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Abstract

Enzymatically Induced Calcite Precipitation (EICP) in porous media can be used as an engineering option to achieve targeted

precipitation in the pore space, e.g. with the aim to seal flow paths. This is accomplished through an alteration of porosity and,

consequently, permeability. A major source of uncertainty in modelling EICP is in the quantitative description of permeability

alteration due to precipitation. This study investigates experimentally the time-resolved effects of growing precipitates on

porosity and permeability on the pore scale in a PDMS-based micro-fluidic flow cell. The experimental methods are explained;

these include the design and construction of the micro-fluidic cells, the preparation and usage of the chemical solutions, including

the injection strategy, and the monitoring of pressure drops at given flux rates to conclude on permeability. Imaging methods

are explained with application to EICP, including optical microscopy and X-Ray micro-Computed Tomography (XRCT) and

the corresponding image processing and analysis. We present and discuss detailed experimental results for one particular micro-

fluidic set-up as well as the general perspectives for further experimental and numerical simulation studies on induced calcite

precipitation. The results of the study show the enormous benefits and insights of combining both light microscopy and XRCT

with hydraulic measurements in micro-fluidic devices. This allows for a quantitative analysis of the evolution of precipitates

with respect to their size and shape, while monitoring the influence on permeability. We can demonstrate that we improved

the interpretation of monitored flow data dependent on changes in pore morphology.
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Abstract16

Enzymatically Induced Calcite Precipitation (EICP) in porous media can be used as an17

engineering option to achieve targeted precipitation in the pore space, e.g. with the aim18

to seal flow paths. This is accomplished through an alteration of porosity and, conse-19

quently, permeability. A major source of uncertainty in modelling EICP is in the quan-20

titative description of permeability alteration due to precipitation. This study investi-21

gates experimentally the time-resolved effects of growing precipitates on porosity and22

permeability on the pore scale in a PDMS-based micro-fluidic flow cell. The experimen-23

tal methods are explained; these include the design and construction of the micro-fluidic24

cells, the preparation and usage of the chemical solutions, including the injection strat-25

egy, and the monitoring of pressure drops at given flux rates to conclude on permeabil-26

ity. Imaging methods are explained with application to EICP, including optical microscopy27

and X-Ray micro-Computed Tomography (XRCT) and the corresponding image pro-28

cessing and analysis.29

We present and discuss detailed experimental results for one particular micro-fluidic30

set-up as well as the general perspectives for further experimental and numerical sim-31

ulation studies on induced calcite precipitation. The results of the study show the enor-32

mous benefits and insights of combining both light microscopy and XRCT with hydraulic33

measurements in micro-fluidic devices. This allows for a quantitative analysis of the evo-34

lution of precipitates with respect to their size and shape, while monitoring the influ-35

ence on permeability. We can demonstrate that we improved the interpretation of mon-36

itored flow data dependent on changes in pore morphology.37

1 Introduction38

Induced calcite precipitation is an engineering option which could be employed for39

a targeted sealing of flow paths in the subsurface as it might be necessary in geological40

gas storage in the presence of conductive faults (Phillips, Lauchnor, et al., 2013; Phillips,41

Gerlach, et al., 2013; Ebigbo et al., 2010; Hommel et al., 2013), for creating barriers for42

groundwater and containment of subsurface contamination (Cuthbert et al., 2013), for43

soil stabilization and for an improvement of mechanical soil properties (Wiffin et al., 2007;44

van Paassen et al., 2010; Hamdan & Kavazanjian, 2016). There are different techniques45

to achieve a targeted calcite precipitation at a desired location. One of them is referred46

to as Enzymatically Induced Calcite Precipitation (EICP). Basically, EICP as we em-47

ploy it here, relies on the dissociation of urea into carbon dioxide and ammonium cat-48

alyzed by the enzyme urease which is extracted from jack-bean meal. In circum neutral49

environments regarding the pH value, ammonium (NH +
4 ) and bicarbonate are the dom-50

inant products of hydrolysis, see Eq. (1) (Mitchell et al., 2019). However, carbon diox-51

ide in aqueous solutions occurs as carbonic acid (H2CO3), bicarbonate (HCO –
3 ) or car-52

bonate (CO 2–
3 ), depending on the pH value. Since ammonia acts as a weak base by tak-53

ing up a proton and producing hydroxide, it increases the pH value and shifts the equi-54

librium towards carbonate ions. The additional presence of calcium ions, in our case pro-55

vided by adding calcium chloride, forces calcium carbonate to precipitate. According to56

van Paassen (2009), the release of a proton (H+) during the calcium carbonate precip-57

itation buffers the production of hydroxide during the hydrolysis, see Eq. (2). Precip-58

itated calcium carbonate eventually results on the pore scale in a change in pore mor-59

phology and on a larger scale, after averaging, in a change of the effective quantities poros-60

ity and permeability,61

CO(NH2)2 + 2 H2O
urease

2 NH +
4 + HCO −

3 + OH−, (1)

HCO −
3 + Ca2+ CaCO3 ↓ + H+. (2)
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A more commonly known method, Microbially Induced Calcite Precipitation (MICP)62

relies on microbes expressing the enzyme urease. While the basic mechanism of precip-63

itating carbonates altering the pore morphology is similar as in EICP, the MICP tech-64

nology is more complex in application; and in particular, the impacts on porous-media65

properties are even more challenging to model. MICP involves the growth of bacteria66

and biofilms that have also an influence on the evolving pore space, however not the same67

as the precipitated calcite. Biofilm is a soft matter and to some extent flexible to adapt68

to variable shear stress at variable flow velocity. In contrast, precipitated carbonates tend69

to be more rigid solids.70

Models for MICP have focused recently on the reaction part and its kinetics (Bachmeier71

et al., 2012; Ebigbo et al., 2010; Hommel et al., 2015), but kinetics are often strongly cou-72

pled to hydraulic processes (Ebigbo et al., 2012; Hommel et al., 2016). While it has been73

shown that MICP models can be successfully applied to field-scale application (Cunningham74

et al., 2019; Minto et al., 2019), it is extremely challenging to describe quantitatively the75

impact of combined biofilm growth and carbonate precipitation on porosity and perme-76

ability, since the two ”solid” phases have totally different properties (Hommel et al., 2018).77

In this study, we aim at elaborating much-needed experimental evidence for a more78

thorough knowledge on the relation between altered pore morphology and the larger scale79

model parameters permeability and porosity. We acknowledge that the Darcy scale (or80

REV scale), see e.g. the respective definitions in Hommel et al. (2018), is the appropri-81

ate scale to model field-scale applications of MICP or EICP, where computational de-82

mands can become a limiting factor. However, it is the pore scale where the morpho-83

logical changes occur and from where we, consequently, need to derive new insights. There-84

fore, we aim at studying the processes on this scale, and we use micro-fluidics for ana-85

lyzing them in the details of our interest.86

Precipitation processes in micro-fluidic devices have been studied in the past with87

various objectives. In the work of Zhang et al. (2010), mixing-induced carbonate pre-88

cipitation was investigated in a micro-fluidic cell made out of Pyrex glass and silicon with89

the dimensions of 2 cm x 1 cm. The process was observed by optical microscopy with90

a resolution of 1.62 and 0.65 µm/pixel. Yoon et al. (2012) performed pore-scale simu-91

lations based on these experiments. Wang et al. (2019) studied MICP in a micro-fluidic92

chip made out of Poly-Di-Methyl-Siloxane (PDMS) with the dimension of 1.5 cm×1.5 cm,93

fabricated very similar compared to the one that is used here. With a very high reso-94

lution of 0.65 µm/pixel, they were able to observe bacteria, as well as to capture qual-95

itatively the shape of single crystals. In contrast, the experiments of Kim et al. (2020)96

were performed on a larger scale, observing the whole micro-fluidic chip over time with97

a resolution of 6.5 µm/pixel, during sequential injections of reactive solutions for EICP.98

