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Key points 41 

-The current state of the art in fast (sub-minute) laboratory-based X-ray micro-computed tomography is 42 
outlined 43 

-Drainage in Bentheimer is visualized in real time at the pore scale with a laboratory-based scanner 44 

-Solute transport of a tracer salt is imaged at the pore scale in a limestone sample at 12 seconds per scan 45 

 46 

Abstract.  47 

Over the past decade, the wide-spread implementation of laboratory-based X-ray micro-computed 48 
tomography (micro-CT) scanners has revolutionized both the experimental and numerical research on 49 
pore-scale transport in geological materials. The availability of these scanners has opened up the 50 
possibility to image a rock’s pore space in 3D almost routinely to many researchers. While challenges do 51 
persist in this field, we treat the next frontier in laboratory-based micro-CT scanning: in-situ, time-52 
resolved imaging of dynamic processes. Extremely fast (even sub-second) micro-CT imaging has become 53 
possible at synchrotron facilities over the last few years, however, the restricted accessibility of 54 
synchrotrons limits the amount of experiments which can be performed. The much smaller X-ray flux in 55 
laboratory-based systems bounds the time resolution which can be attained at these facilities. 56 
Nevertheless, progress is being made to improve the quality of measurements performed on the sub-57 
minute time scale. We illustrate this by presenting cutting-edge pore scale experiments visualizing two-58 
phase flow and solute transport in real-time with a lab-based environmental micro-CT set-up. To outline 59 
the current state of this young field and its relevance to pore-scale transport research, we critically 60 
examine its current bottlenecks and their possible solutions, both on the hardware and the software level. 61 
Further developments in laboratory-based, time-resolved imaging could prove greatly beneficial to our 62 
understanding of transport behavior in geological materials and to the improvement of pore-scale 63 
modeling by providing valuable validation. 64 
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Manuscript 76 

1 GENERAL INTRODUCTION 77 

Understanding how fluids migrate through porous rocks and how this affects the minerals inside that rock 78 
is essential in numerous geological applications, going from the formation and weathering of geological 79 
materials (e.g. building stones) to the production and storage of fluids in geological reservoirs. Although 80 
fluid migration influences the behavior of these geological materials on the macroscopic scale (meter to 81 
kilometer scale for building stones and geological reservoirs, respectively), the essential flow and 82 
alteration processes occur on the pore scale (nanometer to micrometer scale), between the minerals of the 83 
porous geological material. Comprehending the underlying pore scale processes is crucial to make 84 
accurate predictions and decisions regarding important challenges like CO2-sequestration, environmental 85 
remediation of polluted aquifers, enhanced oil recovery and cultural heritage preservation. Of particular 86 
interest in this regard are multi-phase and multi-component (reactive) fluid flow, and the coupling of 87 
mechanical deformation or failure of the material of interest with such flow phenomena. 88 

Understanding the pore scale behavior which controls these processes, however, is a difficult problem 89 
which requires three-dimensional pore space characterization. Pore spaces in geological materials often 90 
have a complex microstructure, which can span the centimeter to the nanometer scale and can be very 91 
heterogeneous in nature. Therefore, their characterization requires more than experiments which measure 92 
global information like porosity and pore size distribution. Three-dimensional imaging techniques fill this 93 
requirement by providing local geometrical and topological information. The most mature experimental 94 
technique in this category is X-ray micro-computed tomography (micro-CT) [1,2]. Before, researchers 95 
either had to extrapolate two-dimensional measurements to obtain pseudo-three-dimensional volume 96 
information or perform laborious serial sectioning experiments to obtain such local information. Micro-97 
CT however allows the non-destructive visualization of internal pore space structures in three dimensions. 98 
The recent increase in the availability of laboratory-scale micro-CT instrumentation has enabled many 99 
researchers to characterize the pore space of geomaterials in 3D on an almost routine basis, although a 100 
number of limitations in both the acquisition and the analysis of micro-CT data persist. For example, the 101 
attainable spatial resolution is often on the order of 1 to a few microns and depends on the size of the 102 
studied sample, while the acquisition time is typically on the order of 30 minutes to a few hours. 103 

