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Abstract

Advances in micro-scale imaging techniques, such as X-ray microtomography, have provided new insights into a broad range

of porous media processes. However, direct imaging of flow and transport processes remains challenging due to spatial and

temporal resolution limitations. Here, we investigate the use of dynamic three-dimensional neutron imaging to image flow and

transport in Bentheim sandstone core samples before and after in-situ calcium carbonate precipitation. First, we demonstrate

the applicability of neutron imaging to quantify the solute dispersion along the interface between heavy water and a cadmium

aqueous solution. Then, we monitor the flow of heavy water within two Bentheim sandstone core samples before and after

a step of in-situ mineral precipitation. The precipitation of calcium carbonate is induced by reactive mixing of two solutions

containing CaCl2 and Na2CO3, either by injecting these two fluids one after each other (sequential experiment) or by injecting

them in parallel (co-flow experiment). We use the contrast in neutron attenuation from time-lapse tomograms to derive three-

dimensional fluid velocity field by using an inversion technique based on the advection-dispersion equation. Results show mineral

precipitation induces a wider distribution of local flow velocities and leads to alterations in the main flow pathways. The flow

distribution appears to be independent of the initial distribution in the sequential experiment, while in the co-flow experiment,

we observed that higher initial local fluid velocities tended to increase slightly following precipitation. These findings suggest

that neutron imaging is a promising technique to investigate dynamics processes in porous media.
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Key Points: 13 

● Dynamic neutron imaging is used to image flow and transport in porous rock and 14 
investigate the effect of carbonate precipitation 15 

● The velocity field of injected fluid is estimated by solving the advection-dispersion 16 
equation using the contrast in neutron attenuation 17 

● Carbonate precipitation widens the distribution of fluid velocities due to local pore-18 
clogging 19 

Abstract 20 

Advances in micro-scale imaging techniques, such as X-ray microtomography, have provided 21 
new insights into a broad range of porous media processes. However, direct imaging of flow and 22 
transport processes remains challenging due to spatial and temporal resolution limitations. Here, 23 
we investigate the use of dynamic three-dimensional neutron imaging to image flow and 24 
transport in Bentheim sandstone core samples before and after in-situ calcium carbonate 25 
precipitation.  First, we demonstrate the applicability of neutron imaging to quantify the solute 26 
dispersion along the interface between heavy water and a cadmium aqueous solution. Then, we 27 
monitor the flow of heavy water within two Bentheim sandstone core samples before and after a 28 
step of in-situ mineral precipitation. The precipitation of calcium carbonate is induced by 29 
reactive mixing of two solutions containing CaCl2 and Na2CO3, either by injecting these two 30 
fluids one after each other (sequential experiment) or by injecting them in parallel (co-flow 31 
experiment). We use the contrast in neutron attenuation from time-lapse tomograms to derive 32 
three-dimensional fluid velocity field by using an inversion technique based on the advection-33 
dispersion equation. Results show mineral precipitation induces a wider distribution of local flow 34 
velocities and leads to alterations in the main flow pathways. The flow distribution appears to be 35 
independent of the initial distribution in the sequential experiment, while in the co-flow 36 
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experiment, we observed that higher initial local fluid velocities tended to increase slightly 37 
following precipitation. These findings suggest that neutron imaging is a promising technique to 38 
investigate dynamics processes in porous media. 39 

Keywords: fluid flow, porous rock, calcium carbonate precipitation, neutron and X-ray 40 
microtomography 41 

1. Introduction 42 

The transport and mixing of reactive fluids through porous media can modify the porosity 43 
structure in geological systems (e.g., Baqer and Chen, 2022; Hommel et al., 2018; Kudrolli and 44 
Clotet, 2016). A prime example is porosity reduction and clogging due to mineral precipitation 45 
(e.g., Dávila et al., 2020; Emmanuel and Berkowitz, 2005), which is commonly observed in the 46 
sealing of faults and fractures by pore fluids (e.g., Fisher and Knipe, 1998), microbial activity 47 
leading to bio-clogging (Thullner et al., 2002), as well as in industrial applications, such as 48 
effluent disposal (Eriksson and Destouni, 1997). However, characterizing the interplay between 49 
fluid flow transport and mineral precipitation is challenging as it occurs across a broad range of 50 
temporal and spatial scales (Bray et al., 2017; Emmanuel and Berkowitz, 2005). 51 

Flow and reactive transport in porous rocks are often considered at the continuum scale 52 
(Lichtner, 1996), in particular for field applications (e.g., Ebigbo et al., 2012). However, 53 
chemical reactions non-linearly change the pore space at scales below the continuum scale, 54 
making it challenging to quantify the evolution of porous media (Noiriel and Soulaine, 2021; 55 
Sabo and Beckingham, 2021; Seigneur et al., 2019). Non-dimensional numbers can be used as 56 
indicators for distinguishing various precipitation patterns and regimes (Hoefner and Fogler, 57 
1988; Steefel and Lasaga, 1990). These include the Péclet (Pe) and Damköhler (Da) numbers 58 
which are defined locally as d aPe τ τ=  and a rD a τ τ= , where aτ , dτ , and rτ  are the 59 
characteristic advection, diffusion, and reaction times, respectively (Hoefner and Fogler, 1988; 60 
Steefel and Lasaga, 1990). Since the rate of mineral growth can vary throughout the porous 61 
media and over time (Godinho et al., 2016), the effective reaction kinetics are non-trivial 62 
(Battiato and Tartakovsky, 2009, 2011).  63 