The micro-fluidic chip was made out of glass and has the dimensions of 2.1 × 1.3 cm.99

Based on image processing, statistical analysis of the precipitates, more precisely the size100

distribution over time, were conducted and compared to a simplified kinetic model.101

For our study, we hypothesize that the growth of biofilm has completely different102

impact on flow resistance on the pore scale than precipitated carbonates. Eventually, this103

holds then also in terms of effective permeability on the Darcy scale. Therefore, this study104

is exclusively focusing on EICP in a micro-fluidic cell; this reduces the complexity com-105

pared with MICP since biofilm growth is not occurring. An important question that we106

want to address in our micro-fluidic experiments is the issue of where nucleation and crys-107

tal growth occurs, and whether precipitation in pore cavities or pore throats is more rel-108

evant for reduction of permeability and improvement of soil stability, the latter is not109

in the focus of this study. By an analysis of nucleation and crystal growth on the pore110

scale we pursue the vision to derive substantial new insights in porosity-permeability re-111

lations, which then need to be upscaled to the Darcy scale. Precipitation inside a porous112

medium is a complex process influenced by different chemical and physical phenomena.113

Besides the hydrolysis of urea, the precipitation itself is a complex combination of nu-114
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cleation, crystal growth, and changes of crystal structure (van Paassen, 2009). Six dif-115

ferent polymorphs of calcium carbonate exist: calcite, aragonite, vaterite, mono-hydrocalcite,116

ikaite and amorphous calcium carbonate (ACC), where the thermodynamical stablility117

decreases from calcite to ACC (El-Sheikh et al., 2013). Especially when there is homo-118

geneous nucleation, we have to keep in mind that crystals can form, dissolve and recrys-119

tallize into another polymorph which is well studied in the work of Kralj et al. (1990,120

1994, 1997). Homogeneous nucleation takes place when small nuclei form in a pure liq-121

uid phase, while heterogeneous nucleation defines the crystallization at the interface of122

another phase, which could be, for example, dust or an other existing nucleus (Nebel,123

2008).124

As already mentioned above, it is very important to get reliable quantitative in-125

formation on the change of pore volume, i.e. porosity on the Darcy scale, and on the al-126

teration of pore morphology. The micro-fluidic cells we use here have a very small depth127

compared to the other two dimensions. Optical microscopy and image processing can128

provide mainly 2D information with limited details in the through-plane direction. As129

a complement to optical microscopy, X-Ray micro-Computed Tomography (XRCT) was130

used to acquire information also in the through-plane direction. Our primary focus is131

on the change in the hydraulic parameters, like permeability, due to the growth of pre-132

cipitates. Therefore, it is necessary to monitor the pressure reliably. The experiments133

presented here combine the visual observation of crystal nucleation and growth over time134

with reliable pressure measurements under continuous flow conditions. We use a time-135

consuming XRCT analysis of the form and shape of the crystals in order to develop cheaper136

methods for interpreting microscopy-based 2D information which still can consider typ-137

ical 3D morphology of precipitated carbonates. This will allow more comprehensive stud-138

ies on EICP, and perspectively also on MICP, and its particularly complex porosity-permeability139

relations.140

Furthermore, the results presented here can serve as a basis for a comparison study141

of reactive transport simulations on the pore scale, including calcite precipitation.142

Below, we introduce the materials and methods that are used, developed, and ap-143

plied. This includes the production of the micro-fluidic cells by soft lithography, the ex-144

perimental procedures for the EICP studies, as well as the imaging techniques. Subse-145

quently, we present results on permeability determination from exemplary experiments.146

The discussion of the results puts a focus on the development of methods and a work-147

flow that is appropriate for the EICP application. Still, we are able to draw important148

conclusions for further studies towards a better understanding of porosity-permeability149

relations in porous media affected by EICP or MICP.150

2 Materials and methods151

The set-up and the workflow of the micro-fluidic experiment, including the prepa-152

ration of the chemical solutions are described in detail below. Subsequently, the two imag-153

ing methods, optical microscopy and XRCT-scanning, are described and the correspond-154

ing post-processing of the images is explained.155

2.1 Micro-fluidic experiments156

In the scope of this work, three experiments were conducted, in the following re-157

ferred to as Experiments 1, 2, 3. For each experiment, one micro-fluidic cell was produced,158

based on the same design. Also the set-up, experimental procedure and image process-159

ing were mainly the same and are explained in the following, while minor differences are160

pointed out.161
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The micro-fluidic cells were produced by following the regular workflow of soft lithog-162

raphy (Karadimitriou et al., 2013; Xia & Whitesides, 1998). The designs of the pore-network163

geometry were generated with AutoCAD c© and subsequently printed on a A4 transparency,164

with the pore space being transparent and the solid space being opaque. Such a trans-165

parency is commonly called as a mask. These masks are employed in optical lithogra-166

phy with the use of SU8-2100 photoresist to produce photo-resist spin-coated silicon wafers.167

After having followed the regular steps of photo-lithography, the photo-resist features168

sticking out of the wafer had a height of 85 µm. These wafers were used in the produc-169

tion process of the actual micro-fluidic cells out of Poly-Di-Methyl-Siloxane (PDMS). A170

mixture of Dow Corning SYLGARD c© 184 Silicone Elastomer base and the curing agent,171

at a mixing ratio of 10:1, is poured into a petri dish with a wafer, so as to create the PDMS172

slab with the features of the flow network. An equal quantity of the mixture is also poured173

into another petri dish without a wafer, to create a blank slab which is used as the seal-174

ing one. After degassing and subsequent curing for 2 hours at 68 ◦C, the resulting PDMS175

slides are carefully removed from the wafer and the petri dish. Holes (ø1.5 mm) for the176

inlet and outlet tubes are punched and the PDMS slides are diced to fit the size of a stan-177

dard glass slide for microscopy (26 mm×76 mm). The bonding of the two PDMS slabs178

together and subsequently on a glass slide is done with the corona treatment described179

in Haubert et al. (2006). After another 24 hours, the bonding is complete and the micro-180

fluidic cells are ready to be used in the experiments.181

The reactive solutions were prepared in the following way: Solution 1 contained 1 g182

urea with a molar mass of 60.06 g/mol and 2.45 g calcium chloride dihydrate with a mo-183

lar mass of 129 g/mol mixed in 50 ml deionized water. The mass concentrations corre-184

spond to a equimolar concentration of 1/3 mol/L. Both chemicals were provided by MERCK c©.185

For Solution 2, the enzyme urease is extracted from jack-bean meal (JBM) provided by186

Sigma Aldrich c©. 0.25 g jack-bean meal together with 50 ml water are stirred at a con-187

stant temperature of 8 ◦C. After 17 hours of stirring the solution is vaccuum filtered twice188

with a 0.45 µm cellulose membrane to remove any JBM particles remaining. In Table189

1, the concentrations of the reactive solutions are summarized.190

Table 1. Concentrations of the solutions

Solution Urea Calcium chloride JBM
[mol/L] [mol/L] [g/L]

