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ABSTRACT  

Understanding how to upscale pore scale rock-fluid interaction processes for 
predictive modelling poses a significant challenge to the carbon storage and petroleum 
industries.  We have designed a set of experiments to investigate the impact of scale and 
pore-space heterogeneity on the dissolution of two carbonates at both the pore and core 
scales. Two rock samples were reacted with reservoir condition CO2 saturated brine at the 
two different scales and scanned dynamically as dissolution took place. First, 1-cm long 
4-mm diameter micro cores were scanned during reactive flow at a 4-µm resolution 
between 4 and 40 times using 4D X-ray micro-tomography over the course of 1.5 hours 
using a laboratory µ-CT. Second, 3.8-cm diameter, 8-cm long macro cores were reacted 
at the same conditions inside a reservoir condition flow rig and imaged using a medical 
CT scanner. Each sample was imaged ~13 times over the course of 1.5 hours at a 250 x 
250 x 500-µm resolution. The reacted macro cores were then scanned inside a µ-CT at a 
27-µm resolution to assess the alteration in pore-scale reaction-induced heterogeneity. It 
was found that both rock types showed channel formation at the pore-scale and 
progressive high porosity pathway dissolution at the core-scale with the more 
heterogeneous rock having faster dissolution progressing along direction of flow. 
Additionally, upon analysis of the high-resolution macro core images it was found that 
the dissolution pathways contained a distinct microstructure that was not visible at the 
resolution of the medical CT, where the reactive fluid had not completely dissolved the 
internal pore-structure. This microstructure was further analysed for connected pathway 
channel frequency and cross-sectional area. It was found that the frequency of channels 
decreased and the total cross sectional area increased with increasing pore-space 
heterogeneity. However, the average area per channel remained constant. This work 
represents the first study of scale dependence using reservoir condition 4D X-ray 
tomography and provides insight into the mechanisms that control local reaction rates at 
multiple scales. 
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INTRODUCTION  
 A major concern in the implementation of carbon capture and storage (CCS) is 
long-term storage security [1, 2]. Carbon dioxide, CO2, injected into the subsurface will 
dissolve in the resident brine and form carbonic acid [3-5]. Carbonate host rocks have the 
potential to react with and be dissolved by CO2 acidified brine [6]. Dissolution of the host 
rock may instigate unpredictable fluid flow and can weaken carbonate cements and 
damage injection wells [7, 8]. Therefore, it is important to have a complete understanding 
of dissolution in the brine-rock system to predict the distribution and the rate of fluid 
movement and the amount and impact of dissolution in the subsurface [9-11]. 
 However, the nature and rate of dissolution in carbonates is dependent on both the 
properties of the brine [12-14] and the host rock [15, 16]. Carbonate dissolution rates are 
also strongly dependent on brine temperature and pressure [6], making it necessary to 
develop experimental techniques to measure complex time-dependent processes at 
representative reservoir conditions. Additionally, different dissolution regimes have been 
observed depending on flow and reactive conditions [13, 17] including wormholing, 
uniform, and face dissolution. 

In subsurface research, it is common to use core-flooding techniques coupled with 
three-dimensional imaging to investigate reaction at the fluid/solid boundary. A 
commonly used imaging technique is computed tomography (CT), which can operate at 
different scales. Medical CT scanners [18] are commonly paired with core-flooding to 
image rocks at the core (~cm) scale. Core–scale imaging is valuable because it is three-
dimensional and can be temporally resolved. However, it has a maximum resolution of, at 
best, ~100 µm and thus can only resolve the fluid/solid boundary of large features such as 
fractures and vugs. The greater portion of the pore space is only resolved as an average 
greyscale value as several pores or parts of pores will be contained in a single voxel, thus 
making segmentation and analysis of local changes in connectivity and reaction rate very 
difficult.  X-ray microtomography (µ-CT) [19] provides higher resolution, and although it 
can only image mm-scale samples, it is ideal for resolving µm-scale processes. However, 
due to the small sample size µ-CT does not always capture the full range of physical 
heterogeneities seen at the core scale.  