Among minerals, calcite precipitation (CaCO3) has attracted much attention for its 64 
importance in permanent geological storage of CO2 (e.g., Chang et al., 2017), enhanced oil 65 
recovery operations (Wu et al., 2017), geothermal energy recovery (Simmons and Christenson, 66 
1994), and soil stabilization (Mujah et al., 2017). Efforts to understand the kinetics of calcite 67 
precipitation have led to the derivation of several rate equations for a range of experimental 68 
conditions (Mitchell et al., 2019; Plummer et al., 1979; Zhang and Dawe, 1998). Calcite 69 
nucleation and growth at the pore scale depend on several parameters such as pH, temperature, 70 
and solute concentration, and require descriptions of coupled processes over a wide range of 71 
scales (Noiriel and Soulaine, 2021). Direct imaging of calcite precipitation and solute transport 72 
inside porous rocks remains a bottleneck to understand these processes. Since rocks are not 73 
transparent to visible light, imaging their interior requires specific techniques that utilize 74 
radiations capable of penetrating a rock and providing information about its internal structure. 75 
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Recent developments in dynamic imaging techniques at the pore to core scales, such as 76 
neutrons and X-rays microtomography with spatial resolutions of a few to tens of micrometers 77 
offer unprecedented opportunities for high-resolution continuum monitoring and modeling of 78 
reactive transport in porous rocks (e.g., Mancini et al., 2020). In the past twenty years, X-rays 79 
have been widely used to obtain high spatial and temporal resolution of three-dimensional 80 
microstructures of solid matrix in porous media (e.g., Desrues et al., 2010; Renard et al., 2004). 81 
Standard X-ray sources have a much lower attenuation coefficient to water compared to the solid 82 
phase of rock; thus, usually, a contrasting agent, such as iodine is used to image the fluid 83 
(Andrew et al., 2015; Kim et al., 2013; Scanziani et al., 2020; Vinegar, 1986). Moreover, 84 
because X-rays are also adsorbed by the solid matrix, the separation of the fluid from the solid, 85 
i.e., the segmentation between these phases, may be challenging. Neutron imaging, on the other 86 
hand, is very sensitive to a few elements, including hydrogen and cadmium, allowing imaging of 87 
these elements with sufficient contrast, whereas most other elements are almost transparent to 88 
neutrons (Anderson et al., 2009). Because neutron imaging is sensitive to hydrogen atoms 89 
(protium and deuterium), this technique can image minimal amounts of aqueous water in the 90 
pore space, and water contained in hydrated minerals, such as clays (Perfect et al., 2014), without 91 
imaging the surrounding solid matrix. Conversely, in the case of heavy water where deuterium 92 
replaces both hydrogen atoms, the contrast to neutrons is much lower. Recent advances in 93 
neutron imaging technique offer the capability to acquire three-dimensional time series of fluid 94 
flow in opaque rocks with acquisition times in the range 5-30 minutes and spatial resolution of 95 
several tens of micrometers (Kaestner et al., 2007; Tengattini et al., 2021; Tötzke et al., 2011; 96 
Tudisco et al., 2019). 97 

Several laboratory experiments of carbonate precipitation/dissolution in porous media 98 
during reactive transport have highlighted the importance of the dynamics of porosity and 99 
permeability evolution in both the pore scale and the Darcy scale (Baqer and Chen, 2022; 100 
Beckingham, 2017; Garing et al., 2015). Calcite crystal nucleation and growth in model porous 101 
media and fractures have been investigated using X-ray microtomography imaging (Noiriel et 102 
al., 2021; 2012). Experiments with flow-controlled conditions in a Hele-Shaw cell have been 103 
performed to observe various calcite precipitation patterns controlled by different injection flow 104 
rates (Balog et al., 2019; Izumoto et al., 2022; Schuszter et al., 2016). While a variety of spatial 105 
distributions of calcite minerals leading to porosity and permeability evolution have been 106 
observed in previous studies, assessing the impact of mineral precipitation on fluid flow 107 
properties inside an intact rock matrix remains an important challenge and requires in-situ data. 108 

The main objectives of this study are to use neutron imaging techniques to study fluid flow 109 
in porous sandstone and to quantify how the precipitation of calcite into the porous medium 110 
changes the flow and transport properties. Here, we aim to (1) demonstrate the feasibility of 111 
neutron imaging to explore the mixing of two miscible aqueous fluids during co-injection into 112 
porous sandstone and (2) investigate the impact of calcite precipitation on the fluid velocity 113 
distribution in porous rock. We use time-lapse neutron microtomography imaging to track fluids 114 
injected into core samples of Bentheim sandstone. Then, we derive the three-dimensional flow 115 
velocity field by solving an inverse problem based on the advection-dispersion equation and the 116 
contrast in neutron attenuation of the sequential images. Results show that neutron imaging can 117 
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be used to measure the variability of flow properties in porous rock and quantify how the flow 118 
velocity field is modified after calcite precipitation. We also used X-ray imaging at different 119 
resolutions, showing the calcite precipitate distribution inside the rock, although it was not 120 
directly comparable to the velocity images since the unconsolidated precipitate was transported 121 
by flow between the neutron and X-ray scans.  122 

2. Methods 123 

2.1 Experimental set-up and dynamic three-dimensional imaging 124 
We have performed three flow-through experiments on cylindrical core samples of 125 

Bentheim sandstone, 5 cm diameter and 5 cm height, cored perpendicularly to sedimentary 126 
bedding from the same block. This reservoir rock contains mainly quartz grains with sizes in the 127 
range 200-400 micrometers and the pore sizes are in the range 50-500 micrometers (Klein et al., 128 
2001). The rock has a porosity of 21% and is considered to be homogeneous in the continuum 129 
scale. Experiments were performed at the ambient temperature of 24° C. They are labeled BS0 130 
for the fluid tracer test, and BS1 and BS2 for the calcium carbonate precipitation experiments. 131 

We have built core holders made of polytetrafluoroethylene (PTFE) and a jacket of 132 
fluorinated ethylene propylene (FEP) surrounds the rock sample within the core holder. Both 133 
materials do not contain hydrogen atoms and are therefore almost transparent to neutrons. The 134 
core holder contains two inlets connected to a syringe pump injecting fluid at a given flow rate 135 
from either the top extremity of the core sample (experiments BS0 and BS1) or its bottom 136 
extremity (experiment BS2). An outlet at the opposite side of the core holder collects the fluid 137 
after flow-through in the sample and is at atmospheric pressure (Figure 1a). Porous diffusers 138 
made of sponge or porous glass were used at the inlets and outlet points to diffuse the fluid, 139 
allowing almost homogenous injection and outflow conditions over the circular surface area of 140 
the sample. At the inlet side, a barrier separates the two injected fluids in co-flow experiments, 141 
preventing their mixing before reaching the sample. The core holder was installed on the rotating 142 
stage of the ICON neutron imaging beamline of the SINQ neutron spallation source (Paul 143 
Scherrer Institute, Switzerland), with a source neutron flux of 1014 n/cm2/s (Kaestner et al., 144 
2011). A laboratory X-ray tomograph was installed at the Paul Scherrer Institute (Kaestner et al., 145 
2017) and enabled X-ray imaging at different stages of experiment BS2 (Figure 1b). 146 
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147 
Figure 1: Schematic of the experimental set-up at the ICON beamline at the Paul Scherrer Institute, 148 
Switzerland: a) Sample rock (5 cm diameter, 5 cm height) inside the core holder with two inlets for fluid 149 
co-flow injection and one fluid outlet. Here, the sketch shows injection from the bottom of the core 150 
sample, against gravity. Rotating this set-up upside down allows injecting fluids from the top, in the 151 
direction of gravity. b) Sketch of the rotating core holder on the rotating stage and image acquisition 152 
using both neutron and X-ray sources. 153 