Solution 1 0.33 0.33 -
Solution 2 - - 5
Mixed 0.167 0.167 2.5

The design of the micro-fluidic cell and its geometrical parameters are shown in Fig-191

ure 1. The inlet at the bottom left is connected with two 2.5 ml glass syringes (S1, S2)192

guided by two, one for each, mid pressure pumps CETONI neMESYS 100N which gen-193

erate the flow. The interface between the syringe pumps and the computer is the base194

module, CETONI BASE 120. The software QMixElements is used to operate the exper-195

iment via pre-defined scripts. The tubes, connecting the micro-fluidic cell with the sy-196

ringes and the pressure sensors have an inner diameter of 0.5 mm and an outer diam-197

eter of 1.59 mm (1/16 inch) and are made of Teflon (Poly-Tetra-Fluoro-Ethylene, PTFE).198

The outlet is connected to a reservoir with a constant water table of 10 cm above the199

micro-fluidic cell. This induces a back-pressure in order to reduce the risk of bubble for-200

mation during the experiment. Air bubbles can lead to difficulties in image post-processing,201

as shown in the work of Kim et al. (2020), and are likely to disturb the pressure mea-202

surements. The tubes for the outlet have an inner diameter of 0.75 mm to avoid clog-203

ging. P1 and P2 indicate the location of the Elveflow MPS0 pressure sensors with a range204
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of 70 mbar. The analog voltage signals of the pressure sensors are acquired and digitized205

with 16 bit using the CETONI I/O module at a rate of 1 Hz. The design of the micro-206

fluidic cell shows features of the porous domain which are smaller than the inlet and out-207

let geometry. The pressure sensors are connected in parallel to the inlet channel and out-208

let, and this offers the ability to measure pressures under static conditions. The inlet chan-209

nels are large enough to be hydraulically connected to the pressure sensor during the whole210

precipitation process. Thus, it is possible to measure the pressure drop of the domain211

of interest (top right in Figure 1) without being compromised by precipitates in the in-212

let and outlet channels of the micro-fluidic cell. The porous domain in this work is de-213

fined as shown in Figure 1 on the right. Note that we define here permeability being spe-214

cific for this particular porous domain. The domain is a cuboid with dimensions Dpore×215

H×Ldomain. Permeability is later on used in absolute values; therefore, a reference do-216

main is required. For porosity, we are detaching this from permeability since we are only217

interested later on in changes of void space due to precipitation. We will then use the218

notation of a ”normalized porosity”.219

Each experiment can be subdivided into three stages: a) initial permeability mea-220

surement, b) continuous injection of reactive solution, and c) final permeability measure-221

ment. The ambient temperature was 23 ◦C.222

In the beginning of the experiment the permeability is estimated by applying dif-223

ferent flow rates (0.01 - 1.5 µL/s) with de-ionized water only, and measuring the pressure224

difference ∆p = p2−p1. Based on these measurements, the initial permeability of the225

porous domain can then be determined using Darcy’s Law (Stage a). Afterwards, the226

micro-fluidic cell is flushed with both reactant solutions at a high flow rate of 0.25 µL/s227

for 5 minutes. Urea-calcium-chloride solution is introduced from S1 and urease solution228

from S2, in order to fully saturate the micro-fluidic cell with the reactive solution. Con-229

sequently, the continuous injection of reactive solution starts: a constant flow rate of 0.01230

µL/s for each syringe is applied for up to 5 hours, resulting in a total flow of 0.02 µL/s and231

a forced mixing of the reactants in the inlet tube right before the micro-fluidic cell (Stage b).232

During this stage, precipitation is taking place and the pressure is continuously moni-233

tored at the inlet and outlet of the micro-fluidic cell in order to quantify the hydraulic234

effects of the pore space alterations. After precipitation, the system is flushed with wa-235

ter at a constant flow rate of 0.02 µL/s for 20 minutes. Finally, another permeability es-236

timation is conducted by applying flow rates from 0.005 to 0.03 µL/s with water only (Stage c).237

Porous domain

P2P1

S1 S2

Outlet

750 µm

e1∼
e2∼

e1∼

e2∼e3∼

Dthroat = 125 µm

Dpore = 500 µm

H = 85 µm

Ldo
main

=
7 m

m

Figure 1. Left: sketch of the micro-fluidic set-up including the porous domain (black), the

inlet-, outlet- and pressure- channels (gray), the tubes (blue) connected to the syringe pumps (S1

and S2) and to the pressure sensors (P1 and P2), the flux is indicated with blue arrows; right:

porous domain and its dimensions
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2.2 Imaging238

During the experiments, the processes were observed through optical microscopy,239

while in addition the micro-fluidic cells underwent an XRCT scan after the experiment.240

The set-up and the subsequent image processing of these methods are detailed in the fol-241

lowing.242

2.2.1 Optical microscopy243

The transparent nature of PDMS allows for the direct visualization of the processes244

taking place in the pore space, in real time, by using transmitted light microscopy. For245

this purpose, a custom-made microscope has been developed, which is able to visualize246

samples with a resolution of 0.5 to 20 µm per camera pixel. In the Supporting Informa-247

tion a sketch with all components is given. An extended version of this optical set-up248

can be found in Karadimitriou et al. (2012).249

During the precipitation phase of the Experiments 1 and 2, images were captured250

at 0.1 fps at a resolution of 3.34 and 3.36 µm/pixel respectively. Experiment 3 was ob-251

served at 1 fps with a resolution of 3.17 µm. In order to analyze the images with respect252

to the porosity change and the crystal growth, the gray scale images were processed us-253

ing the software Matlab R2019b (The Mathworks, Inc.) using a procedure as explained254

in the following. As a first step, a mask was created that defines the porous domain based255

on the initial image without any precipitates. For creating the mask, at first the anisotropic256

diffusion filter is applied (Perona & Malik, 1990). Consequently, the image is binarized257

and the regions outside of the porous domain are filled (imfill). The morphological clos-258

ing operation (imclose) is used to remove impurities of the image. Since the raw image259

also includes parts outside of the domain of interest and is not perfectly parallel to the260

e1 axis, the image is cropped and rotated in order to be horizontally aligned. This re-261

sults in a binarized image where the void space is defined as 1 and the solid as 0 (Fig-262

ure 2 a). The mask obtained so far serves then as a reference for future identification of263

the crystals in the same domain.264

When comparing images at different time steps while precipitation is still taking265

place, it is important that they are geometrically aligned. Even though the set-up, in-266

cluding the stage and the camera, are fixed, small changes of the position can occur. To267

overcome this issue, all subsequent images are registered to the initial image. Matlab’s268

intensity-based image-registration function imregister is used with the transformation269

type rigid. This only allows for rotation and translation by bi-linear interpolation. Once270

the images are registered, the porous domain can be extracted by applying the same ge-271

ometrical operation as for creating the mask. Since these images have the same size as272

the mask a subsequent element-wise multiplication with the mask is used to extract the273

void space of the cell. In order to remove the noise of the images while preserving the274

sharpness of edges, an anisotropic diffusion filter is applied (Perona & Malik, 1990). Con-275

sequently, the images are binarized using Otsu’s method (Otsu, 1979). Since the void276

space has the value of 1 and the solid (including the precipitates) has the value of 0, a277

2D-porosity can be estimated by calculating the mean of the binarized images. A flow278

chart in the Supporting Information shows the different image processing steps.279

Figure 2 shows the different steps of the procedure. In order to study the crystal280

aggregates individually, the Matlab-function bwlabel is used to identify connected ob-281

jects in the binary image. Subsequently, the area of these objects is determined with the282

function regionprops. Based on this area, which can be seen as a 2D projection of the283

crystal aggregates, a corresponding volume is estimated. In Section 3.3, this is explained284

and investigated in detail.285
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a)

b)

c)

d)