Imaging of dissolution in limestone rock has been performed at the core (~cm) 
scale using CT scanning. Ott et al [20] investigated dissolution using core flooding and 
CT scanning where, for several rock types and flow regimes, it was found that reaction of 
the dissolved CO2 with the solid matrix increased physical heterogeneity. Ellis et al. [21] 
used core-scale imaging to show that exposure to CO2 progressively reduced the sealing 
capacity of fractured claystone caprocks. Smith et al. [22] imaged dissolution of a 
dolomitic core before and after reaction with CO2 acidified brine. Lamy-Chappuis et al. 
[23] used CT scanning to measure calcite dissolution in calcareous gritstone and found 
that the permeability increase with porosity did not agree with classical models and that 
the dissolution rate was impacted largely by the acid supply.  

There are relatively few experiments that investigate the impact of coupled 
dissolution and flow phenomena at the micron scale (~µm) – the observation scale that is 
necessary for pore-scale analysis and numerical simulations of both flow and transport. 
Noiriel et al. [24] used µ-CT to measure the three-dimensional changes in a limestone 
fracture at several locations along the fracture during acid dissolution at ambient 
conditions. Additionally, Noiriel et al. [25] showed a power law relationship between 
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porosity and permeability during limestone dissolution by scanning the rock periodically 
ex situ. Menke et al. [26] imaged the dissolution dynamics of a relatively homogeneous 
carbonate at reservoir conditions while Menke et al. [27] used fast synchrotron 
tomography to image dissolution in two heterogeneous carbonates at two flow rates. They 
found that the porosity can either increase uniformly through time along the length of the 
samples, or may exhibit a spatially and temporally varying increase that is attributed to 
channel formation. Channelling is the widening of fast flow pathways through the rock in 
a flow regime where the injected acid penetrates throughout the rock.  This is distinct 
from wormholing, seen at faster reaction rates, where the injected acid etches a hole 
through the sample, and the injected acid is confined to this hole. 

However, to date no studies have investigated the scale dependence of reaction-
induced changes in pore structure. The main goal of this study is to investigate how 
different transport and reaction conditions alter complex pore structures at the pore and 
core scales by comparing dynamic reaction-induced changes in pore-space geometry and 
topology, and flow in subsurface rock systems at reservoir temperatures and pressures. 
 
SAMPLE CHARACTISATION 
 Two samples of carbonate rock were chosen for these experiments, Ketton and 
Portland basebed. Both are oolitic limestones made of >97.1 % calcite with a minor 
quartz component. Ketton was deposited 169-176 million years ago and is quarried in 
Ketton, Rutland, UK. It is an almost pure calcite medium-grained oolite with 
microporous cement with a standard micritic texture. Portland Basebed is quarried in 
Portland, UK and was deposited during the Jurassic age. It is a fine-grained grainstone 
containing tightly packed ooids with interparticular porosity and microporous cement. 
Figure 5B depicts the normalised porosity distribution for our samples. Ketton has a 
wider, but shorter distribution than Portland with a peak at slightly higher porosity. 
Figure 5C shows the normalised pore size distributions (C) for Ketton (blue) and Portland 
(red) derived from mercury injection capillary pressure (MICP) tests. The image 
resolution limits for 4 µm (solid) and 27 µm (dashed) show that our imaging resolutions 
are likely to capture the largest pore throats for segmentation, but are unlikely to capture 
the constraints on the smallest flow pathways, especially in Portland which has much 
narrow pore throats than Ketton. At the resolution of the medical CT scanner of 250 µm, 
no segmentable initial pore structures are likely to be captured. Menke et al. [26, 27] 
performed network extractions at the pore scale for Ketton and Portland and found that 
Ketton is very well connected with a homogenous pore structure while Portland is poorly 
connected with a highly heterogeneous pore structure.  
 