Time-lapse neutron three-dimensional tomography images of the rocks were acquired with a 154 
voxel size of 62 micrometers, and each radiograph of the samples contained 800×800 pixels. The 155 
voxel size is on the same order of magnitude as the mean sandstone pore size (50-200 156 
micrometers) and therefore the neutron measurements are averaged over around one pore size. 157 
The three-dimensional tomograms were obtained from 626 projections covering the 360-degree 158 
rotation of the core holder, and the average acquisition time of a scan was 32 minutes. The X-ray 159 
tomograms acquired at the Paul Scherrer Institute have a voxel size of 32 micrometers with an 160 
acquisition time of 75 minutes. The neutron and X-ray volumes were reconstructed with 161 
scattering correction using the open-source software MuhRec developed by Kaestner (2011). 162 

Sample BS2 after precipitation was also imaged using X-ray microtomography at the 163 
European Synchrotron Radiation Facility, one year after the experiment was performed. This 164 
duration was necessary to let the radioactivity of the sample decay sufficiently enough after 165 
imaging it with neutrons. During this year, the sample, saturated with heavy water, was stored 166 
horizontally in the experimental hutch of the SINQ neutron beamline at the Paul Scherrer 167 
Institute. At the European Synchrotron Radiation Facility, we acquired a high-resolution X-ray 168 
tomogram of the entire sample on beamline BM18 with a voxel size of 5.85 micrometers, 169 
allowing imaging details within pores. Although high-resolution X-ray imaging was useful to 170 
verify the presence of calcite precipitate inside the rock, the distribution of unconsolidated 171 
precipitate inside the rock was likely affected by the horizontal storage of the sample. 172 

2.2 Flow-through experiments 173 
2.2.1 Fluid mixing test (experiment BS0) 174 
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The experiment BS0 is a test to demonstrate the feasibility of three-dimensional time-lapse 175 
neutron imaging to study fluid mixing in porous rock. We used two miscible fluids, a solution of 176 
deuterium oxide heavy water (D2O) and a solution of heavy water with dissolved cadmium 177 
(CdCl2), an element that provides good contrast for neutron imaging and that was used in a 178 
previous study (Cordonnier et al., 2019). After fully flushing the sample with heavy water, we 179 
injected heavy water from one inlet at the top of the core sample and 1 M of CdCl2 (aq) (dissolved 180 
in heavy water) from the other inlet at the top. Figure 2 shows the time series of the neutron 181 
tomograms during the D2O and CdCl2 injections. For all experiments, chemicals were provided 182 
by Sigma Aldrich. 183 

184 
Figure 2: Time series of neutron tomograms acquired during the co-injection and mixing of D2O 185 
(transparent) and CdCl2 (orange color) solutions injected simultaneously from the two inlets at the top of 186 
sample BS0 (gray color). Initially, the rock was saturated with D2O. The time t=0 corresponds to the start 187 
of the injection. 188 

With this experiment, we investigate the applicability of neutron imaging to analyze fluid 189 
mixing by measuring transverse dispersion in sandstone rock. Assuming that the linear 190 
attenuation coefficients of injected fluids are constant through time, we can estimate the 191 
concentration of cadmium solution at each voxel of the three-dimensional volume and its relative 192 
evolution with time, based on the Beer-Lambert law (Swinehart, 1962). Taking the last scan of 193 
this test where the mixture reached a steady state, a CdCl2 solution was injected continuously and 194 
formed a plume that extended downward via advection and grew in the lateral dimension through 195 
dispersion. Assuming the lateral velocity is small compared to the longitudinal velocity, the 196 
transverse dispersion equation for the steady-state plume is: 197 

2
z z T xu I D I∂ = ∂   (1) 198 

where zu [L/T] is the average downward velocity, I [-] is the normalized gray level intensity at 199 
each pixel (i.e., normalized neutron attenuation coefficient), and DT [L2/T] is the transverse 200 
dispersion, perpendicular to the interface between the two fluids. The solution of Eq. (1) with 201 
unbounded boundary conditions is (Gautschi and Cahill, 1964): 202 

1 2 1 2 zI I I I x zuc(x, z) erf
2 2 2

  + − −= +    σ  
  (2) 203 
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where I1 and I2 are the relative concentrations of the two solutions that correspond in our case to 204 
the normalized neutron attenuation coefficient of heavy water and cadmium solutions, and 205 

z = σ α , where solute dispersivity is defined as T zD uα = [L]. 206 

 207 

2.2.2 Flow prior to and after calcium carbonate precipitation (experiments BS1 and BS2) 208 

The objectives of experiments BS1 and BS2 were to measure and assess the spatial 209 
distribution of velocity before and after two different calcite precipitation modes: the two 210 
solutions used to precipitate calcite were injected in the sample either one after each other from 211 
the same inlet in a sequential mode (experiment BS1), or simultaneously in two inlets in a co-212 
flow mode (experiment BS2). We used several aqueous fluids. Distilled water (H2O) and heavy 213 
water (D2O) were mixed at different proportions in the preparation of the solutions to control the 214 
neutron imaging contrast. The steps of fluid injections in the rocks and the injection flow rates 215 
are indicated in Figure 3. The experiment BS1 (injection from the top of the core sample) 216 
contained two steps of mineral precipitation, and heavy water was injected before and after the 217 
second step (Figure 3a). For experiment BS2 (injection from the bottom), one step of mineral 218 
precipitation was performed with heavy water injections before and after this step (Figure 3b). 219 
For the heavy water injections, the characteristic advection time is approximated as 220 

 a L v 100 sτ = = , where L 200 mμ=   is the pore size, v= 62 10−× m/s is the fluid velocity. The 221 

characteristic diffusion time is approximated as 2 50d L D sτ = =  where D= 107.5 10−× m/s. Thus, 222 
the Péclet number is 0 5d aPe τ τ= = . . While the characteristic reaction time varies locally within 223 
the porous media and changes over time, it is approximated 5r sτ = by Izumoto et al. (2022), 224 
obtained from a millifluidic experiment of calcite formation leading to a Damköhler number 225 