Ldomain = 7 mm

Figure 2. Image processing procedure for optical microscopy: a) initial image b) mask c) raw

image with precipitates d) processed image with precipitates

2.2.2 X-Ray micro-Computed Tomography (XRCT)286

After the EICP experiment, the micro-fluidic cells were further investigated by means287

of XRCT imaging. The scan was performed in open and modular XRCT device which288

was set-up during the last years. More details about the set-up can be found in the work289

of Ruf and Steeb (2020) or in the Supporting Information. The micro-fluidic cell domain290

was cut out from the total 3D scanned volume. With the resolution of 4.25 µm/px, the291

size of the XRCT-imaged area (after alignment) is 2100 × 519 × 20 voxels in length, width292

and depth of the porous domain respectively, This corresponds to a domain volume of293

approximately 89 mm × 22 mm × 0.085 mm.294

XRCT-scanning was carried out for all three experiments 1-3. However, due to the295

vast amount of a second phase around the precipitates after the experiments and before296

the scans, which will be explained in 3.2.2, only the XRCT data set of Experiment 3 was297

further post-processed.298

Image processing was performed again by using Matlab R2019b (The Mathworks,299

Inc.). The raw images were imported to Matlab as a 3D data set. To carry out the sta-300

tistical study and ease the comparison to the 2D information, the images were transformed301

to achieve a 3D dataset, in which the porous domain is aligned as it is in the microscopy302

images. See Figure 3 (a) for an example of the 3D data set. Afterwards the images were303

filtered with a 3D median filter with a kernel size of [3 3 3] and segmented. Two meth-304

ods, (i) of maximum entropy and (ii) Otsu (Otsu, 1979) thresholding were applied to seg-305

ment the images into 4 different phases, including the PDMS, the pore space, the cal-306

cium carbonate precipitates, and a liquid-resembling phase surrounding some of the crys-307

tals (Figure 3 (b)). To detect the precipitates and in an effort to create a binarized mask308

for separating the precipitates from the sides of the channel, without loosing any volume309

of the precipitates, they were flagged with the value of 1, while the rest of the domain310

was flagged with the value of 0. A projection of all of the slides on the x-y plane was pro-311

duced and the pixels not belonging to the crystals were removed. This mask was then312

multiplied by the 20 images to obtain the crystals. A more detailed descrition of the mask313

and its preparation can be found in SI. Upon that, the single crystals were detected us-314

ing the Matlab-function bwconncomp, which returns the connected components found315

in the binary volume. The particles smaller than 10 voxels, which are mostly noise, were316

removed from the 3D precipitates with the function bwareaopen. The remaining connected317

components, referred to as crystals, were then investigated.318
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a)

b)

L domain

500 µm

500 µm

L domain

Figure 3. Image processing procedure for XRCT a) sections of the 3D data set b) projection

of the segmented volume in the planar view (black: the PDMS, gray: the void space, white: the

crystals, green: the second phase)

3 Results319

We present and discuss here the results of the three experiments with the meth-320

ods described in the previous sections. At first, we describe the estimation of the per-321

meability by evaluating the pressure measurements in comparison to the applied bound-322

ary flow conditions. Subsequently, the precipitates are characterized by analyzing both323

the data gained from optical microscopy and the data obtained by XRCT.324

3.1 Determination of Permeability325

The permeability of the cell which is free from precipitates, and this with precip-326

itates was estimated applying various boundary flow rates of de-ionized water and mea-327

suring the corresponding pressure drop (Stage a and c). By rearranging Darcy’s Law and328

using the slope of the negative pressure drop over the flow rate spq, the intrinsic perme-329

ability k can then be calculated as:330

k =
µLdomain
Aspq

, (3)

with A being the cross-sectional area (H×Dpore) and Ldomain the length of the331

domain as defined in Figure 1. For example, Figure 4 displays the measured negative pres-332

sure drop over the flow rate for Experiment 1. The applied flow rates in the case of the333

clean cells (before precipitation) have a wider range (up to 1.5 µL/s) in order to overcome334

the relatively large error for small pressure drops. In the case of the cells having precip-335

itates, the permeability is expected to be significantly reduced, inducing higher pressure336

drops for the same boundary flow conditions. This allowed us to employ lower flow rates337

in our effort to avoid detachment of the precipitates due to increased shear stresses, while338

still being able to measure the corresponding pressures in a reliable way. The calculated339

permeabilities of the three experiments are summarized in Table 2.340

The boundary pressure is monitored continuously during the entire injection and341

precipitation period (Stage b). Under the reasonable assumption that the fluid viscos-342
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Figure 4. Left: negative pressure drop over flow rate for the cell at initial state and at the

final state, after the precipitation - exemplary for experiment 1; the slope spq is used to estimate

the permeability based on equation (3); right: negative pressure drop during the precipitation

phase of Experiment 1, 2, and 3.

Table 2. Permeability of initial state (k0) and after the precipitation (kprec)

Experiment k0 kprec kprec/k0 log10(kprec/k0)
[10−10m2] [10−11m2] [−] [−]

1 1.43 ± 0.04 1.35 ± 0.14 0.095 -1.02
2 1.36 ± 0.10 < 0.005 < 0.00036 < -3.42
3 1.39 ± 0.08 0.23 ± 0.12 0.016 -1.79

ity remains constant throughout the duration of the experiment, the normalized perme-343

ability is the reciprocal of the normalized pressure drop (k/k0 = ∆p0/∆p). Figure 4344

shows the negative pressure drop of Experiments 1, 2, and 3 during the precipitation pro-345

cess. While Experiment 1 shows a slow and steady increase of the pressure drop for the346

5 hours of injection, Experiments 2 and 3 show a stronger increase at certain times. The347

pressure drop of Experiment 2 rises sharply after 2.5 hours of injection. Since the mon-348

itored pressure was close to the pressure range of the sensor, the injection had to be stopped.349

Even at a reduced flow rate of 0.002 µL/s the pressure reached the limit instantaneously.350

This corresponds to a permeability reduction of more than three orders of magnitude.351

In contrast, the pressure drop observed in Experiment 3 remained low over a period of352

about 4 hours. Since the pressure drop in this period was very small, minor fluctuations353

potentially caused by small leakages or bubbles in the system led to pressure drops be-354

low zero, which was the case for the period between 0.5 and 3 hours of injection. How-355

ever, the pressure drop started rising after approximately 4 hours and the pressure mea-356

surement is therefore less sensitive to small imperfections of the set-up. The experiment357

was stopped after 5 hours and 5 minutes in order to prevent complete clogging as we saw358

it in Experiment 2. The precipitates caused a total permeability reduction of 1.69 or-359

ders of magnitude. For both Experiment 1 and Experiment 3, the permeability reduc-360

tions obtained from the subsequent permeability measurement (Stage c) were slightly361

higher compared to the last measurement during the continuous injection. We think the362

reason for this is the following. The solution with reactants in the inlet tube has to be363
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flushed through the micro-fluidic cell before being able to continue with injecting wa-364

ter at different flow rates. This may result in further ongoing precipitation. Since the365

micro-fluidic cell from Experiment 2 was apparently clogged, the subsequent permeabil-366

ity measurement could not be performed. However, since we determine the initial and367

final permeability by injection of water at different flow rates, we are confident that this368

allows us to verify the continuous pressure measurement during the precipitation phase.369

