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1. INTRODUCTION 

Recent progress in the development of X-ray 

micro-computed tomography (µ-CT) makes it 

possible to directly visualize and quantify 

various features of the microstructure of 

complex porous media including sedimentary 

rocks, in particular [1-5]. In various porous 

media processes such as chemical dissolution 

and mechanical compaction, the conditions may 

be appropriate to allow local particle 

detachment and displacement within the porous 

medium. It is noted that for flow-through-

porous-media experiments, a lack of observation 

of fines production does not preclude 

considerable local mobilization of particles 

within the porous medium at the pore-scale. 

Particle mobilization may be triggered by 

inertial forces of flow itself or releasing by 

chemical reactions or other forces and then 

displacing by flow. The local mobilization of 

fines is a largely unexplored phenomenon at the 

pore scale due to difficulty in direct access to 

local particle displacement. 

Only a few studies have addresses the issue of 

particle displacement and deposition in 

microtomographic images.  Lebedeva, et al. [6] 

studied the low salinity brine flooding of 

sandstone and observed the local detachment of 

dolomite and anhydrite from µ-CT images at a 

voxel size of 2.4 µm. They only observed local 

particle displacement and no further quantitative 

analysis was presented. In the realm of chemical 

dissolution, Kumar, et al. [7] reported slices 

from two registered tomograms of an oolitic 

carbonate core exposed to carbonic acid for 96 

hours at CO2 partial pressure of 10 atm. They 

identified regions of particle displacement and 

reprecipitation in their images. In these studies, 

no quantitative calculations related to particle 

displacement were performed on the images. 

Noiriel, et al. [8] and Bernard, et al. [2] 

indicated particle mobilization in their images 

and proposed a method to quantify evolutions of 

image voxels including evolution scenario 

related to particle displacement. Their results are 

limited to small-size image data and based on 

single-threshold segmentation of the images 

which may accompany a large uncertainty 

especially for complex sedimentary rocks.  

The changes in pore structure of a special 

natural sediment subject to a simulated caustic 

tank leach ate was studied byCai, et al. [9]. They 

quantified the microstructure changes due to 

dissolution and secondary precipitation based on 

pore/throat analysis derived from 

microtomographic images. It should be noted 

that heir results are limited to a small sub-

volume which the REV requirements to 

represents the reactive flow effects remain 

questionable.  

Among various methods, imaging techniques 

have been widely used to directly visualize and 
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examine the structure of a porous medium at the 

pore scale. A variety of methods such as optical 

light microscopy [10], scanning electron 

microscopy (SEM) [11], atomic force 

microscopy (AFM) [12], Wood’s metal casting 

technique [13],medical X-ray computed 

tomography (CT) [14],  X-ray micro-computed 

tomography (µ-CT) [15], neutron tomography 

[16], focused ion beam scanning electron 

microscopy (FIB-SEM) [17] and laser scanning 

conformal microscopy [18]have been employed 

to directly visualize and analyse the 3D 

microstructure of porous materials from low to 

high resolution. Particularly, µ-CT is a superior 

non-destructive imaging method which can 

create high-resolution images with large field of 

view [19-22]. 

In this paper, we aim at investigating the 

capability of the µ-CT method to directly 
visualize local particle displacement. It is noted 

that particle detachment and displacement are of 

great importance for a wide variety of porous 
media processes and applications, ranging from 

blockage of blood flow in blood vessels caused 

by blood clots, displacement of soil particles 

during infiltration in agricultural fields to 
mobilization of fine particles in hydrocarbon 

reservoirs leads to a reduction of permeability 

(i.e., a reduction of flow conductivity). For this 
reason, it is essential to accurately examine local 

particle displacement in tiny pore space. The 

results of this paper show that the X-rayµ-CT 
technique can qualitatively reveal the migration 

of fines during chemical dissolution in 

sedimentary rocks. 

2. METHODS 

In this work, two carbonate core samples with 

different structures were considered. The first 

sample was an oolitic limestone with multi-

modal pore size distribution, while the second 

one was a wackestone-packstone carbonate with 

a bimodal pore size. Details of the samples were 

reported in [5]. Reactive flow experiments were 

conducted in core plugs of 7 mm diameter using 

ethylenediaminetetraacetic acid (EDTA) 

solution at pH 12 and at ambient conditions. The 

experiments were terminated after significant 

changes occurred in the cores as indicated by 

the pressure transducers. Details of the 

experimental procedure were described in[23]. 