While 3D pore space characterization is an essential part of any pore scale transport or degradation study, 104 
it does not provide insight into the dynamics of the processes under investigation. To avoid image 105 
blurring (and other motion artifacts), the imaged sample should remain unchanged during the micro-CT 106 
acquisition. Therefore, there is a need for fast, time-resolved 3D (i.e. 4D) imaging of a material’s 107 
microstructure while such a process is taking place, as the only alternative is imposing quasi-static 108 
conditions by halting the process during every imaging experiment [3]. Extremely fast micro-CT imaging 109 
has become available at synchrotrons over the last few years, attaining even a sub-second time resolution 110 
[2–5]. Although a comprehensive review of dynamic experiments performed at synchrotrons is out of the 111 
scope of this article, we mention some notable examples of pore scale imaging (in a geological context) at 112 
the sub-minute time scale of two-phase flow [6–9] and reactive flow [10]. Other examples of fast imaging 113 
of porous media at synchrotron institutions can be found in [11–13]. While synchrotron experiments are 114 
proving very valuable, the restricted accessibility of synchrotrons limits the amount of experiments which 115 
can be performed. Therefore, the development of laboratory-based fast (sub-minute) micro-CT scanning 116 
can prove important, as it would drastically increase the availability of 4D imaging with sub-minute time 117 
resolutions. Fast lab-based micro-CT would also allow researchers to prepare 4D experiments in the lab 118 
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of this field. Note, however, that this work is not intended as a comprehensive review but rather aims to 148 
provide a concise outline of the current and future possibilities of this experimental technique. In section 149 
2, we discuss the optimization of various hardware and software components. In section 3.1, we show the 150 
real-time imaging of drainage at the pore scale in a Bentheimer sandstone, and in section 3.2 the imaging 151 
of advective-diffusive mass transport of a tracer salt in a water-saturated limestone is presented. These 152 
experiments simultaneously illustrate the use of fast 4D lab-based tomography in pore scale experiments 153 
and the current state of the art of this method.  154 

2 TECHNOLOGICAL ADVANCES 155 

In order to obtain a high-quality micro-CT scan, the accumulated X-ray dose in the detector during the 156 
acquisition of the projection images has to be sufficiently high, as the signal-to-noise ratio varies 157 
approximately as the square root of the amount of photons which hit the detector. In laboratory-based 158 
micro-CT systems, this sets a lower limit to the acquisition time, as the used X-ray flux emitted by the X-159 
ray source is typically low (taking into account also the necessary minimum distance between the source 160 
and the detector, due to considerations regarding image magnification, sample size and cone beam 161 
artifacts). The limitations of these sources with respect to dynamic imaging are explained in section 2.1.1, 162 
as well as technological developments which might mitigate these limitations in the future. Other 163 
limitations on the image acquisition may be posed by the X-ray detector (section 2.1.2). During dynamic 164 
experiments on porous materials, the sample conditions are usually controlled in some way (e.g. applying 165 
mechanical loading, imposing (reactive) fluid flow, controlling temperature and humidity). Therefore, the 166 
sample usually has to be contained in a cell or a similar set-up. These cells can affect the image quality, 167 
and should therefore be designed carefully (section 2.1.3). 168 

After treating the hardware challenges, we discuss the possibilities of smart image reconstruction and 169 
analysis to compensate for low image quality (section 2.2). Fast scans, acquired while dynamic processes 170 
are going on in the pore space, can and should be supplemented with as much prior information as 171 
possible. In many experiments, prior information about the pore geometry can be acquired with a long, 172 
high-quality scan while the sample is in static conditions. Other prior information might pertain to the 173 
dynamic process itself, for example, in immiscible two-phase flow experiments the assumptions of 174 
incompressible fluids and the presence of only three material phases can improve reconstructions with a 175 
limited number of projections [14]. By scanning faster, the quality will typically decrease, hence 176 
approaches using a priori information gain importance. Another principle which we expect will prove 177 
important in the future, is the incorporation of the time dimension in the image analysis. On the one hand, 178 
there is a need for software tools which allow researchers to track changes in their sample over time (e.g. 179 
deformation of a sample, velocities of fluid interfaces) and help them to make sense of the typically huge 180 
amount of data they acquire during a dynamic experiment. On the other hand, truly treating micro-CT 181 
time series data as 4D datasets may improve image analysis results, as it allows to incorporate more 182 
information. However, one thing is certain: 4D data analysis is computationally intensive, both when it 183 
comes to data storage as processing. Section 2.2.2 treats these challenges and opportunities. 184 

2.1 HARDWARE EVOLUTIONS 185 

2.1.1 X-ray Sources 186 
X-ray sources in laboratory-based micro-CT set-ups are typically microfocus X-ray tubes, in which an 187 
electron beam is focused on a very small focal spot on the anode target. When the electrons hit the target 188 
after being accelerated by a high-voltage electric field, they create X-rays through their interaction with 189 
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the anode material. The main limitation of laboratory-based micro-CT in the scope of fast image 190 
acquisition is posed by the X-ray source. Unlike synchrotron sources, which exhibit very high brilliance, 191 
traditional laboratory sources have a limited X-ray output due to the power dissipation limitation when 192 
the electrons hit the anode target, implying longer acquisition times. Indeed, the energy efficiency of X-193 
ray production in the form of Bremsstrahlung in this set-up is only about 1%, and a large portion of 194 
electron beam energy is deposited as heat. The power density limit of approximately 2W/µm² in the target 195 
is close to the fundamental limit at which material vaporization starts taking place, despite efforts of 196 
rotating anode systems [2]. As a result, the maximum achievable X-ray flux in laboratory systems is 197 
strongly correlated with the achieved focal spot size, and hence inversely correlated to the achievable 198 
image resolution. This resolution is important to resolve a pore space with sufficient detail (typical 199 
geological pore-scale micro-CT studies employ resolutions of 1³ to 20³ µm³ with acquisition times 200 
increasing strongly for higher resolutions, see Figure 1).  201 