This experimental protocol demonstrates that the continuous pressure monitoring strat-370

egy as explained here leads to reliable results for the obtained permeability reductions371

of up to three orders of magnitude.372

3.2 Characterization of the precipitates373

In the following section three additional steps for characterizing the precipitates374

are described. At first, based on the images obtained from optical microscopy the evo-375

lution of the pore morphology is investigated. Secondly, the final state of the Experiment 3376

is additionally examined by means of the XRCT data set with a focus on the shape of377

the crystal aggregates. In the last step, an appropriate approach is presented that aims378

at allowing quantification of the volume of single crystal aggregates only based on their379

2D projection. The results of optical microscopy are complemented based on this approach380

to estimate the volume of the precipitates over time since XRCT presently only gives381

us the final result of precipitation. In combination with the continuous pressure mea-382

surements, the permeability change is correlated to the change of porosity.383

3.2.1 Evolution over time as derived from optical microscopy384

We can see from the three experiments presented here that the complexity of the385

precipitation processes can lead to very different results in terms of where and how many386

nuclei form, even though the boundary conditions are kept the same. Figure 5 shows the387

final images of the three experiments. Since Experiment 2 was stopped after 3 hours, the388

states of Experiments 1 and 3 are also shown at that time for comparative purposes. The389

difference with the final state for each experiment is colored in gray.390

The position of the nucleation sites do not seem to be influenced by the geometry.391

More precisely: we cannot conclude whether they are preferably located in the pore bod-392

ies or in the pore throats. The nuclei seem to be spread randomly throughout the do-393

main, but they could be influenced by small imperfections of the micro-fluidic cell itself.394

For example, small impurities of the elastomer base or curing agent originated during395

the manufacturing process of the micro-fluidic cells might cause these imperfections which396

can result locally in an increased roughness of the surface. These imperfections can then397

act as initiation points and are therefore a preferred location for heterogeneous nucle-398

ation. Most of the crystals stay at the same position throughout the whole injection and399

grow continuously, which has also been observed during a sequential injection of reac-400

tive solutions in the work of Kim et al. (2020).401

Figure 6 shows the 2D porosity normalized to the initial value over time. In Sec-402

tion 2.2, the procedure of obtaining the 2D porosity is explained. Experiments 1 and 2403

show a similar trend of the reduction of the porosity over time, while in Experiment 3404

the apparent pore volume decrease is slower. As Figure 5 shows, in Experiment 3 there405

are clearly less nuclei in the porous domain. This lack of nucleation sites leads to a smaller406

decrease of the apparent 2D porosity over time.407

In addition to the average change of the pore volume over time, the growth of crys-408

tal aggregates can individually be observed in detail. Figure 6 shows a close-up of Ex-409

periment 2, where gray indicates the growth of the crystals during 1 hour and 40 min-410

utes of injection. Based on a qualitative observation, two distinct phenomena can be clearly411

observed: a) the crystals mainly grow into the upstream direction of the flow, and b) the412

crystals in the pore throats grow faster compared to the ones in the pore bodies. For now,413

these are qualitative observations and need to be studied and verified in more detail. Re-414
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Ldomain = 7 mm

Figure 5. Processed images from optical microscopy of Experiments 1, 2, and 3. Black indi-

cates the crystals after 3 hours and 10 minutes. Gray indicates the further development until the

final states for Experiments 1 and 3

active transport models on the pore scale that include crystal growth could support this415

investigation (personal communication, not yet published).416
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Figure 6. Left: normalized 2D porosity over time; right: crystal growth in the first pore of

Experiment 2; gray indicates the growth within a period of 100 minutes

Figure 7 shows a time series of three unprocessed images from Experiment 2. Even417

though the solid crystals mainly stayed at their initial position, we observed also a case418

where an aggregate of crystals moved during the injection. The circle highlights the crys-419

tal that changed its position. Once it got stuck between two other crystals they contin-420

ued to grow. Additionally, smaller grayish crystals can be seen around the darker and421

larger crystals. These could be meta stable polymorphs of calcium carbonate conglom-422

erating close to the darker crystalline phase. The grayish crystals are apparently more423

likely to be transported with the flow. This can lead to a sudden clogging at locations424

where the cross-sectional area is already reduced. This is the case in the pore throat shown425

on the three images on the right in Figure 7. Here, the darker crystals narrow the cross-426

sectional area, and the grayish crystals are transported through it. As a consequence,427

pressure builds up during temporary plugging and subsequently relieves when the smaller428

crystals are pushed through. The alternating pressure buildups and relieves can be mainly429

seen for Experiment 2 in Figure 4 at a time where the domain is close to complete clog-430

ging. This again shows the enormous benefit of combining continuous pressure measure-431

ments with optical microscopy.432
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t = 1h 45 min

t = 2h 00 min

t = 2h 15 min

t = 2h 30 min

t = 2h 45 min

t = 3h 00 min
500µm

Figure 7. Time series of unprocessed images from optical microscopy of Experiment 2: a crys-

tal moved to another location (indicated with the circle); accumulation of smaller grayish crystals

in the pore throat (indicated with the rectangle)

3.2.2 Final state as derived from XRCT-scan433

In order to examine the shape of the crystal aggregates, the XRCT-images are seg-434

mented and studied following the procedure as described in Section 2.2.2.435

One of the advantages of 3D imaging in this study is the possibility it offers to de-436

fine the volume of the precipitates accurately, since this allows for a reliable estimation437

of the porosity change in the 3D porous domain.438

Moreover, the individual crystals are examined with respect to finding the best as-439

sumption for the shape of the crystals from the 2D images. Even though the area of in-440

terest for the determination of permeability in the experiments is the actual porous do-441

main, the investigations of the XRCT-data are carried out on the total scanned domain,442

which includes other parts of the cell as well. The investigation, with the focus being mainly443

on the shape-defining properties of the crystals, includes their volume, surface, and their444

distribution in the cell’s depth (top, bottom, side or the whole depth). Given that the445

main purpose of performing a XRCT is to enhance the microscopy imaging with 3D in-446

formation, the ideal case would be to preserve the final state of the crystals at the end447

of the experiments as accurately as possible. Despite of the measures we took to ensure448

that preservation, such as rinsing and drying the cell after the experiment, it is observed449

in this study that there is a second phase surrounding some of the crystals. This phase450

has different X-Ray attenuation properties, leading to distinctly different intensities of451

the gray values in the acquired images (Figure 8 (a)). This occurrence can also be spot-452

ted by comparing two microscopy images, from which one is taken at the end of the ex-453

periments and the other is from before running the XRCT (Figure 8 (b) and (c)), although454

the dissimilarity in the two mentioned phases is not conspicuous. The discrepancy be-455

tween the acquired information motivates detailed evaluation of the mentioned crystals456

in order to serve the purpose of the study, which is to support the 2D images from mi-457

croscopy with the 3D images from XRCT.458

Another observation is that all of the crystals with the mentioned phenomenon are459

located downstream of the crystal shown in Figure 9 (c), which should be taken into ac-460

count, when trying to understand the nature of the second phase. The combination of461

the crystals and the second phase around them encapsulates a uniform distribution in462

the depth of the channel from which more than 50% of the volume is the second phase.463

It is notable that the mentioned phase demonstrates the properties of a saline liquid. Fig-464
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ure 8 (d) illustrates the classification of the two phases based on the difference in the gray465

values from the 3D imaging.466

a)

b)

c) d)
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201917

16151413

1211109

8765

4321

18

Figure 8. Two of the crystals, which have a second phase around them a) sections of the

crystals from XRCT, b) microscopy image at the end of the experiment, c) microscopy image

before the XRCT, d) classification of the precipitates into main crystal (white) and the second

phase surrounding them (green) in the depth of the cell.

