 
and structure are subject to continual variations in time and sedimentary environment 383 
[47,48]. The shape of smectites also varies according to the conditions of formation. Spe- 384 
cies in this group can be found in flakes, curls, and laths of different sizes [43,48]. Also,  385 
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Figure 6. Rock physics crossplots of (a) Vp versus Vs, (b) Vp/Vs ratio versus acoustic impedance (Ip, P-impedance), (c) Young's 386 
modulus versus Poisson's ratio; (d) μρ (rigidity times bulk density) versus λρ (incompressibility times bulk density). Computed and 387 
measured properties for kaolinite-rich (squares color-coded in violet) and smectite-rich (circles color-coded in green) clay minerals 388 
are shown. 389 

smectites are known to be of polydispersive size distribution, which also changes as a 390 
result of physical processes and chemical and structural transformations [45,46,48]. There- 391 
fore, it is expected that the mechanical properties of species in the smectite group differ 392 
significantly from each other. 393 

Figure 6 presents crossplots of a) Vp versus Vs, b) Vp/Vs ratio versus acoustic im- 394 
pedance (Ip, P-impedance), c) Young's modulus versus Poisson's ratio; (d) μρ (rigidity 395 
times bulk density) versus λρ (incompressibility times bulk density). Computed and 396 
measured properties for kaolinite-rich (squares color-coded in violet) and smectite-rich 397 
(circles color-coded in green) clay minerals are shown. 398 

As rock physics subplots of Figure 6 show properties of mudstones rich in varying 399 
percentages of endmember clay minerals spread over a wide range. Although overlap 400 
zones are evident in each crossplot, one can identify that smectite-rich and kaolinite-rich 401 
fine-grained sediments have distinctive characteristics. Binary mixtures of quartz-smec- 402 
tite (compared to kaolinite-rich mudstones) show lower Vp and Vs (Fig. 6a), higher Vp/Vs 403 
ratio and lower Ip (Fig. 6b), lower Young's modulus and higher Poisson's ratio (Fig. 6c), 404 
and finally lower μρ and λρ (Fig. 6d). The following intervals of properties are distinctive 405 
of brine-saturated kaolinite-rich samples in the mechanical compaction domain: Vp > 2200 406 
m/s, Vs > 750 m/s, Vp/Vs ratio < 3, Ip > 4750, Poisson's ratio > 0.4375, Young’s modulus > 407 
3.25, μρ > 2.5, and λρ > 17.5 (Fig. 6). Similarly, a specific domain can be identified for 408 
smectite-rich samples, owing to their characteristic high total porosity and low shear wave 409 
velocity. 410 
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3.4 Inconsistencies in the published maximum normal compaction trends (NCTs) 411 

Some discrepancies were found in the literature in assessing the compaction behavior 412 
of brine-saturated pure kaolinite clays. As Figure 7 demonstrates, the majority of pub- 413 
lished kaolinite compaction curves document 17–25% total porosity at 50 MPa effective 414 
vertical stress [22,25,49–57]. The coarser kaolinite grains were more susceptible to com- 415 
paction (more compressible) than the finer size kaolinites. The composite mixture of size 416 
classes (as a whole) experienced the most porosity reduction [51]. In contrast, a minority 417 
group of literature has reported an entirely different ultimate compaction endpoint, with 418 
11% total porosity at 50 MPa effective vertical stress for brine-saturated kaolinite (Fig. 7). 419 
In the present study, two different samples of pure kaolinite powder were purchased and 420 
tested to evaluate compaction behavior and endpoint total porosity of kaolinites. The two 421 
samples were produced by I) IMERYS, UK (SPES white sort), and II) Potterycraft Ltd., UK. 422 
The grain size analyses of purchased kaolinite samples showed mixed class sizes, and 423 
therefore, the highest degree of compaction was expected from our experiments. Both ka- 424 
olinite samples followed similar NCTs and showed approximately 20% final total porosity 425 
at 50 MPa effective vertical stress (Fig. 7). Therefore, our laboratory results only confirm 426 
the former group of scientists (the majority) and indicate that the 11% value may not be 427 
entirely precise. 428 