Recently, the invention of the liquid metal-jet X-ray source has mitigated the power density limit in 202 
laboratory X-ray sources. In this set-up, the anode target is a thin jet of liquid metal, hence renewing the 203 
target material constantly to avoid vaporization. The liquid metal-jet tubes are commonly used for X-ray 204 
diffraction (e.g. [17,18]), but have also proven their value for high-resolution X-ray imaging [19–22]. For 205 
the imaging of pore-scale dynamics, their applicability can be limited by the lower limit of the focal spot 206 
size (approximately 5-6 µm) and the low energy of the generated X-rays, caused by the low atomic 207 
numbers of the materials used as liquid metal. Recently, a setup using Indium (characteristic Kα energy 208 
24.2 keV) has also been used for hard X-ray imaging [23,24]. When spatial resolutions better than 5-6 µm 209 
(hence smaller focal spot sizes) are required, transmission-type X-ray tubes need to be used. Nowadays, 210 
several manufacturers offer transmission targets on diamond substrate, allowing for an improved heat 211 
dissipation as compared to conventional beryllium substrates. Nevertheless, the highest achievable output 212 
power is relatively low due to the absence of direct, active cooling of the target.  213 

Other alternative X-ray sources are based on inverse Compton-scattering [25,26]. While such sources 214 
may become more accessible in the future, they are not treated here in detail as they are currently still 215 
under development and not yet commercially available on a large scale.  216 

2.1.2 X-Ray Detectors 217 
Due to the limited X-ray flux achievable with conventional laboratory-based sources, image acquisition 218 
should be as efficient as possible. In laboratory conditions, this usually means that large flat-panel 219 
detectors with thick scintillators need to be used. In recent years, the highest achievable frame rate of 220 
these systems has drastically increased to values ranging from several tens of frames per second for full-221 
frame acquisition to several hundreds of frames per second for limited region readout, while several 222 
experimental detector systems perform even better [27,28]. At the same time, the increased availability of 223 
large amounts of fast computer memory allowed for the implementation of fast acquisition schemes, no 224 
longer limited by the processing speed of hard drives. These two developments have drastically increased 225 
the possibilities of fast and continuous CT scanning. When even higher scanning rates are needed, high-226 
speed line detector systems are to be used. However, they can scan only one or several lines at a time, 227 
drastically limiting the field-of-view and therefore the ability of these setups to create 3D images. For 228 
both detector types however, the temporal behavior of scintillators may in some cases become an issue at 229 
high frame rates (i.e. cause detector lag). 230 

As an alternative to flat-panel detectors with scintillators, direct or hybrid detector systems have been 231 
developed over the last few years. These detector systems have no scintillator screen, but convert the 232 
absorbed X-rays directly into electron-hole pairs. This detection method increases the response speed, and 233 
allows for energy discriminating possibilities based on pulse height analysis. The latter allows for energy-234 
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dispersive acquisition and for a drastic reduction of electronic noise. These systems have been reported to 235 
have frame rates in the kHz range [29,30]. These very high frame rate detectors are primarily developed 236 
for synchrotron applications [31,32] such as ptychographic imaging [33]. Consequently, they often use Si 237 
as detecting material, given the low X-ray energy typically used in coherent diffractive imaging. Using 238 
materials such as CdTe, which have a larger efficiency at high X-ray energies [34], the further 239 
developments of photon counting detectors may in the near future also benefit laboratory-based dynamic 240 
CT scanning.  241 