We should state that in an attempt to be more compatible with the microscopy im-467

ages, the second phase is removed from the XRCT dataset and the investigations are car-468

ried out on the resulting dataset. Another information that can be derived from XRCT469

is the surface of the channel, where the crystals are attached to. This provides clues about470

where they started growing and can be of importance since it is not obtainable from the471

microscopy imaging effortlessly. An evaluation of the crystals’ attachment locations shows472

that the number of the crystals attached to the top or sides of the channel is higher than473

the ones attached to the bottom surface. Out of the 21 crystals, 9 are extended in the474

whole depth of the cell, 7 are attached to the top, 3 to the sides and 2 to the bottom.475

Apart from the crystals which are connected only to the top surface of the cell, 7 out of476

9 crystals which are extended in the whole depth of the channel have bigger attachment477

surfaces at the top. This claims that the nucleation probably started at the top. Based478

on these results obtained from image analysis, we can speculate that the surface rough-479

ness plays a significant role in the nucleation process in the current set-up. We reach to480

this conclusion based on the production process of the micro-fluidic cell, since the bot-481

tom surface is initially in contact with the surface of the petri-dish, and is expected to482

show a decreased roughness in comparison to the other surfaces forming a closed chan-483

nel in the cell and are molded in contact with the wafer surface.484

The third advantage of the 3D imaging in this study is the opportunity it offers485

to determine the distribution of the aggregates in the depth of the cell, which leads to486

a better estimation of the crystal shapes and volume. Four examples of the crystal vox-487

els distribution in the depth of the cell are shown in Figure 9. In Figure 9 (a), a small488

crystal is shown which has grown on the side of the porous domain. In the bar chart the489

distribution of the crystal voxels, representing the volume of the crystal, is illustrated.490

It can be observed that the crystal is extended from the 8th voxel in the depth to the491

16th. Figure 9 (b) shows a crystal which has grown through the whole depth and is show-492

ing a bigger surface on the top of the cell. The significantly larger amount of the vox-493

els in the middle of the depth in the channel, where the flow velocity is at its most, is494

interesting. The crystal in Figure 9 (c) is one of the few which entraps a second phase495

around it and its extents has reached the walls of the porous domain at top, bottom and496

sides. Although the number of the voxels in the depth demonstrates an almost uniform497

distribution, after the classification of the two phases it can be seen that the distribu-498

tion of the main crystal illustrates a pattern in the depth with the biggest area in the499

middle of the cell, which is similar to the crystals without the second phase around them.500

In contrast, the second phase is observed to be neighboring the sides of the cell, which501

–14–



manuscript submitted to Water Resources Research

can be because of the wetting properties of the cell material toward trapped chemicals502

and reinforces the speculation that the second phase is a liquid. The crystal in Figure503

9 (d) is one of the two crystals which has grown at the bottom of the cell. Its bigger area504

around the middle of the channel is similar to many of the other crystals.505
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Figure 9. Examples of the distribution of the crystals in depth of the cell a) a crystal at-

tached to the sides of the cell b) a crystal occupying the whole depth of the cell c) a crystal

(white) with a second phase (green) around it d) a crystal attached to the bottom of the cell.

3.3 Complementing the 2D imaging with 3D information506

From 2D microscopy, we can easily observe crystal growth over time. However, the
actual volume change including the third dimension can only be derived with further as-
sumptions. In the work of Kim et al. (2020), the volume of individual crystals is esti-
mated by assuming the shape of the crystals to be either cylindrical or semi-spherical.
From the area observed by optical microscopy (A), an equivalent radius (req) is calcu-
lated:

req =

√
A

π
. (4)

The volume of individual crystals is then estimated based on the equivalent radius and507

the height of the micro-fluidic cell, H (equations 5a and 5b). However, in the work of508

Kim et al. (2020), the shapes are just hypothetical and have not been validated by three-509

dimensional imaging techniques. Following the same approach, other shapes like spher-510

ical or spheroidal shapes are potentially possible as well. Using the present 3D data set511

obtained by XRCT-imaging, we can investigate and identify the best fitting shape as-512

sumptions for the crystal aggregates.513

–15–



manuscript submitted to Water Resources Research

Cylinder Sphere Spheroid Semisphere

Figure 10. Hypothetical shape of crystal aggregates

Vcylindrical = πr2eqH (5a)

Vsemisphere =


2

3
πr3eq req < H

π

3
(3Hr2eq −H3) req > H

(5b)

Vsphere =


4

3
πr3eq 2req < H

π

12
(12r2eqH −H3) 2req > H

(5c)

Vspheroid =


4

3
πr3eq 2req < H

2

3
πr2eqH 2req > H

(5d)

The following analysis is done using only the data gathered from XRCT-scans. There-514

fore, the projection of all planes from the XRCT-images are used as a hypothetical 2D515

image, since this corresponds to what could be observed by optical microscopy. Based516

on the projection the volumes are calculated assuming four different shapes respectively.517

Figure 11 shows the procedure for five crystals in the porous domain. The 2D projec-518

tion of the XRCT-images is shown on the top. The original 3D structures of the five crys-519

tals are illustrated below in a). This is referred to as the reference. In b) the shapes are520

shown as spheroids as derived from the projected area, while c) shows the shapes assumed521

to be semi-spheres as proposed by Kim et al. (2020). In Figure 11, the volumes derived522

from the projected areas are plotted against the actual volume derived from the 3D data523

set, which is the reference volume. Therefore, the bisector, shown in black, corresponds524

to the perfect fitting of the volume derived from the projection and the reference vol-525

ume. Each data point represents one crystal in the whole scanned domain. The assump-526

tion of a cylindrical shape clearly overestimates the volume of the crystal aggregates, which527

can be expected since the crystals do not fill the whole height of the micro-fluidic cell528

everywhere. The approaches of spherical and spheroidal shape are identical up to a vol-529

ume of 0.32 ·10−3mm3, where the equivalent diameter is equal to the height of the cell.530

For larger aggregates, the spherical shape assumption also overestimates the volume, while531

the spheroidal approach is in good agreement to the reference volume. The semi-spherical532

approach mainly underestimates the volume of the crystals. Based on the coefficient of533

determination (R2), it can be concluded that the spheroidal shape is the best choice in534

this case to determine the volume from a projected area.535

Since our aim is to derive the volume from the images of optical microscopy, the536

final states of the crystal aggregates in the porous domain are analyzed and compared537
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Ldomain = 7 mm

a)

b)

c)

1 2 3 4 5

Figure 11. Shape of crystals: top) 2D projection (from XRCT-images) a) shape of crystals

(from XRCT-scan); b) shape of crystals derived from 2D projection with the assumption of

spheroidal shape; c) shape of crystals derived from 2D projection with the assumption of semi-

spherical shape; the 3D representations of the crystals 1 - 5 are not exactly true to scale among

each other.