20a rDa τ τ= = . 226 

The precipitation of calcium carbonate is controlled by the injection of two aqueous 227 
solutions containing CaCl2 and Na2CO3 at the inlets (CaCl2 (aq) + Na2CO3 (aq) →  CaCO3 (s) + 228 
2NaCl (aq)). Because the precipitation is quasi-instantaneous when the two fluids mix into the 229 
rock, several types of calcium carbonate could form, such as amorphous calcium carbonate, 230 
vaterite, aragonite, and calcite (Brečević and Nielsen, 1989; Morse et al., 2007). Calcite is the 231 
most stable phase under our experimental conditions and therefore should be the dominating 232 
mineral at the end of each experiment. 233 

Following a series of calibration tests, similar to the procedure followed by Cordonnier et al. 234 
(2019), the combination of 75% heavy water and 25% distilled water was used for the CaCl2 (aq) 235 
solution, and a combination of 25% heavy water and 75% distilled water was used for the 236 
Na2CO3 solution. These proportions of distilled and heavy water provide good contrast in the 237 
neutron images to detect the miscible fluids separately. 238 
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 239 
Figure 3: The fluid injection steps of the two mineral precipitation experiments performed on Bentheim 240 
sandstone. For experiment BS1 (a), the fluids were injected from the top to the bottom, along the direction 241 
of gravity, and for experiment BS2 (b) the injection was from the bottom to the top. Calcium carbonate 242 
precipitation was performed by either injecting simultaneously the Na2CO3 and CaCl2 solutions in the two 243 
inlets of the core holder (co-flow, pink) or by injecting one solution after the other from the same inlet 244 
(sequential flow, orange). Short periods where water was injected to flush the tubes and avoid calcium 245 
carbonate precipitation in them are also indicated in bright blue. The core samples were imaged with 246 
three-dimensional neutron tomography during the main injection steps, and two-dimensional radiographs 247 
were acquired during the flushing steps. The red stars on the time axis show the complete neutron 248 
tomography scans and the yellow stars indicate incomplete scans (due to camera failure), from which we 249 
used two-dimensional radiographs. Due to their longer acquisition time, two X-ray scans were acquired 250 
before and after calcium carbonate precipitation for sample BS2. 251 

The initially dry BS1 sample was filled with D2O at a constant flow rate, with water 252 
replacing air (Figure 3a, from 0 to 368 minutes). This imbibition step was followed by a step of 253 
injection of CaCl2 (aq) and Na2CO3 (aq) in parallel from the two inlets (co-flow from 368 to 462 254 
minutes). However, the flow stopped due to the clogging of one of the inlet tubes with calcium 255 
carbonate precipitates. The experiment was continued as a sequential injection of CaCl2 (from 256 
462 to 940 minutes) and then Na2CO3 (from 940 to 1463 minutes) solutions successively from 257 
the same inlet. After these steps, we injected D2O to measure the fluid velocity distribution. 258 
Then, two successive steps of sequential injections of CaCl2 (from 1950 minutes to 2086 259 
minutes) and Na2CO3 (from 2118 minutes to 2309 minutes) induced a second episode of 260 
precipitation before another step of D2O injection was performed. During experiment BS1, we 261 
experienced some failures of the camera of the neutron tomograph, which resulted in some 262 
incomplete scans indicated as yellow stars on the time axis in Figure 3. The duration of this 263 
experiment was 47 hours. 264 

We performed a second experiment with calcium carbonate precipitation on sample BS2 265 
(Figure 3b). Here, we injected the fluids from the bottom of the sample. Before the experiment, 266 
the sample was saturated with water. We first fully flushed the sample (~ two pore volumes) 267 
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with a mixture of 50% of D2O and 50% of H2O. Then, we injected D2O, (from 30 minutes to 695 268 
minutes) to measure the fluid velocity distribution. Then, we performed a co-flow injection of 269 
the two reactive solutions from the two inlets for an episode of calcium carbonate precipitation 270 
(from 775 minutes to 1216 minutes), and then a final injection of D2O (from 1246 minutes to 271 
1955 minutes) to measure the velocity distribution after precipitation. In the course of the co-272 
flow injection of CaCl2 and Na2CO3, we experienced clogging of the tubes due to the formation 273 
of calcium carbonate precipitates in the porous media that redirected the flow of one solution 274 
toward the other. Therefore, this co-flow experiment was unsteady and effectively consisted of a 275 
series of injections of one and the other solution as the tube alternatively clogged and unclogged.  276 
These side flows and pre-mixing before the injection into the rock contributed to a less 277 
homogeneous distribution of precipitation within the rock. This was interesting to test the flow 278 
imaging method in a heterogeneous sample. Two X-ray scans were acquired when the rock was 279 
saturated with D2O, one before and one after the precipitation phase. The second X-ray was 280 
subsequent to the final D2O injection, and this additional flow likely altered the unconsolidated 281 
precipitate distribution during the D2O injection process. The duration of this experiment was 34 282 
hours. 283 

2.3 Calculation of the flow velocity field 284 
The distinctive grayscale levels of the various miscible fluids utilized in our study enable us 285 

to identify and track the interface between them over time. The interface is seen as a strong 286 
gradient in the intensity of the neutron tomograms. Due to imposed fluid flow conditions, the 287 
interface is transported mainly in the direction of the cylindrical core axis. In order to compute 288 
the velocity of the interface, we solve an inverse problem based on the advection-dispersion 289 
equation by using the contrast in neutron attenuation between different fluids from time-lapse 290 
tomograms. The advection-dispersion equation is: 291 

I .(I ) .(D I)
t

u∂ϕ + ∇ = ∇ ∇
∂

  (3) 292 

where ϕ [-] is the porosity, I  [-] is the normalized gray level intensity at each pixel, t [T] is the 293 

time between two consecutive tomograms, (u, v, )u = ω


[L/T] is the fluid velocity, and D [L2/T] 294 

is a dispersion coefficient. Defining the velocity vector 
* * * *(u , v , )u = ω


 as 295 
* ID

I
u u ∇= −   (4) 296 

allows deriving the three-dimensional velocity field of the injected heavy water by tracking how 297 
the interface between heavy water and distilled water moves through the sample. The path-298 
averaged velocity of fluid transported by advection only is calculated by: 299 