2.1.3 Add-on equipment for sample conditioning 242 
To investigate how fluids migrate through pores in a rock or how the minerals in the rock react over time, 243 
the geological sample needs to be subjected to controlled external conditions, e.g. mechanical loading 244 
[35], temperature [36] or humidity, possibly combined with the injection of pressurized liquids or gasses 245 
[37]. Specialized add-on equipment for the micro-CT setup is thus needed in order to visualize the sample 246 
at the desired in-situ conditions. It is not the intended scope of this paper to give a comprehensive 247 
overview of add-on equipment used for in-situ imaging applied in the literature, but rather to briefly 248 
highlight the limitations and challenges brought forth by this equipment, more specifically by flow cells. 249 
The main concerns related to such flow cell setups, especially for fast laboratory-based micro-CT 250 
imaging, are the size of the setup and the materials out of which it is constructed. Lab-based micro-CT 251 
commonly achieves geometrical magnification by using conical X-ray beams. This means that the 252 
diameter of the flow cell should be small in order to achieve high magnifications and correspondingly 253 
high resolutions (depending on the characteristics of the scanner) while simultaneously maximizing the 254 
use of the available X-ray flux (i.e. without having to increase the focus-detector distance more than 255 
necessary) [1,16]. This is crucial to discriminate the pore network in the sample with sufficient detail. 256 
Furthermore, the parts of the cell which are in the field of view should attenuate the X-ray beam as little 257 
as possible to maximize the X-ray flux. At low cell pressures, low-cost plastics (e.g. PMMA) and epoxies 258 
[38,39] are suitable, as these have a low X-ray attenuation coefficient compared to most geological 259 
materials. However, to simulate reservoir conditions, high pressures (typically 100 - 500 bar) and 260 
temperatures (typically 50-200°C) are required. The steel alloys (e.g. hastelloy) which are typically used 261 
to build Hassler cells for flow experiments at these conditions are highly attenuating and therefore not 262 
suitable for X-ray micro-CT imaging. Instead, imaging experiments require miniature Hassler cells 263 
constructed out of weakly attenuating, strong materials like aluminum [40], carbon-based materials [41–264 
43], beryllium [2],  and special plastics like PEEK [37].  265 

2.2 SOFTWARE ADVANCES 266 

2.2.1 Advances in reconstruction algorithms 267 
In addition to specific requirements for acquisition hardware to optimize 4D scanning, major 268 
improvements can also be achieved by applying clever software algorithms, mainly in terms of 269 
tomographic reconstruction. The main challenge posed by laboratory-based fast CT is Poisson noise, 270 
induced by the limited X-ray flux. Additionally, structural changes of the scanned sample during a CT 271 
acquisition will cause motion blurring artefacts which deteriorate the reconstruction quality. Methods to 272 
cope with both motion blurring and bad image statistics are thus crucial in dealing with fast imaging of 273 
dynamic processes. 274 

Currently, most tomographic reconstructions are performed using analytical filtered back-projection 275 
(FBP) methods, such as the Feldmann-Davis-Kress (FDK) algorithm [44,45]. These algorithms have the 276 
advantage of being relatively simple and fast in terms of computational complexity, but theoretically they 277 
are only valid in idealized cases (i.e. when enough projections are acquired). In the context of (dynamic) 278 
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CT imaging, iterative reconstruction techniques [46,47] have gained much interest. During iterative 279 
reconstruction, intermediate solutions of the reconstructed 3D object are incrementally refined by 280 
simulating projection images from this solution (by forward projection) and subsequently adapting it to 281 
better reproduce the experimental projections. Unlike analytical algorithms, the iterative techniques can 282 
incorporate a priori knowledge about the measured object, drastically decreasing the degrees of freedom 283 
in the reconstruction process. Furthermore, accurate models for specific physical and geometrical features 284 
of the acquisition process can be modeled into the reconstruction, opening the possibility to include 285 
corrections for imaging artifacts, e.g. beam hardening [48,49].  286 

In general, a priori knowledge in CT leverages the spatial and temporal correlations which exists between 287 
neighboring voxels in a volume throughout time. It can be implemented in several ways, e.g. by assuming 288 
the scanned object is only made up of a limited number of clearly separated materials, corresponding to 289 
an equally limited number of discrete gray values. This is typically done by a segmentation of the 290 
intermediate result before a forward projection is performed. In doing so, the final result can typically be 291 
obtained using fewer projection images, and no longer contains image noise. Furthermore, as image 292 
segmentation is in most cases the first step in 3D analysis, these reconstruction methods have the 293 
capability to make this processing step obsolete. Several reconstruction algorithms for this so-called 294 
discrete tomography have been developed in recent years [50–52]. They differ mainly in the segmentation 295 
method, in the moment of the appearance of the segmentation in the flow of the algorithm, and in 296 
additional strategies to reduce noise effects in the segmentation of (partially) reconstructed volumes.  297 

Another way of using prior knowledge is to incorporate information about the object’s shape. The 298 
simplest approach is to provide an appropriate initial intermediate solution to the iterative reconstruction 299 
method. The drawback of this method is that this initial solution can become too dominant, obscuring 300 
details which are actually changing in time. Other, more advanced methods indirectly incorporate the 301 
initial solution by reconstructing the difference between the initial volume and the temporally changing 302 
volume, as in prior image constrained compressed sensing (PICCS) [53,54]. Indeed, the difference 303 
between these volumes will primarily highlight the regions of the volume which are structurally changing 304 
through time. One of the more accomplished iterative reconstruction method for dynamic porous media 305 
applications so far has been developed at ANU, and combines the notion of compressed sensing (cfr. 306 
PICCS) with discrete tomography [15,55,56]. The method has been used for two-phase flow experiments 307 
and formulates the reconstruction as an optimization problem over all discrete two-grey level solutions 308 
which honor the static pore structure, while accommodating for the expected physical two-phase flow 309 
behavior by adding extra regularization terms to the optimization cost function. 310 