to the XRCT-scan. In Table 3.3, the properties of five crystal aggregates in the porous538

domain are given, labeled corresponding to the labeling used in Figure 11. The projec-539

tion area derived from the XRCT-scan, AXRCT, differs slightly from the area observed540

by optical microscopy, Aoptical. This is due to fact that these are two different imaging541

applications and, therefore, the post-processing has been done differently. Also, small542

changes that happened in the time period between the actual injection and precipita-543

tion experiment and the subsequent XRCT-scan may have caused small deviations. VXRCT544

is the volume directly obtained from the XRCT-scan, as illustrated in Figure 11. The545

volume, derived from Aoptical assuming spheroidal shape slightly overestimates the vol-546

ume. However, the averaged volume deviates by approximately 9 % and is therefore a547

good assumption to estimate the volume.548

Based on this approach, the spheroidal shape is used to estimate the volume of the549

crystal aggregates from the images obtained by optical microscopy and to conclude on550

a change of porosity of the porous domain. Since the permeability can be calculated from551

the pressure data, we can relate the obtained average quantities, porosity and perme-552

ability, to each other. In the literature, there exist many different approaches of porosity-553

permeability relations which are used to model pore space alterations on the REV scale,554

like Kozeny-Carman type, Thullner Biofilm relation or Verma-Pruess type, to name only555

a few (Pandey et al., 2015; Thullner, 2010; Verma & Pruess, 1988). According to Hommel556

et al. (2018), many of them do not lead to fundamentally different permeability alter-557

ations compared to a simple power-law relation with a suitable exponent. In Figure 13,558

the decadic logarithm of the normalized permeability is plotted over the change of the559

porosity. The data set of Experiment 1 fits reasonably well to a power law with the ex-560
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Figure 12. Volume derived from projection area of the XRCT-scan for different shape as-

sumptions, including their coefficient of determination (R2) with respect to the reference volume

Table 3. Comparison of estimated volumes from 2D images with the volume derived from

XRCT-scans

Crystal AXRCT Aoptical VXRCT Vspheroid

[10−2mm2] [10−2mm2] [10−3mm3] [10−3mm3]

1 1.15 1.11 0.57 0.63
2 1.56 1.63 0.83 0.93
3 0.28 0.25 0.09 0.10
4 2.29 2.23 1.26 1.27
5 0.77 0.85 0.38 0.48∑

6.06 6.09 3.13 3.41

ponent 25. In contrast, Experiments 2 and 3 show a more sudden decrease of the per-561

meability. While the decrease of permeability of Experiment 3 happens at a later point562

in time, it occurs at a lower porosity change. This effect underlines the hypothesis that563

if one single location is clogged, the permeability is decreased, even though the overall564

change of pore space is not significant. We can conclude from this that, at least for the565

specific geometry of our set-up, the location of the nuclei dominates the decrease of per-566

meability rather than the averaged quantity porosity. Having in mind that the geom-567

etry chosen for the micro-fluidic cell only consists of four pore cavities connected with568

pore throats, it is far away from being a representative porous medium. Clogging of one569

single pore throat leads to a fast increase of the pressure drop and, therefore, to a de-570

crease of the permeability. Discussing averaged quantities like permeability and poros-571

ity in this specific case does not have the aim of deriving or improving empirical rela-572

tions yet, but to emphasize that the approach presented here offers a great possibility573

to tackle this topic when applying the set-up and procedures on more complex pore struc-574

tures.575
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Figure 13. Decadic loagrithm of the relative permeability over porosity reduction for Experi-

ment 1 - 3 and a power law relation with an exponent η = 25

4 Discussion576

As explained in the Introduction, we consider this study to be in the context of find-577

ing specific porosity-permeability relationships for enzymatically induced calcite precip-578

itation in porous media, and perspectively also for microbially induced calcite precip-579

itation where biofilms additionally present in the pore space render the problem even more580

complex. As a porous medium we used flow cells made of PDMS, while we are aware of581

the possibility that the porous material and its surface may have an influence on the pre-582

cipitation process, in particular on the generation of nucleation points due to locally in-583

creased roughness, surface charge, etc. This is definitely an aspect that we plan to con-584

sider in future studies.585

What we have developed and presented above is an experimental strategy that we586

propose to assess pore-scale alteration observed during EICP in micro-fluidic cells. We587

note here that the main achievement of this study is the experimental procedure rather588

than results for the envisioned porosity-permeability relations. The requirements guid-589

ing us in designing the experimental procedure include a reliable determination of pore590

space alteration, which can be resolved also in time. In other words, our demand is to591

assess the when, where, and what are the processes taking place regarding precipitation592

during EICP with as much quantifiable data as possible. The cell design, the measure-593

ments, and the imaging techniques can be discussed in this context.594

Regarding the design of the cell, we put an emphasis on a strongly simplified porous595

medium which allows for a detailed analysis of the shape of precipitated crystals. We596

note that this cell design due to its more-or-less 1D-like structure is not suited for de-597

riving porosity-permeability relations in a representative porous medium. But the de-598

sign is optimal for validating our workflow and it can, of course, be changed and adapted599

to required complexities in future studies. Another important aspect for the cell design600

is the evaluation of pressure at the desired locations, i.e. without being strongly influ-601

enced by precipitates in the inlet and outlet channels or tubes. With the designed pres-602

sure channels, we have found a satisfactory solution to this problem.603

Evaluating the continuous pressure measurements during the three experiments,604

which we have presented in the Results section, we noted that they were increasingly re-605

liable for increasing pressure drops. In the beginning of the experiments, or at low pres-606
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sure drops before significant precipitation occurred, we consider the pressure drops less607

reliable, they even showed values below zero in some instances, e.g. in Experiment 3 dur-608

ing 0.5 hours and 3 hours after start of injection. It might be caused by small leakage609

of fluid or other imperfections in the set-up. The continuous pressure measurements dur-610

ing injection and precipitation (Stage b) were necessary for the temporal resolution of611

the process. They were validated by permeability determination via injection of de-ionized612

water at varying rates both before the injection (and precipitation) and after its stop.613

This implies a small temporal shift due to the required changes in the set-up, during which614

precipitation in the cell may go on and further change the pore space and the perme-615

ability. Yet, we could see that this effect is minor and the ”validation” of the continu-616

ous pressure monitoring can be considered successful.617

While the pressure information is important for concluding on permeability changes,618

the imaging is the crucial part for the quantification of changes in pore morphology and619

pore volume. We have applied optical microscopy and as a subsequent 3D characteri-620

zation technique XRCT scans. Similar to our approach with respect to the measurement621

of the pressure drop, we have here with the optical microscopy an approach of contin-622

uous monitoring during the injection and precipitation, while we use XRCT scans to prop623

up the more or less only 2D information from microscopy. Optical microscopy allows for624

observing changes of the pore structure synchronized with the continuous pressure mea-625

surements, but it does not resolve the structure of the precipitated solids in the third626

dimension. We have shown above, with the help of information from the XRCT scans,627

that the microscopy images can be usefully complemented by the approach of assum-628

ing spheroidal shapes. The XRCT scans, though costly and only a-posteriori to perform629

unless maybe at a synchroton tomography beamline, are able to resolve the third dimen-630

sion. The shapes of the crystals can be examined and it enables finding of approxima-631

tions for volumes derived from 2D projections, which, consequently, means that further632

on more value can be attributed to information from cheap and continuous optical mi-633

croscopy. This combination of microscopy and XRCT scanning has thus proven very im-634

portant for a better quantification of the changes in the pore space due to precipitation.635

However, the XRCT scans require preparations, the cells need to be flushed and then636

dried, moved to the scanner. Thus, it is likely that there occur some discrepancies be-637

tween the ”final” state of the injection/precipitation experiment and scanned state. There-638

fore, it is currently not practical to have time-resolved scanning during the experiment.639