 
EXPERIMENTAL METHODS  
 Two experimental apparatuses were used to image dynamic dissolution in our 
samples. Figure 2A depicts the apparatus used for the mm-scale experiments and Figure 
2B depicts the apparatus used for the cm-scale experiments. The Zeiss Versa XRM-500 
µ-CT scanner and the Diamond Lightsource pink beam were used to image reaction 
between calcite and CO2 saturated brine at reservoir conditions (50oC and 10 MPa). 
Using our in situ apparatus [Figure 1], carbonate cores of ~1 cm length and 4 mm 
diameter of Ketton and Portland Basebed limestone were reacted by injecting 
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supercritical (sc) CO2 saturated brine (pH 3.1) at a flow rate of 0.1 mL.min-1. These 
microcores were imaged between 4 and 40 times over the course of 1.5 hours at a 
resolution of 4 µm. The precise details of the experimental apparatus and method are 
described in [27] for the Portland experiment and [28] for the Ketton experiment.  
 These experiments were then repeated at the core scale using cores that were 
drilled from the same 1 m3 blocks as in the previous experiments. Cores of Ketton and 
Portland, ~8 cm long and 3.8 cm in diameter, were reacted with CO2 saturated brine using 
the core scale experimental apparatus by injecting pH 3.1 brine at a flow rate of 9 
mL.min-1. This flowrate was chosen to keep the flow conditions identical at both 
experimental scales and thus the Darcy velocity, or flowrate per unit area was the same 
for the micro and macro scale experiments. The macro cores were imaged using a 
medical CT scanner ~13 times over the course of 1.5 hours with a 250 × 250 × 500 µm 
voxel size. The experimental apparatus is the same as detailed in [29]. Furthermore, the 
entirety of each macro core was imaged post-reaction in a Zeiss XRM-520 using 
automated stitching of a sequence images acquired along the axis of the core employing a 
flat panel detector at a 27 µm resolution to create a high resolution volume of 1400 × 
1400 × 3000 voxels where the internal pore structure is both visible and able to be 
segmented for quantitative analysis. 
 All images were then post-processed using the image processing modules in 
Avizo 9.1 (www.vsg.com). The high-resolution micro-scale images were filtered and 
segmented and the porosity measured. The permeability was assessed using a Navier-
stokes solver used in [27]. The low-resolution dynamic core scale images acquired using 
a medical CT were analyzed for porosity by the method presented in [30] while the 
permeability was measured experimentally using the pressure drop across the core [29]. 
Finally, the high-resolution images acquired by µ-CT were filtered and segmented and 
analysed for connected pathways and channel frequency and cross-sectional area.  
 
PORE SCALE DYNAMICS 
 Figure 2 depicts the evolution of porosity, permeability and velocity for Ketton 
(A) and Portland (B) micro-cores over the course of 90 minutes of dissolution. Both cores 
exhibit channel formation where there is no discernable difference in dissolution rate 
along the direction of flow, but show a large initial increase in porosity as the high 
permeability channels expand followed by a smaller increase at later times after the 
channels are established. Ketton has many channels initially and shows a small increase 
in permeability of one order of magnitude during the experiment, while Portland has a 
few initial channels and has a permeability increase of over five orders of magnitude with 
the largest increase at early times during the channel formation stage. During the later 
stage of both experiments the permeability increases during a small widening of the flow 
pathways, but the corresponding porosity increase is nearly imperceptible.  
 The number of pore volumes of fluid and the Péclet (Pe) and Péclet-Damköhler 
(PeDa) were calculated for each rock. As expected the Pe number decreased as porosity 
increased during each experiment. However, the PeDa remained relatively constant and 
was <<1. The number of pore volumes (PV) approached 700 for each experiment 
suggesting that the reactions are not fluid limited.  
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CORE SCALE DYNAMICS 
 Figure 3 depicts the evolution of porosity and permeability for Ketton (A) and 
Portland (B) macro-cores over the course of 90 minutes of dissolution. Both cores exhibit 
large increases in porosity near the sample inlet which progress along the length of the 
cores during the experiment. The high porosity region is narrower for Portland and 
extends more quickly, while Ketton has a wider high porosity region that extends more 
slowly. Both cores show the largest increase in porosity in the regions with the highest 
initial porosity and the progression of dissolution tends to extend sequentially through 
time into the higher porosity regions further along the core. The increase in total porosity 
is similar (~0.04) for both cores. The permeability of the Ketton core shows no change 
while the permeability of the Portland core increases by two orders of magnitude. The 
spatial distribution of porosity increase suggests that the Portland core experienced 
breakthrough of the widening channels to the outlet of the core while the Ketton channels 
terminated before the end of the core.  