The samples before and after the reactive flow 

experiments were imaged in the dry state using 

a high resolution µ-CT scanner at the Australian 

National University (ANU)[24]with at least 

8.5×8.5×8.5 mm field of view and resolutions of 

less than 5 µm.The post-dissolution image was 

superposed to the pre-dissolution image using a 

3D registration technique developed by Latham 

et al. [25].Figure 1 (top images) illustrates 

examples of registered slices through the 3D µ-

CT images of the pre-dissolution oolitic and 

wackestone-packstonesamples at the resolution 

of 4.49 and 4.33 μm, respectively. 

3. RESULTS 

Figure 1 shows examples of registered slices of 

the oolitic and wackestone-packstone samples 

before and after the dissolution experiments. 

Visual observations of the images illustrate the 

occurrences of two different dissolution regimes 

within the samples. In the case of oolitic 

limestone, the reactive fluid locally increased 

the pore diameters across most parts of the 

sample (quasi-uniform dissolution), while the 

reactive fluid was consumed over small parts of 

the mineral surface area of the wackestone-

packstone carbonate sample leading to the 

formation of a few highly conductive flow 

channels (wormholes dissolution). 

 

Figure1. (Top) pre-dissolution µ-CT slices of the 

oolitic sample (top left image) and the wackestone-

packstone sample (top right image); (Bottom) the 

corresponding registered post-dissolution µ-CT 

slices of the oolitic sample (bottom left image) and 

the wackestone-packstone sample (bottom right 

image). 

The precision of the registered images allowed 

us to observe local mineral detachment and 

displacement deposition in the pore space after 

the reactive flow experiments. Figures 2 and 3 

illustrate the occurrence of regions (indicated by 

the red circles) showing voxels (or part of 

voxels) which are initially in the pore space but 

will finally be occupied by precipitated or 

mobilized mineral particles. 
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4. DISCUSSION 

Similar findings related to local particle 

displacement and deposition at the pore scale 
have been reported by other studies mainly 

using the µ-CT and SEM methods [6-8, 26]. 

Garing, et al. [27] and Mangane, et al. [28] 

clearly showed areas within the samples where 
pores were filled by solid particles after the 

experiments. Beside the qualitative results, it is 

of great importance to quantitatively examine 
particle displacement/deposition as well as solid 

dissolution from the acquired images.  

 
Figure2. Examples of close up images from the 3D 
tomograms of the pre-dissolution (left) and the 

corresponding registered post-alteration (right) 

images of the oolitic limestone sample exhibiting 

solid displacement and deposition after the reactive 

flow experiment. Clear evidences of the particle 

displacement and deposition are shown with red 

circles. 

 
Figure3. Examples of close up images from the 3D 
tomograms of the pre-dissolution (left) and the 

corresponding registered post-alteration (right) 

images of the wackestone-packstone carbonate 

sample exhibiting solid displacement and deposition 

after the reactive flow experiment. Clear evidences of 

the particle displacement and deposition are shown 

with red circles. 

Qajar and Arns [5] have developed a method 

based on the 2D intensity histogram of 
registered images to compute local as well as 

overall dissolution and deposition fractions and 

also to distinguish between different dissolution 
patterns. It is worth mentioning that small 

volume regions suspected to mineral dissolution 

or deposition may be misinterpreted due to 
image artefacts, including image noise in 

particular. The uncertainty associated with this 

kind of problem was quantitatively studied by 

Qajar, et al. [23] by introducing a signal-
difference-to-noise ratio (SDNR) parameter 

which is computed from pre- and post-

dissolution image intensities. They argued that 
the SDNR values represent the relative 

importance of the actual density changes to the 

noise.  

5. CONCLUSION 

As found in this study, the µ-CT technique can 

provide high resolution images of successively 

disturbed samples. The images can be used to 
qualitatively investigate local changes within the 

samples including particle displacement and 

deposition. In addition, the registered images 
provide an important basis to calculate the 

evolution of the structure of porous media using 

advanced numerical techniques at the pore scale. 

The µ-CT is also a useful method to study pore 
scale reactive and non-reactive displacement 

mechanisms. For future directions, further 

investigations are needed (1) to evaluate the 
potentials of the µ-CT method to quantitatively 

analyse particle displacement within porous 

media, (2) to assess the uncertainty associated 
with the quantitative analysis of the image-

based data, and (3) to relate the displacement of 

particles and possible pore clogging to 

macroscopic properties of the porous media. 
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