The dynamically evolving regions can also be estimated directly from the dynamic CT data itself, i.e. 311 
without introducing an initial solution [57]. Finally, temporal correlations can be exploited by modeling 312 
the expected deformation of the object as a function of time [58]. However, computational feasibility 313 
limits the number of parameters, which restricts the deformation models to fairly global ones, affecting 314 
the object as a whole, e.g. affine deformations.   315 

It should be clear that aforementioned methods are only valid within specific constraints. Discrete 316 
reconstruction methods are not applicable for complex multi-material objects where partial volume effects 317 
are important. They are however very well suited for the imaging of homogeneous structures which are 318 
changing in time, e.g. foams under compression. Methods applying initial solutions on the other hand are 319 
well suited for the imaging of rigid structures in which small regions are changing in time, e.g. fluid flow 320 
through a geological sample. Vast, non-local, structural changes however are more difficult to correct for 321 
with these methods, in this case the reconstruction methods based on deformation models are more 322 
suitable. 323 
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Next to alterations in the reconstruction step, some methods also rely on image pre-processing, by altering 324 
the projection. This is quite often the case for noise reduction methods or phase retrieval algorithms, some 325 
of which inherently include noise reduction. In filtered back-projection methods, the filter may also be 326 
adapted in order to reduce noise (typically at the expense of image sharpness). 327 

2.2.2 4D image analysis 328 
As the signal-to-noise ratio is of major concern in lab-based fast micro-CT, it may prove very important 329 
to make use of the redundancy of information in the time sequence when analyzing the data. This way, it 330 
should be possible to improve the 3D analysis (e.g. [2,59–61]) at one fixed time point by incorporating 331 
information from other time points. For example, 4D filtering methods may be useful to reduce motion 332 
artifacts and even to compensate for noisy data. To our knowledge, very little work on this topic has been 333 
done in the context of high-resolution CT research. However, we see a large potential for methods which 334 
have recently been developed for medical imaging purposes, e.g. 4D filters designed for CT perfusion 335 
scans [62–64] and for magnetic resonance imaging [65,66].  336 

Another key principle to improve the quality of the analysis is the use of high quality scans performed at 337 
initial or final states of the sample. For example, one can segment the pore space from a prior high quality 338 
scan and use it as an analysis mask for the dynamic scans (as demonstrated in section 3 of this work). 339 
This rather simple approach is only applicable when the pore structure does not deform during the 340 
experiment and when the high-quality dataset can be spatially matched to the dynamic datasets (either by 341 
not moving the sample between acquisitions or by applying image registration algorithms, e.g. [67,68]).  342 

Next to using redundant and prior information, 4D datasets call for algorithms to quantify a sample’s 343 
evolution through time. In some cases it may be sufficient to perform 3D analysis on datasets of 344 
consecutive time steps and compare the results. It should be noted that in this case, it should be possible 345 
to script the process which may cause problems when user-defined input parameters need to be varied for 346 
each time step. In many cases, it is interesting to quantify changes through time by tracking movement or 347 
deformation of structures in the sample. Methods to do this are often inspired by 2D digital image 348 
correlation, and referred to as digital volume correlation. However, this problem is not specific to 349 
laboratory-based micro-CT as it is of interest in synchrotron-based and medical CT as well. For this 350 
reason, it is not treated here and the interested reader is referred to [3,69–75]. 351 

3 ILLUSTRATIVE APPLICATIONS 352 

3.1 TWO-PHASE FLOW 353 
The flow of multiple fluid phases in porous rocks is essential to several important geo-engineering 354 
challenges, e.g. environmental remediation of aquifers polluted with non-aqueous phase liquids (NAPL), 355 
hydrocarbon recovery and CO2-sequestration in geological reservoirs. The field-scale properties of these 356 
processes are critically determined by pore-scale fluid-fluid and fluid-solid interactions. In this section, 357 
we present an experiment where drainage of a Bentheimer sandstone was visualized under dynamic 358 
conditions (i.e. while continuously injecting non-wetting fluid) on a laboratory-based micro-CT scanner at 359 
Ghent University’s Centre for X-ray Tomography (UGCT). We show the observation of pore filling 360 
events which bear strong resemblance to Haines jumps, even though we did not record pressure 361 
measurements at the time of the experiment to prove this. To our knowledge, it is the first time 362 
observations of this kind have been made on a laboratory-based micro-CT system. 363 