The Pe, PeDa, and PV were calculated for each experiment. The Pe number 
decreased as porosity increased during each experiment and was approximately similar to 
the pore scale experiments. The PeDa also remained relatively constant, was in good 
agreement with the pore scale experiments and was <<1. The number of pore volumes 
(PV) approached 50 for each experiment, which is smaller than the pore scale 
experimental value of 700 PV (due to the core scale samples being ~20x longer that the 
pore scale samples proportional to the cross sectional area), but still suggests that the 
reactions are not fluid limited. 

 
POST-REACTION HIGH RESOLUTION CORE-SCALE IMAGING 
 The entirety of each macro core was imaged post-reaction using automated 
stitching of a sequence of images acquired along the axis of the core using a flat panel 
detector at 27 µm resolution to create volume of 1400 × 1400 × 3000. The images were 
then processed and segmented and the pore structure was extracted [Figure 4A-B]. Ketton 
showed an even distribution of pore space while Portland had distinct channels. 
Furthermore, the pore space was analyzed for connectivity [Figure 4C-D] and it was 
found that at this resolution the pore space of Ketton was reasonably well-connected with 
small areas of disconnection while Portland exhibited four disconnected channels sets 
that were connected within each set but disconnected from each other and were 
accompanied by many small regions of entirely disconnected porosity. In Ketton, which 
typically has large pores and throats, connected pore space at this resolution was 
observable even before dissolution, while in Portland channels were only visible where 
dissolution had taken place. Portland is a lower permeability rock that typically has 
smaller pore throats and thus the image resolution was not sufficient to capture the 
connectivity of the pore space.   
 The connected pore space of each image was then analyzed for connected paths 
along the direction of flow for both the macro scale and micro scale images. The number 
of paths in each individual slice perpendicular to the flow axis [Figure 5A] were counted 
and the cross sectional area was measured [Figure 5D-E]. In the macro scale images 
[Figure 5D] the total number of channels remained relatively constant in Ketton while 
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Portland had fewer channels with a constant frequency in each slice along the connected 
flow axis, but the frequency decreased towards the outlet of the core. The total channel 
area was higher overall for Ketton than Portland corresponding to the higher overall 
porosity. Ketton had a larger area near the inlet and then constant area along the rest of 
the length of the core while Portland showed a steady, but slow decline with distance 
from the sample inlet. However, the average cross sectional area per channel was 
remained relatively constant along the length of each core with Ketton showing a small 
uptick near the sample inlet. The maximum channel width was highest for Ketton near 
the inlet, which then stabilised at later time, while the Portland had a steady width for the 
length of the channels. The higher maximum channel area in Ketton may be due to 
channels merging where large of amounts of dissolution have occurred near the inlet. 

In the microscale images [Figure 5E] Portland had a greater number of channels 
than Ketton, but the channels were on average smaller. However, Ketton had a larger 
total channel cross sectional area due to a larger proportion of the porespace contributing 
to the connected porosity (visualized in blue in Figure 5D-E). There was no discernable 
spatial variation of maximum channel area along the axis of flow for either rock type.  
 