*I . I 0
t

u∂ϕ + ∇ =
∂


  (5) 300 

where 
*

u


is the velocity field transported by advection at each voxel. We have combined this 301 
advection equation with a global smoothness term to constrain the estimated velocity field (Horn 302 
and Schunck, 1981) by minimizing the function: 303 
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2
2 2 2* * * *

(u ,v, )
IJ . I dxdydz u v dxdydz
t

uω
Ω Ω

∂   = ϕ + ∇ + λ ∇ + ∇ + ∇ω    ∂  


 (6) 304 

where Ω  is the domain of the three-dimensional volume, and λ  is a Lagrange multiplier to 305 
smooth out the sharp velocity changes. There is no rigorous methodology for determining the 306 
Lagrange multiplier in the variational formulation; however, the solution of this equation 307 
remains relatively insensitive to the value of λ  within a broad range (Liu, 2017). We used a 308 
value λ=50 empirically selected as suggested by Liu and Shen (2008). As shown in Figure S1, 309 
modifying λ  in the range 10-50 does not have a significant impact on the velocity distribution, 310 
and when λ  is larger, the variation will be smoothed out. We calculated the generalized form of 311 
the corresponding Euler-Lagrange equation proposed by Horn and Schunck (1981) to minimize 312 

* * *(u ,v , )
J

ω
 and obtain the velocity field. The iterative numerical solution for the convergence is: 313 
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  (7) 314 

where xI , yI , zI  are intensity derivatives, and 
n

u , 
n

v , 
n

ω  are averages of the velocity at each 315 
voxel of 4×4×4 neighborhood voxels at iteration n. We use a maximum of 50 iterations to obtain 316 
the solution, and the iteration stops when the flow field has converged, i.e., when 317 

*n *n 1 TOLu u −− ≤
 

  (8) 318 

at iteration n, where TOL is the tolerance level chosen here equal to 10-9 m/s. 319 

To obtain the velocity field (u, v, )u = ω


 transported by both advection and dispersion, we use 320 

Eq. 4 multiplied by a weighting function W | I |= ∇  as 
*

u


includes a contribution from the 321 
gradient of intensity. Therefore, the actual velocity field can be derived by solving the set of 322 
equations: 323 

* x

y*

* z

IWu dt Wudt D W dt
I

I
Wv dt Wvdt D W dt u, v,

I
IW dt W dt D W dt
I

 

 

 

= − 

= − → ω

ω = ω − 


  

  

  

  (9) 324 
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where the dispersion coefficient D is approximated by calculating the divergence of Eq. 10 and 325 
considering mass conservation ( . 0u∇ =


) as 326 

*.
D

I.
I

u∇
=

∇ ∇  
 



  (11) 327 

3. Results 328 

3.1. Fluid mixing during co-injection of water and a cadmium solution (experiment BS0) 329 
This fluid mixing test is conducted to measure transverse dispersivity from neutron images. 330 

Figure 4a displays the last scan of the neutron tomogram series following the mixing of D2O and 331 
CdCl2 shown in Figure 2. Slices at some selected heights of this three-dimensional volume are 332 
shown in Figure 4b. The top slices of the rock exhibit a distinct sharp interface between D2O and 333 
CdCl2 solutions. As the fluids move toward the lower part of the sample, this sharp interface 334 
becomes more diffuse and widen owing to lateral dispersion. Figure 4c presents a series of 335 
normalized neutron attenuation profiles along the x-direction (perpendicular to the interface and 336 
the axis of the sample) at different heights in the sample. Each curve in Figure 4c is plotted along 337 
45 mm in the x-direction where each point is calculated by averaging 20×20 voxels in the yz-338 
plane and covers the central area (along the y-axis) of the slices at several heights z. By 339 
comparing the curves obtained from the upper (z = 7 mm) and lower (z = 42 mm) sections of the 340 
rock, we observe that the mixing zone has become wider towards the lower part of the sample 341 
(Figure 4c) since the change in attenuation with lateral distance has become more gradual. This 342 
widening is attributed to the transverse dispersion of solutes within the rock increasing with 343 
distance from the inlet. 344 

 345 
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injection of D2O into samples BS1 and BS2 before and after calcite precipitation. The boundary 373 
separating the two aqueous solutions is visible but is not a sharp front due to the dispersion 374 
occurring within the interface of the fluids. It should also be noted that the exposure time needed 375 
to image the flow interface during injection may blur the moving front in the three-dimensional 376 
images; however, injecting with a low flow rate helped reduce this effect. Visual comparison in 377 
Figure 6 and Figure 7 indicates dissimilarities in the shape and the velocity of the front 378 
progression before and after mineral precipitation. This suggests that calcium carbonate 379 
precipitation modified flow pathways in both samples. 380 

 381 

Figure 6: Neutron tomograms during injection of D2O (dark color) from the top with flow rate 0.073 382 
ml/min into sample BS1. Prior to each injection, the rock was saturated with the calcium carbonate 383 
growth solution (Na2CO3 and CaCl2), which contained a 25%-75% mixture of D2O and H2O (green 384 
color). Times t correspond to those indicated in Figure 3a, and Δt is the time since the beginning of each 385 
injection step. 386 
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 387 
Figure 7: Neutron tomograms during injection of D2O (dark color) from the bottom with flow rate 0.073 388 
ml/min into sample BS2. Before injection, the rock was saturated with a 50%-50% mixture of D2O and 389 
H2O (blue color). Times correspond to those indicated in Figure 3b, and Δt is the time since the beginning 390 
of each injection step. 391 

The front progression of the injected D2O in the neutron tomograms allows the velocity 392 
distribution of the flow in samples BS1 and BS2 to be calculated using the inversion method 393 
based on the advection-dispersion equation (Eq. 3 and section 2.3). Figure 8a shows the 394 
probability density function of the derived velocity fields of D2O flow in sample BS1. Note that 395 
these velocities correspond to coarse-grained velocity averaged over the neutron image pixel size 396 
and are therefore not measured at the pore scale. The fluid velocity magnitude at three horizontal 397 
cross-sections of the second D2O injection (before the second step of calcium carbonate 398 
precipitation) and the third D2O injection (after the second step of calcium carbonate 399 
precipitation) is shown in Figure 8b. Comparing these slices shows the areas where fluid velocity 400 
is reduced or increased after local mineral precipitation. We observe that the flow heterogeneity 401 
experiences a slight increase following the precipitation. 402 