While a detailed explanation of the physics of drainage is out of the scope of this article, we outline the 364 
motivation to perform this experiment. During drainage, the displacement process happens by fast, 365 
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irreversible events (Haines jumps) alternated by smooth, reversible displacement related to fluid storage 366 
in pinned interfaces [76,77]. Such a Haines jump corresponds to the filling of a single geometrical pore 367 
body. These jumps frequently happen in cascades, classically explained as successive filling of pores with 368 
lower entry capillary pressure than the first pore of the cascade. The rate of non-wetting fluid injection 369 
does not influence the duration of individual Haines jumps, but it does influence their frequency. Single 370 
pore events have been found to transpire on the millisecond time scale [76], and [77] states that cascades 371 
of pore filling events take place on a time scale of typically 0.5 to 2 seconds. Clearly, to investigate 372 
dynamic effects related to the irreversible displacement, it is crucial not to interrupt the non-wetting fluid 373 
injection during the imaging. In their groundbreaking work on real-time visualization of two-phase flow 374 
in natural stone, executed at the TOMCAT beamline of the Swiss Light Source synchrotron facility, Berg 375 
et al. [6] were able to perform such an experiment for the first time. In this study, they suggest that 376 
dynamic effects cause pore filling events to be non-local. Since then, this topic has been investigated 377 
further [77,78], yet many aspects of the occurring dynamic effects and particularly of their influence on 378 
larger-scale petrophysical properties remain unclear. Further imaging experiments may thus prove 379 
extremely valuable in understanding these processes. 380 

3.1.1 Materials and methods 381 
In this experiment, the sample was a German Bentheimer sandstone of the Gildehaus variety from the 382 
Early-Cretaceous. Its rather homogeneous pore size distribution render it ideally suited for micro-CT 383 
studies. A sample with a diameter of 6 mm and a height of 17 mm was put in a Viton sleeve and set into a 384 
custom-built, low-cost PMMA flow cell (Figure 2). The flowcell was mounted on UGCT’s 385 
Environmental Micro-CT scanner (EMCT, Figure 2), designed and built in-house in collaboration with X-386 
Ray Engineering bvba (XRE, Ghent, Belgium). This scanner is specially developed to image samples 387 
under controlled environmental conditions or during dynamic experiments. To allow for the sample and 388 
the equipment connected to it with wires or tubing to remain static, the setup has a rotating X-ray source 389 
and detector assembly on a gantry. This eliminates problems with flow instabilities caused by bending or 390 
twisting of the flow lines, and it helps avoid unwanted sample movement during the acquisition. 391 
Unlimited continuous rotation is possible because electrical power and safety interlocks are transmitted 392 
through  slip-rings. The system is equipped with a standard directional microfocus X-ray tube with 393 
integrated high-voltage power supply (maximum high voltage 130 kV, maximum power output 39 W, 394 
minimum spot size 5µm). The detector is a CMOS flat-panel detector (1316 by 1312 pixels with a 100 395 
µm pitch) with a thick, structured CsI scintillator. The GigE-interface permits frame rates of 30 fps at full 396 
resolution and 60 fps in 2x2 binned mode (and even more in panoramic mode). The scanner’s source-397 
detector combination, together with the applied smooth-scanning (rather than step-and-shoot) acquisition, 398 
allows for fast scanning. More details on EMCT’s setup can be found in [79], although the rotation motor 399 
has since been upgraded to allow for faster scanning.  400 
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3.1.2 Results and discussion 425 
The high-quality scan of the pore space (filled with pure water) was segmented to identify pore and solid 426 
voxels. The fast scans were first treated with an anisotropic diffusion filter in Avizo (VSG/FEI, France) 427 
and then resampled without interpolation with a factor two to contain as many voxels as the high-quality 428 
scan. The oil phase was subsequently segmented from each fast scan, with the pore space identified from 429 
the high-quality scan applied as a mask. This way, prior information on the pore space geometry was 430 
incorporated post-reconstruction. This information can also be used during reconstruction, if some 431 
assumptions on the transpiring pore-scale process are made [14]. Using this approach, Myers and 432 
coworkers [14,15] reported lab-based scans of two-phase flow under dynamic conditions, at 85 seconds 433 
per scan with a voxel size of 12 µm.  434 