CONCLUSIONS  
 We have imaged the dissolution of Portland and Ketton carbonates at the same 
flow and reactive conditions at the micro and macro core scales. We find that evolution 
of porosity is structure dependent and that porosity evolution perpendicular to the axis of 
flow behaves similarly across scales, but that along the axis of flow the micro-scale does 
not capture the heterogeneous porosity propagation visible at the macro scale. 
Additionally, we find that the permeability evolution is structure dependent, but well 
captured across both the micro and macro scales. Moreover, at the macro scale we find 
that the maximum cross-sectional area per channel is scale dependent, but that the 
frequency of channels was not structure dependent and the average cross sectional area 
decreased with increasing pore-space heterogeneity. This work represents the first study 
of scale dependence using in situ 4D tomography and provides insight into the 
mechanisms that control local reaction rates at the mm and cm scales. Furthermore, this 
work implies that at the field scale under these conditions it is structural heterogeneities 
rather than fluid limitations that dominate dissolution and therefore the evolution of high 
permeability pathways. 
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Figure 1: The pore (A) and core (B) scale flow and imaging apparatuses which show how 
high pressure syringe pumps were connected to the flow cells to assemble the in situ 
experimental apparatuses. In the pore scale apparatus (A) CO2 is pressurized by the 
injection pump and used to equilibrate brine in the reactor. Reactive brine is pulled 
through core assembly by the receiving pump. The cell is confined by deionized water in 
the confining pump and heated using heating tape controlled by a thermocouple in the 
confining fluid. The experimental system is connected together using tubing and fluid 
flow is directed using Valves (V) and Unions (U). Modified from Menke et al. [26]. In 
the core scale apparatus (B) CO2 and brine are circulated using the bypass loop and two-
phase separator to equilibrate the brine. Reactive brine is then pushed through the core 
assembly by the brine pumps. Pressure is measured by the pressure transducers on either 
side of the core and the cell is confined by deionised water in the confining pump. The 
entire system is heated using PID controlled heaters and thermocouples. Taken with 
permission from [29]. 
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Figure 2: Pore scale porosity, permeability, and velocity evolution with time for Ketton 
(A) and Portland (B). Average porosity profiles along the direction of flow and connected 
porosity with high velocity regions are visualised for 0, 30, 60, and 90 minutes. High 
velocity regions are red. Connected porosity is blue. φtotal	 is	 calculated	 using	φavg_total	
=φgrain	 (1	 –	φavg_CT)	 +	φ	 avg_CT	where	 the	 grain	 porosity	 φgrain	 is	 estimated	 using	 the	
helium	 porosity	 for	 the	 first	 image	 and	 assumed	 constant	 for	 the	 duration	 of	 the	
experiments.	 Pe	 and	 PeDa	 are	 calculated	 according	 to	 the	 method	 presented	 in	
Menke	et	al.	[26]	using	φavg_total.	PV	represents	the	number	of	pore	volumes	of	brine	
to	pass	through	the	sample. 
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Figure 3: Core scale porosity and permeability evolution with time for Ketton (A) and 
Portland (B). Porosity profiles along the direction of flow and porosity are visualised for 
0, 30, 60, and 90 minutes. High porosity regions are red and low porosity regions are 
blue.	Pe	and	PeDa	are	calculated	according	to	the	method	presented	in	Menke	et	al.	
[26]	using	φavg. 
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Figure 4: Pore space renderings of Ketton (A) and Portland (B) macro cores. The 
connected channels (coloured) are shown separated from the unconnected pore space 
(black) for Ketton (C) and Portland (D). 

 
Figure 5: A segmented slice of post-reaction Ketton (A) perpendicular to the axis of flow 
labelled by individual channel. The normalised porosity frequency of the unreacted core 
scale samples is shown in B. The normalised pore size distributions (C) for Ketton (blue) 
and Portland (red) derived from MICP tests with the image resolution limits for 4 µm 
(solid) and 27 µm (dashed).  The total cross sectional area, average cross sectional area, 
maximum cross sectional area and number of channels per slice along the axis of flow for 
the macro (D) and micro (E) core experiments.  