This would require to apply for beam time in a synchroton. It is worth noting that the640

perfect experimental XRCT technique for a micro-fluidic cell, in which the aspect ratio641

of the depth to the other dimensions is small and is considered as flat, would be laminog-642

raphy (Gondrom et al., 1999). Nevertheless we were able to derive beneficial informa-643

tion out of the XRCT set-up, already available for us.644

Another challenge we have encountered with the scanning is the occurrence of a645

second phase around the crystals. The existence of two phases can be due to the fact646

that although the cell is rinsed and dried directly after the experiment to keep the crys-647

tals as stable as possible, there is some remains of liquid in the cell which has a signif-648

icantly different texture, despite coming across as parts of the crystal in the microscopy649

images. One may speculate that due to the existence of a big crystal in the pore throat,650

the cell is not rinsed and dried profoundly and trapped liquid including some chemicals651

have caused forming a second phase after the experiment, which could also be an out-652

come of the simple structure of the cell.653

5 Conclusions654

In this study, enzymatically induced calcite precipitation (EICP) is investigated655

in a micro-fluidic cell during a continuous injection of the reactive solutions. Three ex-656

periments were performed, all with the same boundary conditions. The design of the micro-657

fluidic cell allows for reliable continuous pressure measurements during the precipitation658
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and to obtain from them the permeability reduction of the porous domain. The domain659

in this study consists of four pore bodies connected with pore throats. Since the mate-660

rial of the cell is transparent, optical microscopy can be used to observe the growth of661

the crystal aggregates synchronized with the pressure measurements. We saw that most662

of the crystal aggregates stay at their position of initial nucleation and mainly grow into663

the upstream direction of the flow during the injection. However, in one experiment, we664

observed that a crystal in a pore body was transported with the flow into the next pore665

throat where it aggregated with another crystal. In addition to optical microscopy, XRCT-666

scans of one micro-fluidic cell after the precipitation process is performed in order to iden-667

tify the best suited calculational shape for approximating the real shapes of the crystal668

aggregates from their 2D projection. The spheroidal shape has been found to approx-669

imate the volume best. Applying the assumption of a spheroidal shape, the volume of670

precipitates, and thus the change in pore volume, can then be derived based on the im-671

ages from optical microscopy.672

Thus, the averaged quantities porosity and permeability can be related to each other.673

In such a very simple porous domain as presented here, it was observed that the loca-674

tion of the precipitates, whether it occurs in the cavities or in the throats, dominates the675

evolution of the permeability rather than the total volume of the crystal aggregates.676

The experimental procedure we proposed in this study can be applied for more re-677

alistic designs of the porous domain in two and three dimensions, where flow has more678

degrees of freedom to bypass clogging, in order to derive realistic porosity-permeability679

relations. These relations are crucially important when modeling reactive transport dur-680

ing EICP or MICP including precipitation on the REV scale. The method to derive the681

volume of the precipitates based on microscopy images can be applied in any kind of pore-682

structural design of the micro-fluidic cell.683

The provided data include the segmented XRCT-scan, as well as the segmented684

images of microscopy. Based on these data, pore-scale simulations can be carried out.685
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Introduction

This supporting information provides two sketches of the experimental set-ups: one of

the open and modular XRCT device (Figure S1) and another one of the custom made

optical microscope, including the stage of the experimental set-up (Figure S2). Moreover,

two flow charts describing the image processing steps are given: One visualizes the steps

for the images taken by optical microscopy (Figure S3) and the other one for the XRCT

dataset (Figure S5). Furthermore a comprehensive description of the image processing of

the XRCT-dataset is given below.
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Description of open and modular XRCT device

The scan was performed in open and modular XRCT device which was set-up during the last

years. It is based on an open micro-focus tube with a tungsten transmission target (FineTec

Force 180.01C TT, FineTec Technologies GmbH, Germany). The detector (Shad-o-Box 6K HS,

Teledyne DALSA Inc., Waterloo, Ontario, Canada) has an active area of 146 × 114 mm2 with

a pixel size of 49.5 µm which results in images of the size of 2940 × 2304 pixels. The Shad-

O-Box detector has a CsI-scintillator and the image output of the detector is realized via GigE

interfaces using LAN connections to the computer. The cone-beam scanning process was carried

out without any physical filtering. A schematic illustration of the scanning device can be seen

in S1. The voltage, the current, and the exposure time were set to 80 kV, 100 µA and 3000

ms respectively. The scan consists of 1800 projections (5 rotation fragments per degree). In

order to minimize ring artefacts, the output of 5 slightly shifted projections are averaged at each

(rotational) position. Therefore, the detector was moved slightly to the left, right, up, and down.

The resolution was set to 4.25 µm/px to obtain 20 voxels in the depth of the porous domain. Given

the total number of 9005 images, the scanning has taken 15 hours and 46 minutes. Reconstruction

of the 3D volume is performed by the software tool Octopus Reconstruction (Version 8.9.4-64 bit).

A schematic illustration of the set-up is shown in Figure S1.
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Detailled description of image processing for the XRCT-dataset

In Figure S5 various stages of the image processing, carried out to extract the desired data out of

the reconstructed images from the XRCT. Embedded in the process, which is already explained

in the paper, there are some measures, taken to tackle the existence of a second phase around

some of the crystals. In the following, the mentioned processes are described.

After the 3D dataset was cutted and aligned, it was read into Matlab R2019b (The Mathworks,

Inc.) as 20 images, each representing one layer in the depth of the channel. Then images were

segmented using the “Max Entropy Thresholding” method. This method gave us the precipitates

along with parts of the channel wall. So, there was a need for a mask to remove the non-relevant

voxels. By adding up all the segmented images together, and cleaning the resulting image

manually, a mask was prepared. This was done to avoid cleaning all of the images one by one.

This mask was multiplied by all of the images to remove the noise but keep the crystals untouched.

In another attempt, the same procedure was carried out with one difference: The segmentation

was done by multithresholding, Otsu’s method. This gave us the crystals which has some other

phase around them, in two parts. The reason why the multithresholding, Otsu’s method is not

used for all of the crystals, is that a layer around the crystals have the same gray value as in

the second phase and is categorized as the second phase. To sum it up, 4 of the crystals where

a second phase is observed in the XRCT were segmented with multithresholding, Otsu method

and the rest with maximum entropy. There was an issue with the multi-thresholding method,

which needed to be addressed: Due the gray value distribution on the first and last slide, this

method, classifies all of the voxels on the top and at the bottom of the channel as the second

phase. That led for the crystals, with the second phase around them to be connected to nowhere,

which is physically not possible. For this reason a closer look at the not processed XRCT images
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Figure S4. Second phase allocation in the precipitated cell

was required to have a dataset resembling the XRCT as good as possible. The XRCT-images

guided us to the following:

The four crystals marked with the blue and red box in S4 are the crystals with the second

phase around them. However they are not treated similarly and that is because a bow form is

observed in the channel, meaning that the channel is not completely horizontal. The middle of

the channel is roughly 2 voxels higher than the two ends. The 20 slides which are defining the

channel depth are chosen with reference to the middle of the cell. For the two crystals which are

in the middle of the cell and are not affected by the hypothetically physically bow form of the

channel (marked with the blue box), the following is done: The last layer of the crystal in depth

is defined as the layer below it. It means in the final dataset, the 1st and 20th layer of these two

crystals is the same as the 2nd and 19th respectively. For the other two (marked with red box)

which are placed closed to the edges, other measures are carried out. In them the crystals are

shifted three voxels up and the first three layers are defined as the fourth one. It means that the

1st, 2nd and 3rd layers of the named crystal, resemble the 4th one. Finally the segmented volume

of the all of the crystals were put together as the final dataset and used for the investigations.
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