The probability density function of the velocity magnitude for D2O injection before 403 
precipitation (Figure 8a) shows a fluid velocity range of 0.14-0.26 mm/min and a mean value of 404 
0.19 mm/min. This value is in agreement with a velocity of 0.18 mm/min calculated from the 405 
injected flow rate of 0.073 ml/min and the available pore area of the surface (412 mm2 surface 406 
area of the horizontal cross-section of the rock multiplied by the porosity equal to 21%). After 407 
precipitation, the mean value of fluid velocity is 0.20 mm/min. Comparing the second and third 408 
D2O injections shows that, for the same flow rate, the average fluid velocity after this step of 409 
precipitation is higher than before it, consistent with porosity reduction due to mineral 410 
precipitation. We also note that mineral precipitation is associated with a widening of the 411 
velocity distribution. 412 
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For sample BS2, Figure 9 shows the fluid velocity magnitude of D2O injections before and 413 
after mineral precipitation and the probability density functions of fluid velocity. Before 414 
precipitation, the average fluid velocity is 0.14 mm/min, and after precipitation, it is 0.16 415 
mm/min. The velocity magnitude images in Figure 9b show that the central part of sample BS2 416 
hosts lower fluid velocities after precipitation in comparison to the sides of the core sample. We 417 
observe that the enhancement in flow heterogeneity is more visible in BS2 than in BS1. The 418 
probability density functions of fluid velocity (Figure 9a) clearly show the influence of mineral 419 
precipitation between the two injections of D2O. Similar to the results obtained for sample BS1, 420 
fluid flow in sample BS2 shows a higher average velocity and a wider range of fluid velocities 421 
after a step of calcium carbonate precipitation.  422 

In the calculation of the velocity field, we assume that the estimated dispersion coefficient 423 
deriving from Eq. 11 is constant during each injection. While this assumption appears somewhat 424 
restrictive, we verified that the estimated values of D are nevertheless too small to significantly 425 
influence the velocity distributions. The derived values of dispersion coefficient D are equal to 426 

115.6 10−×  and 11 29.3 10 m / s−×  for the second and third D2O injections into BS1. For the first 427 
and second D2O injections into BS2, the values are 118.0 10−×  and 10 23.4 10 m / s−× , respectively. 428 

 429 
Figure 8: a) Probability density functions of fluid velocity magnitude during two injections of D2O (2nd 430 
and 3rd D2O injections) in sample BS1. The second injection (blue curve) was performed before the 431 
second step of calcium carbonate precipitation (Figure 3a) and the third one (green curve) after it. b) 432 
Cross-sections perpendicular to the core axis at different heights of local fluid velocities (Eq. 3) before 433 
and after the second step of mineral precipitation. 434 
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 435 
Figure 9: a) Probability density functions of fluid velocity magnitude during the injections of D2O in 436 
sample BS2, before (blue curve) and after (green curve) calcium carbonate precipitation. b) Cross-437 
sections perpendicular to the core axis at different heights of local fluid velocities before and after the 438 
mineral precipitation. 439 

Figure 10a and Figure 10b display scatter plots illustrating how local fluid velocities after a 440 
precipitation step, compare to local velocities before the precipitation step for samples BS1 and 441 
BS2, respectively. In the case of BS1, where the precipitation step occurred through sequential 442 
injections, there is no correlation between these velocities, suggesting more random changes in 443 
the velocity field in response to the precipitation event. For sample BS2, where precipitation was 444 
induced by unsteady co-flow injections, we observe a slight positive correlation, where higher 445 
initial velocities tend to further increase following precipitation. This observation is substantiated 446 
by measuring the average velocity after precipitation as a function of the initial velocities, as 447 
shown by the red line along with the variance in the same figure. In the case of BS1, we observe 448 
a consistent average velocity after precipitation. However, for sample BS2, there exists an 449 
upward trend, signifying a positive correlation. This highlights the distinct behavior exhibited by 450 
these two samples in response to the precipitation event. 451 

 452 
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Figure 10: Scatter plots depict the local velocity after a precipitation step in relation to the velocity before 453 
the precipitation step for samples BS1 (a) and BS2 (b). Each black dot corresponds to one voxel in the 454 
neutron tomogram. Percentages and dashed contours indicate the density of the data. The red line 455 
indicates the average post-precipitation velocity at a given initial velocity, along with the variance. 456 

3.3. X-ray microtomography imaging 457 
For experiment BS2, we have acquired two X-ray tomography scans at the Paul Scherrer 458 

Institute, one before and one after mineral precipitation. Figure 11a shows the difference 459 
between these two scans, displaying the areas where calcium carbonate precipitate appeared. 460 
Note, however, that some unconsolidated precipitate likely moved during the heavy water 461 
injection.  Instead of a straight plane of precipitation in the middle of the rock, which would be 462 
expected for a steady co-flow mixing experiment, we observe a complex region of precipitation 463 
likely due to the unsteady injection of CaCl2 and Na2CO3. The amount of precipitation is higher 464 
at the bottom near the inlet points where the solutions of CaCl2 and Na2CO3 were injected and 465 
also at the top where the calcium carbonate precipitates accumulated at the outlet. Some 466 
precipitation occurred in the middle of the sample; however, the resolution of the scans was too 467 
low to observe details. Figure 11b shows the average of the difference of gray values after and 468 
before mineral precipitation (X-ray attenuation coefficients) along the height of the sample BS2. 469 
The curve demonstrates a sharp variation in density near both the inlet and outlet points. We also 470 
see increased X-ray adsorption due to the precipitation of calcium carbonate in the center part of 471 
the sample, albeit slightly less pronounced than near the inlet/outlet regions. 472 