 429 
 430 
 431 
 432 
 433 
 434 
 435 
 436 
 437 
 438 
 439 
 440 
 441 
 442 

 443 

 444 

Figure 7. Comparison of published experi- 445 
mental normal compaction trends (NCTs) for 446 
brine-saturated pure kaolinite samples. Cita- 447 
tions are given in the text.  448 

The second inconsistency was found in recognizing maximum compaction in argil- 449 
laceous deposits. A group of experimental studies showed that the highest compaction 450 
level and maximum porosity loss could be identified for brine-saturated quartz-clay mix- 451 
tures with 20–40% kaolinite content (and 60-80% quartz) [25,49,53,58–64]. These experi- 452 
mental works have reported a total porosity of around 12% at 50 MPa effective vertical 453 
stress for such mixtures. On the other hand, a group of laboratory efforts documented the 454 
lowest attainable total porosity at 50 MPa for pure kaolinite samples (φ = 11%). Unexpect- 455 
edly, the latter group reported that binary mixtures of kaolinite-quartz are less prone to 456 
compaction than pure kaolinite. Their experiments showed the most efficient packing 457 
(lowest ultimate total porosity for a binary mixture) for the 50:50 kaolinite-quartz with 458 
16% total porosity at 50 MPa effective vertical stress. Our compaction experiments contra- 459 
dict the latter group's claim that the highest compaction is associated with pure kaolinite 460 
and confirms that only the best packing of kaolinite-quartz mixture may show the lowest 461 
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attainable total porosity or highest compressibility [65]. Interestingly enough, the reported 462 
porosity value for 50:50 kaolinite-quartz mixture by the second group holds, based on our 463 
experiments. 464 

 A closer look into the literature supporting second cases in the two aforementioned 465 
inconsistencies led to an unexecuted observation. A well-cited group in 2007 reported 11% 466 
total porosity at 50 MPa for brine-saturated pure kaolinite, in 2008 19-23%, and in 2009 467 
switched back to 11%. Such discrepancies from a single group without any clarification or 468 
comparison with literature bring us to the conclusion that the 11% result for kaolinite's 469 
NCT may not be entirely precise and reliable. 470 

4. Concluding Remarks: Implications for top seal integrity 471 

Fluid flow through the rock matrix, pre-existing and induced fracture networks, fault 472 
systems, and the geomechanical and geochemical factors associated with CO2 injection 473 
define a caprock layer's sealing capacity and integrity. Fine-grained argillaceous rocks 474 
(e.g., mudstones and shales) and evaporates (e.g., salts and anhydrite) are the commonly 475 
identified caprocks for CO2 storage reservoirs [66,67]. Because of their pore space charac- 476 
teristics, these sedimentary sequences effectively act as top sealing sequences in seep and 477 
shallow subsurface storages [1,68]. Moreover, fine-grained argillaceous rocks have a pro- 478 
found significance for studying geological processes, geoengineering applications, and 479 
conventional and unconventional petroleum-related activities. 480 

Unlike chemical compaction and cementation, which are more challenging to repli- 481 
cate in a laboratory, experimental mechanical compaction of brine-saturated samples en- 482 
ables researchers to study the evolution of mudstone properties as a function of effective 483 
vertical stress. The present study investigated variations in physical, hydraulic and acous- 484 
tic properties of brine-saturated binary clay-quartz mixtures as a function of effective ver- 485 
tical stress. The experiments can simulate the mechanical compaction of sediments in sub- 486 
siding sedimentary basins with no superimposed tectonic forces before the onset of chem- 487 
ical compaction and cementation. As shown in our previous works [4,11,25], the labora- 488 
tory results are comparable with in-situ well log measurements in the first 2.5 km burial 489 
depth to further investigate rock physics, geomechanics, and compaction-exhumation his- 490 
tory of the caprock sequences. 491 