After recombining the oil segmentations with the pore space segmentation, 3-phase segmentations (oil, 435 
water and solid) were obtained for each timestep. Example slices showing the segmentation quality can be 436 
seen in Figure 3 (additionally, example slices can be found in supplementary materials). While it is clear 437 
that the resolution of the scans is insufficient to detect the oil-phase in some of the smallest pores, the fast 438 
scans evidently contain much information on the rock’s drainage behavior and allow pore filling events 439 
like the one circled in Figure 4 to be investigated. By comparison with results shown in [6], this figure is 440 
likely to show an individual Haines jump (note that the apparently gradual filling of the pore is due to 441 
remaining motion artifacts in the reconstruction). Further analysis of the experiment is presented in [81]. 442 
It can be concluded that it is becoming possible to visualize the fundamental pore-scale processes which 443 
govern drainage in geological porous media with laboratory-based micro-CT scanners, despite remaining 444 
challenges related to spatial and time resolution. With regard to the former challenge, it should be noted 445 
that the rather simple flow cell used in this work could be designed more efficiently. This way, it may be 446 
possible to minimize X-ray absorption by the cell and to reduce the source-to-sample distance, resulting 447 
in larger magnifications. With regard to the latter, selecting a set of projections representing a 360° 448 
rotation can be done more efficiently by detecting pore-scale events on the radiographs, in a similar way 449 
as shown by [8]. This method results in the elimination of motion artifacts for selected events. 450 

 
A B C 

Figure 3. This figure suggests that the image quality is sufficient to visualize most oil-filled pores (with 451 
the exception of oil in very fine pore space features). Figure A shows a cropped slice from the high-452 
quality scan (7.4 µm voxel size). By applying the pore space mask determined from A and segmenting the 453 
fast scan (12 s) in B, the pore space voxels were segmented into the oil phase (red) and the brine phase 454 
(blue) (C).  Figure B was recorded after 4 minutes of running the drainage experiment (60th scan in the 455 
time series). Note that due to the highly-attenuating CsCl, the brine could not be distinguished from the 456 
stone in the fast scans.  457 
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Figure 4. This time sequence shows a pore filling event (circled) during drainage from two viewing 459 
angles. The non-wetting phase is visualized in red, the wetting phase in transparent blue. The reported 460 
time is the starting time of the micro-CT acquisition. Each acquisition took 12 seconds.  461 

3.2 SOLUTE TRANSPORT 462 
In this section, we describe an experiment aimed at elucidating solute transport in heterogeneous rocks. In 463 
groundwater systems, mixing of reactants often limits (bio)chemical reactions [82]. In CO2 sequestration 464 
and enhanced oil recovery, CO2 dissolved in brine can trigger dissolution and precipitation of minerals in 465 
the host rock’s pore space, in turn affecting this rock’s mechanical and fluid flow properties [43]. The 466 
transport phenomena and simultaneous chemical reactions in these processes are coupled, and one can 467 
therefore only begin to understand the dissolution and precipitation patterns and the resulting flow 468 
properties, if one also understands solute transport by advection and diffusion in the pore space. In 469 
heterogeneous media, particularly carbonates, the pore-level flow field can show significant channeling 470 
[83]. This implies that important differences in fluid chemistry can arise between the more stagnant 471 
regions and the channels with a higher advective transport rate, which in turn will influence the 472 
dissolution behavior in the carbonate host rock. Depending on the balance between advection, diffusion 473 
and reaction rates, the dissolution reaction can cause the preferential flow channels to become 474 
increasingly wide. This behavior is often referred to as wormholing [84], and can have important field-475 
scale consequences (e.g. [85]). 476 

We show the feasibility of imaging solute transport (diffusion and advection) in 3D in a carbonate at the 477 
pore scale. While some studies have investigated the imaging of solute transport [86–89] , to our 478 
knowledge this has not been undertaken before simultaneously at the pore scale and at the time scale (12 479 
seconds per scan) shown here. While the discussion will be restricted to one experiment (a single imposed 480 
flow rate), by varying the flow rate a detailed study of pore scale dispersion can be undertaken. Such 481 
studies may prove vital as a validation to solute transport modeling methods described in for example 482 
[90,91] and as input to characterize the connectivity of microporosity in multi-scale modeling [92,93]. 483 
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3.2.1 Materials and methods 484 
In the experiment outlined here, transport of a tracer salt subject to diffusion and advection is investigated 485 
in the Savonnières limestone, a French oolithic limestone (Late Jurassic). This grain-supported limestone 486 
consists of ooids and shell fragments bound together by sparite. During diagenesis, some of these grain 487 
fragments were partially dissolved resulting in a pore network with well-connected pores between the 488 
grains (intergranular porosity) and secondary porosity inside the dissolved grains (intragranular porosity 489 
or vuggy porosity), which is connected to the rest of the pore network through microporosity [94]. 490 
Preferential flow channels were visualized by pumping a highly X-ray attenuating brine (containing 10 491 
wt% CsCl) into a water-saturated sample at a flow rate of 0.6 ml/min. The sample had a diameter of 6 mm 492 
and was placed in the PMMA flow cell (Figure 2). Fast laboratory-based micro-CT scans were performed 493 
with EMCT (12 seconds/scan). Scan parameters were the same as the fast scans described in section 494 
3.1.1. Similarly to the workflow described in that section, a high-quality scan was used to segment a mask 495 
for the macropores. 496 