 473 
Figure 11: a) X-ray tomography three-dimensional rendering of precipitation of calcium carbonate in 474 
sample BS2 acquired at the Paul Scherrer Institute. The image was produced by subtracting the X-ray 475 
tomogram after precipitation from the X-ray tomogram before precipitation. b) Effect of calcium 476 
carbonate precipitation: The differential X-ray attenuation profile along the axis of the core sample is 477 
calculated by subtracting the three-dimensional volume after precipitation from the three-dimensional 478 
volume before precipitation and averaging along the axis of the core sample. 479 
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Segmentation of the pore space in the high-resolution three-dimensional tomogram acquired 480 
at the European Synchrotron Radiation Facility shows the porosity after precipitation (Figure 481 
12a). Figure 12b displays four selected slices perpendicular to the axis of the core sample, at 482 
different heights. The pores appear in dark gray because of low X-ray adsorption, while the rock 483 
grains and precipitates have lighter gray colors. Figure 12c shows the profile of porosity along 484 
the height of the core derived from pore segmentation, which we calculate as the summation of 485 
segmented pores' surface area divided by the slice surface area along the axis of the core sample. 486 
Porosity at both the top and bottom regions of the rock sample is lower than the average value. 487 
Figure 12d plots the normalized X-ray attenuation profile by averaging gray scales along the core 488 
sample's axis. These observations from Figure 12c and Figure 12d indicate that a higher level of 489 
precipitation occurred at the top and bottom sections of the rock sample, a result that agrees with 490 
the observations shown in Figure 11 for the X-ray data acquired at the Paul Scherrer Institute. 491 

 492 
Figure 12: a) Rendering of the X-ray tomogram of sample BS2 acquired at the European Synchrotron 493 
Radiation Facility, with a voxel size of 5.85 micrometers. Pores are shown in blue. b) Two-dimensional 494 
slices of porosity distribution perpendicular to the core axis at different heights including X-ray 495 
tomograph zooms of small squares, where empty pores appear in black. c) Profile of porosity distribution 496 
along the axis of the core sample calculated by segmentation of the pores (sum of segmented pores 497 
divided by slice area), as shown in panel a). d) Normalized X-ray attenuation profile calculated by 498 
averaging gray values along the axis of the core sample.  499 
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4. Discussion 500 

4.1 Neutron imaging of fluid flow in porous media 501 
Neutron imaging has developed rapidly in the past few years, providing new opportunities 502 

for non-destructive characterization of a wide range of geomaterials (e.g., Tengattini et al., 503 
2021). Several recent studies have demonstrated the capabilities of dynamic neutron imaging to 504 
study fluid flow in rocks, for example, to reveal the relationship between wormhole advancement 505 
and permeability variation in dissolving rocks (Cooper et al., 2023), or to investigate the 506 
interactions between imbibition and pressure-driven flow in microporous deformed limestone 507 
(Lewis et al., 2023). Neutron imaging has also been used to study transport properties in other 508 
porous media, such as the migration of condensed water vapor through cracked concrete (Gupta 509 
et al., 2022), hydrochannel porous transport layer designed for unitized reversible fuel cells 510 
(Komini Babu et al., 2023), as well as salt precipitation and water transport in CO2 electrolysis 511 
(Disch et al., 2022). These studies demonstrate the versatility of the neutron imaging technique 512 
and its ability to provide a deeper understanding of fluid transport in various porous media. 513 

The distinctive characteristics of a neutron beam, such as its isotope sensitivity (e.g., 514 
D2O/H2O) or its strong attenuation in the presence of cadmium, make neutron imaging a useful 515 
technique to study fluid flow and contaminant transport in porous rock. Heavy water (D2O) 516 
exhibits significantly reduced neutron attenuation compared to regular water (H2O), allowing for 517 
the investigation of fluid flow dynamics. Recent advances in neutron tomography techniques 518 
have facilitated quicker imaging and enabled scientists to capture fluid dynamics with enhanced 519 
spatial and temporal resolution. As an example, the CONRAD-2 neutron source (Helmholtz-520 
Zentrum, Berlin) enables the monitoring of fluid front movement in saturated samples by 521 
utilizing the distinctive contrast in neutron attenuation (Etxegarai et al., 2021). The Institut Laue-522 
Langevin in Grenoble, France is a neutron source where high-speed neutron tomographies with a 523 
rapid acquisition time of around one minute have been obtained to study water invasion into air-524 
filled samples of rock (Tudisco et al., 2019). The neutron source SINQ at the Paul Scherrer 525 
Institute in Switzerland is another facility where we show in the present study the capability of in 526 
situ analysis of the local changes in fluid flow properties of rocks, expanding the possibilities for 527 
studying fluid dynamics in rock samples (Cordonnier et al., 2019). In the present study, we 528 
quantify the spatial fluctuations of fluid velocity before and after calcium carbonate precipitation 529 
in porous sandstone. We solved the inverse advection-dispersion equation using the difference in 530 
neutron attenuation between two miscible fluids, a technique that to the best of our knowledge 531 
has not been previously explored. The resolution of neutron images implies that the fluid 532 
velocities correspond to average pore velocities, which do not resolve the velocity field inside 533 
pores. 534 

4.2 Dispersion of solutes quantified by neutron imaging 535 
Recent advancements in understanding transverse dispersion dynamics in natural rock media 536 

have been made using X-ray tomography to study the steady-state dispersion of solutes (Boon et 537 
al., 2017; Boon et al., 2016). The potential of utilizing neutron imaging to measure dispersion is 538 
evaluated in this study. In experiment BS0, the width of the mixing zone between the heavy 539 
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water and cadmium solutions increases from the top to the bottom of rock sample BS0, as 540 
expected, showing the applicability of the neutron imaging technique in exploring the transverse 541 
dispersion in rock. The derived value of the transverse dispersion coefficient was obtained by 542 
fitting Eq. 2 to the normalized attenuation curves (Figure 4c) collected at different heights in 543 
sample BS0 is 9 2 1

TD 1.3 10 m s− −= × . Assuming the medium is homogeneous and the flow rate is 544 
low (Pe = 0.5), the transverse dispersion would be close to the molecular diffusion. The value of 545 
the dispersion coefficient we calculate is within a factor two comparable to the diffusion 546 
coefficient of cadmium into water ( 10 2 17 10 m s− −× ) published in other studies (Furukawa et al., 547 
2007; Lide and Kehiaian, 1994). 548 

4.3 Fluctuations of fluid velocity in sandstone before and after mineral precipitation 549 
The injection steps of D2O in experiments BS1 and BS2 produce a visible fluid front in the 550 

tomograms. The shape and velocity of this front change before and after mineral precipitation 551 
steps, indicating local modifications of porosity that we interpret to be related to the clogging of 552 
some pores by calcium carbonate precipitation. In both samples BS1 and BS2, the velocity 553 
distribution curves observed after a precipitation step in Figure 8a and Figure 9a exhibit a higher 554 
and broader range of velocities. This effect is more pronounced in experiment BS2, where a 555 
higher amount of calcium carbonate precipitation occurred following the co-injection of Na2CO3 556 
and CaCl2. 557 