Uniaxial compaction experiments were performed to evaluate the properties of the 492 
semi-compacted CO2 seal sequence. It can, however, be expected that the laboratory spec- 493 
imens show reduced anisotropy compared to the natural setting because the aggregates 494 
do not settle into layers in the same way as natural deposits do [69,70]. The structures of 495 
marine sequences might show a significant degree of anisotropy, which is developed dur- 496 
ing deposition, compaction, and subsequent straining during burial [71–73]. In addition, 497 
it is probable that the clay fractions do not settle with a matching orientation in the labor- 498 
atory as they become deposited and preferentially oriented in nature. Development of 499 
high overpressures, undrained loading, calibration and measurement precision, and vio- 500 
lation of other guidelines set by ASTM [37] may cause further uncertainties in the results 501 
of a CRS test. 502 

Rigid grains like quartz are expected to withstand the applied stresses and preserve 503 
total porosity, while ductile particles like clays bend and block the interparticle pore vol- 504 
umes. The ductile minerals such as clays tend to wrap around the grains at higher stresses, 505 
reduce the periphery porosity, and severely impact the permeability [74,75]. Alteration in 506 
pore volume during burial may change the pore space connectivity, porous medium mor- 507 
phology, and tortuosity, and therefore, changes in fluid flow and solute transport. The 508 
ductile clay fractions in the fine-grained caprocks may also cover reactive solid surfaces, 509 
which leads to limited diffusion in the porous layers around the grains and hence, limited 510 
(geo)chemical reactions [2]. This armoring phenomenon caused by clay minerals reshapes 511 
the available surface area for precipitation and dissolution (geo)chemical reactions during 512 
coupled thermo-hydro-mechanical-chemical (THMC) processes, leading to changes in the 513 
system's reactivity and reaction progress and rates [2,76–78]. 514 
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It is generally assumed that the higher the content of clay minerals, the lower the 515 
permeability. However, laboratory permeability measurements of the quartz-clay mix- 516 
tures in this study suggest that the clay type, grain mixing ratio, packing, and potentially 517 
preferred orientation of grains must be considered. It is shown that synthetic mixtures of 518 
quartz-kaolinite 50:50 and quartz-smectite 15:85 (wt%) give the endmember low permea- 519 
bility among the kaolinite- and smectite-rich mixtures, and therefore, corresponding mud- 520 
stones rich in non-swelling and strongly-swelling clays. 521 

The presented results indicate that grain size distribution and mineralogical compo- 522 
sition are the controlling factors in the porosity-permeability relationships of mudstones 523 
and fine-grained clay-rich (argillaceous) subsurface layers. Porosity-permeability rela- 524 
tionships are widely proposed to describe the single-phase permeability of mudstones 525 
and shales because porosity is a routine and usually available measurement (core analysis 526 
and in situ well log measurements). The empirical relationships are typically developed 527 
from laboratory measurements (e.g., Yang and Aplin [42]), theoretical models such as the 528 
Kozeny-Carman equation (e.g., Chapuis and Aubertin [79]) and the Hagen–Poiseuille 529 
equation (e.g., Civan et al. [80]), or binary mixing models (e.g., Revil and Cathles [81]). 530 
These approaches often make one or several macroscale assumptions for correlating the 531 
total porosity to matrix permeability via applying a tuning factor related to mineralogy, 532 
clay fractions, or clay surface area. The present experimental results indicate that seeking 533 
to approximate the vertical permeability of fine-grained sediments and mudstones with a 534 
single macroscale equation may not provide a universal solution because multiple param- 535 
eters with not a one-to-one correspondence affect flow characteristics. Incorporating mi- 536 
crostructure characteristics of mudstones into the permeability models and considering 537 
boundaries (domain of potential variability) instead of single estimators are two necessary 538 
directions for subsurface studies. Microstructure characteristics are essential because they 539 
control the macroscale fluid flow and transport properties. 540 
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