3.2.2 Results and discussion 497 
In Figure 5, the histogram of the reconstructed image intensity values inside the macropore voxels 498 
(selected by applying the pore space mask) in the limestone is given for the different timesteps. The peak 499 
at 0 seconds shows the distribution of the intensity values before brine injection. At this stage, all voxels 500 
included in the histogram (i.e. all voxels in the macro-pore space) are filled with pure water. This is also 501 
illustrated in the rendering in this figure, where at 0 seconds the image intensity values in the pore space 502 
are low and homogeneously distributed. During injection, the histogram shifts to the right and after 96 503 
seconds, the intensity values are distributed in two peaks. This indicates a heterogeneous distribution of 504 
the CsCl concentration in the pore space of the limestone sample. The renderings show that most of the 505 
intergranular pore space contains a high CsCl concentration, while the intragranular pores in the dissolved 506 
ooids (Figure 5, dotted circle) still have a low CsCl concentration. In later timesteps, the peak on the left 507 
side of the histogram starts to disappear. This corresponds to the gradual increase of the CsCl 508 
concentration in the intragranular pores, which can be seen in the renderings. After a long waiting time, 509 
the histogram of the pore space voxels will again consist of one single peak, but centered around a higher 510 
average grey value than in the initial condition. 511 

The results illustrate that the distribution of the brine in the intergranular pore space is mainly controlled 512 
by advection. In these pores, preferential flow paths can be found. The flow in the intragranular pores is 513 
more stagnant and the concentration of CsCl in this vuggy pore space is therefore mainly controlled by 514 
diffusion. Fitting with the scope of this article, more elaborate analysis of the data will be presented 515 
elsewhere. Although the measurements presented here are clearly a good indication of CsCl-516 
concentrations in the sample, further research will be performed to calibrate the image intensity values to 517 
exact concentration values.  518 
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  519 

Figure 5. The graphs show the evolution of the image intensity histograms of (only) the pore space 520 
voxels in the Savonnières limestone sample during brine injection. High image intensities correspond to 521 
high CsCl-concentrations. The corresponding 3D rendering show the evolution of the CsCl concentration 522 
in the macropores. The dotted circle indicates an intragranular pore in which the flow is stagnant. Time 523 
series measurements were performed with the EMCT-scanner at an acquisition time of 12 seconds. 524 

 525 

4 CONCLUSIONS 526 

Micro-CT scanning with a sub-minute time resolution is a very desirable experimental technique, both as 527 
an accessible stand-alone tool to investigate dynamic pore-scale processes and to prepare experiments for 528 
much more restricted yet higher-quality synchrotron measurements. A number of difficulties, mainly 529 
related to the limited X-ray flux, have hampered the implementation of such set-ups. Future developments 530 
in X-ray source and detector technology (notably the improvement and implementation of liquid-metal jet 531 
sources and photon-counting detectors) may increase the attainable time resolution and improve the 532 
image quality and spatial resolution at short acquisition time. We also expect a significant contribution 533 
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from advanced tomographic iterative reconstruction and 4D image analysis algorithms, which can 534 
compensate for the often limited image quality in fast scans by incorporating prior information about the 535 
pore structure or the physical processes transpiring in the pore space. Furthermore, progress is being made 536 
in automating 4D image processing and image analysis, making it more and more feasible to work with 537 
large, computationally intensive time-series datasets. 538 

Despite the limitations, we illustrate the large potential of fast micro-CT scanning with two cutting-edge 539 
real-time imaging experiments. We show that it is possible to visualize single and few-pore drainage 540 
events in a Bentheimer sandstone by continuously scanning the sample with UGCT’s Environmental 541 
Micro-CT (EMCT) scanner at an acquisition time of 12 seconds per full rotation. The same set-up and 542 
settings were used to visualize pore scale solute transport of a tracer salt (CsCl) in a Savonnières 543 
limestone, allowing to study the location of stagnant and fast flow regions and the relative time scales of 544 
diffusion and advection in this stone.  545 

As illustrated by these experiments, it is today becoming possible to study transport processes in 546 
geological samples at the pore scale in a laboratory-setting, without having to impose quasi-static 547 
conditions. We expect that with further improvements in image quality, real-time imaging with 548 
laboratory-based micro-CT scanners will be implemented much more widely. This would provide 549 
valuable feed-back to the pore scale modeling community and has the potential to strongly increase our 550 
understanding of porous media behavior. In the long term, this may be beneficial to the management of 551 
geological reservoirs and aquifers, as well as to a wide variety of other issues involving porous materials 552 
(e.g. building stone deterioration, development of batteries and fuel cells, food engineering, textile 553 
engineering). 554 
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