Our results suggest that non-uniform precipitates can readily form at the pore scale. The 558 
decrease in permeability is associated with a reduction in porosity (Reis, 1994), due to the 559 
decrease in the size of the pore throats. This decrease in permeability induces an increase in the 560 
average fluid velocity under conditions of imposed flow rate. The formation of new minerals 561 
may also result in the development of roughness in the pores (Noiriel et al., 2016), which, in 562 
turn, may lead to a reduction in fluid velocity near the grain surface. This reduction is controlled 563 
by both the location and size of the newly formed crystals. The impact of local precipitation on 564 
fluid velocity may have substantial implications for the hydrodynamics and transport of reactants 565 
and products in the vicinity of the fluid-rock interface (Steefel and Maher, 2009). 566 

For both experiments BS1 and BS2, we observed fluid velocity increases in certain areas 567 
and decreases in other areas of the rock sample. This effect is related to the porosity reduction 568 
due to localized calcium carbonate precipitation. To quantify the velocity field, we first 569 
calculated the path-averaged velocity of D2O transported by advection, and then, we added a 570 
dispersion term with the approximation described in Eq. 11. The derived values of the dispersion 571 
coefficients in samples BS1 and BS2 before precipitation. 5.6×10-11 m2/s and 8.0×10-11 m2/s (see 572 
Section 3.2), are smaller than the value of 1.3×10-9 m2/s calculated for sample BS0. One possible 573 
explanation is the use of a smoothing Lagrange multiplier in the variational formulation (Eq. 6), 574 
which acts like a diffusion term (Liu and Shen, 2008). However, we have shown that varying the 575 
value of the Lagrange multiplier between 10 and 50 does not modify significantly the 576 
distribution of the velocities (Figure S1). Another explanation could be attributed to a bias in the 577 
three-dimensional volume reconstruction process, which may have arisen from the relatively 578 
long 32-minute temporal resolution between each scan, during which fluid flow was occurring 579 
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within the rock. These factors combined with the assumption of considering the constant 580 
dispersion coefficient throughout the injections have led to the underestimation of this coefficient 581 
in samples BS1 and BS2. 582 

4.4 X-ray imaging of local calcium carbonate precipitation and porosity and comparison with 583 
neutron imaging 584 
X-ray imaging has been used to investigate the precipitation of calcium carbonate and porosity 585 
distribution in rocks. One study has shown that X-ray micro-tomography can provide a detailed 586 
view of the morphology and distribution of calcite precipitates in fractured rocks (Aben et al., 587 
2017). X-ray imaging has also been used to observe how calcite precipitation affects the 588 
permeability, porosity, and fluid flow in porous rocks (e.g., Hebert et al., 2015; Noiriel, 2015; 589 
Noiriel et al., 2016). In this study, X-ray tomography acquisition of the sample BS2 allowed us 590 
to verify that calcite precipitation occurred in the rock and have a general estimation of its 591 
distribution. However, these X-rays cannot be used to explain the flow distribution since the 592 
unconsolidated precipitate likely moved in the pore space between the neutron and X-ray scans. 593 
Figure 13 presents vertical cross-sections of the sandstone samples acquired using different 594 
imaging methods. Figure 13a shows a section obtained using neutron imaging, which, despite its 595 
lower resolution, provides valuable insights to image the solutions present within the samples. 596 
Figure 13b and Figure 13c display sections acquired using low and high-resolution X-ray 597 
imaging. Notably, the high-resolution X-ray imaging provides enhanced visualization of the pore 598 
space and calcite distribution within the sample. At the pore scale, calcite-filled pores can be 599 
identified. As discussed above, it is not yet possible to fully connect the three-dimensional X-ray 600 
image with the three-dimensional velocity field obtained from the neutron tomogram series in 601 
order to determine the relationship between mineral precipitation and the fluid velocity at that 602 
region. Developing imaging techniques to allow for such developments should be the topic of 603 
future studies. 604 

 605 
Figure 13. Vertical cross-sections of porous sandstone acquired using a) neutron imaging (sample BS0), 606 
b) low-resolution X-ray imaging (sample BS2), and c) high-resolution X-ray imaging (sample BS2). 607 
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5. Conclusions 608 

This study uses dynamic neutron imaging to investigate flow and transport before and after 609 
mineral precipitation in core samples of Bentheim sandstone. Neutron imaging is shown to be a 610 
useful tool to track the transport of solute fronts in porous rocks since the rock and sample 611 
holder are mostly transparent to neutrons, whereas the aqueous fluid can be imaged under in situ 612 
conditions.  613 

Hence, we investigated the feasibility and precision of neutron imaging to measure 614 
transverse solute dispersion induced by flow in porous rock. Furthermore, neutron imaging was 615 
used to visualize the flow of two aqueous miscible fluids within porous rock and its alteration 616 
by calcium carbonate precipitation. We developed an inverse method that uses the advection-617 
dispersion equation to quantify the spatial fluctuations of the velocity of injected fluid by 618 
tracking the moving interface between two miscible fluids. While this technique did not provide 619 
pore-scale resolution, it was useful to monitor the distribution of the average pore velocity 620 
within the rock. After precipitation, the average velocity was larger and the flow field was more 621 
heterogeneous. This effect was more pronounced in the co-flow experiment compared to the 622 
sequential experiment. In the former, larger initial velocity tended to increase, explaining the 623 
broadening of the velocity distribution. X-ray imaging at different resolutions allowed us to 624 
confirm the presence of calcite precipitate inside the rock and estimate its spatial distribution in 625 
the rock. However, the transport of unconsolidated precipitate between the neutron and X-ray 626 
scan did not allow a direct correlation between the flow and precipitation fields. This could be 627 
achieved in the future by optimizing the coupling of neutron and X-ray imaging sequences.  628 

These findings therefore open new opportunities to use neutron imaging, coupled with other 629 
tomography techniques, to investigate flow, transport, and reaction processes in porous media. 630 
Our results suggest an interesting coupling between flow and precipitation, particularly in the 631 
co-flow experiment. Following this proof of concept, the technique could be largely improved 632 
by better controlling the injection of reactive fluids, investigating reactive transport regimes 633 
where the precipitate is not transported, and optimizing the coupling of neutron and X-ray 634 
imaging. 635 
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