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10 ABSTRACT
11 In this work we have characterized the calcium carbonate (CaCO3) precipitates over time caused
12 by reaction-driven precipitation and dissolution in a micromodel. Reactive solutions were
13 continuously injected through two separate inlets, resulting in transverse-mixing induced
14 precipitation during the precipitation phase. Subsequently, a dissolution phase was conducted by
15 injecting clean water (pH = 4). The evolution of precipitates was imaged in two- and three-
16 dimensions (2-, 3-D) at selected times using optical and confocal microscopy. With estimated
17 reactive surface area, effective precipitation and dissolution rates can be quantitatively compared
18 to results in the previous works. Our comparison indicates that we can evaluate the spatial and
19 temporal variations of effective reactive areas more mechanistically in the microfluidic system
20 only with the knowledge of local hydrodynamics, polymorphs, and comprehensive image analysis.
21 Our analysis clearly highlights the feedback mechanisms between reactions and hydrodynamics.
22 Pore-scale modeling results during the dissolution phase were used to account for experimental
23 observations of dissolved CaCO3 plumes with dissolution of unstable phase of CaCO3. Mineral
24 precipitation and dissolution induces complex dynamic pore structures, thereby impacting pore-
25 scale fluid dynamics. Pore-scale analysis of the evolution of precipitates can reveal the significance
26 of chemical and pore structural controls on reaction and fluid migration.
27
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28 INTRODUCTION

29 Reactive transport processes are critically important to control precipitation and dissolution of

30 minerals relevant to energy-related activities and environmental problems in the subsurface1' 2.

31 Reactive transport is often impacted by mineral composition, pore geometry, and environmental

32 conditions. It is now well-recognized that pore-scale physics can significantly impact porosity and

33 permeability relationships3 and thereby influence model predictive capabilities4' 5. Over the past

34 decade pore-scale reactive transport processes have been vigorously investigated to delineate the

35 impact of geochemical reactions on the change of hydrogeological properties (e.g., porosity and

36 permeability) and their feedback on reaction rates6-8. In particular, mineral growth and dissolution

37 have been investigated under flowing conditions using various techniques: crystal growth using

38 atomic force microscopy9-11, precipitation dynamics in microfluidics using optical microscopy12-

39 14 and in small columns using X-ray computed microtomography15-18 among many others. This

40 body of work demonstrates the importance of reactive surface area on the predictability of the

41 reactive transport system19-24.

42

43 The fluid-solid interfaces can change due to chemical reactions such as mineral precipitation and

44 dissolution processes, leading to an evolving and heterogeneous pore-network, complex reactive

45 transport, and hydrological and mechanical flow processes. Recent multiscale image analysis

46 combined with dissolution experimental work shows that the knowledge on both pore-accessible

47 mineral surface areas and highly reactive mineral phases are required to match the core flood

48 experimental results24. In particular, several recent studies20' 23-25 emphasize that the effective

49 surface area in contact with reactive fluid is important to properly account for the impact of mineral

50 geometries and local hydrodynamics on the relationship between reactive surface areas and bulk

51 reaction rates. This effective surface area that accounts for actual surface area contributing to fluid-

52 solid reactions needs to be distinguished from geometric and/or specific surface areas commonly

53 used in traditional means of estimating reactive surface area in order to develop reliable models

54 for evolving and heterogeneous pore networks.

55

56 For carbonate precipitation, polymorphs of calcium carbonate also influence the reactive surface

57 area and precipitate sizes, thereby impacting reaction rates. In particular, highly super-saturated

58 experimental conditions can lead to the formation of nano-size amorphous calcium carbonate
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59 (ACC) that may attach to the surface of minerals, resulting in successive calcium carbonate

60 crystallization. The transformation of thermodynamically less stable forms of calcium carbonate

61 into more stable crystalline forms has also been investigated over variable timeframes26-29.

62 Interfacial reactive processes involving mineral precipitation/dissolution and biogeochemical

63 processes have been studied using pore-scale experimental and modeling efforts with different

64 geochemical compositions14, 30-32, flow rates"' 33, and pore configurations34. In addition, recent

65 studies highlight the importance of surface roughness at pore and molecular scales on upscaling of

66 reaction rates"' 25.

67

68 The objective of this work is to quantify the change of two- and three-dimensional (2-D and 3-D)

69 reactive surface area over time to evaluate how to estimate precipitation and dissolution reaction

70 rates in a micromodel. Both optical and laser scanning confocal microscopy (LSCM) were used

71 to obtain 2-D and 3-D images of precipitates at different resolutions and image analysis results

72 were used to compare the effective surface area with the geometry-based surface area for

73 evaluating how to define reactive surface area correctly. Dissolved ion transport observed during

74 dissolution phase is compared to results from a 2-D pore-scale reactive transport model to

75 account for the mechanism of dissolution process in the micromodel. Implications of CaCO3

76 precipitation and dissolution are discussed to highlight the importance of reactive surface area on

77 reactive transport in the subsurface.

78

79 MATERIALS and METHODS

80 Chemicals

81 Two influent solutions of calcium chloride (CaC12, >97% Sigma Aldrich) and sodium carbonate

82 (Na2CO3, >99.5% Sigma Aldrich) were prepared at a concentration of 10 mM. For all testing

83 nanopure water (Barnstead NANOpure Diamond, 18.2 mQ/cm) was used. The measured pH

84 values were —6 and 11 for CaC12 and Na2CO3 solutions during precipitation, respectively, and 4

85 for water solution (adjusted with HC1) during dissolution.

86

87 Micromodel and Experimental Setup

88 Experiments were conducted in a microfluidic pore network (i.e., micromodel) that was fabricated

89 using standard photolithograph techniques and inductively coupled plasma-deep reactive ion
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90 etching (ICP-DRIE) on a silicon wafer. The micromodel fabrication and assembly processes were

91 previously reported in the literature14' 35. The micromodel consisted of a homogeneous pore

92 network that is 2-cm long, 1-cm wide, and 10-µm deep (Figure S1). The pore network contains a

93 staggered array of cylindrical posts, 300-µm in diameter, separated by pore bodies and throats with

94 dimensions of 180 i.tm and 40 [tm, respectively (Figure S1). The pore network porosity was —0.39.

95 The micromodel contains two inlets and one outlet, each with a NanoPort Assembly (IDEX Health

96 Science, N-333). The micromodel was cleaned and saturated with nanopure water prior to the

97 injection of chemicals. For the precipitation phase each solution (CaC12 and Na2CO3) was injected

98 into a separate inlet using a syringe pump (Harvard apparatus, model PHD2000) at a volumetric

99 flow rate of 50 µL/h (Darcy velocity = 1.67 cm/min). All of the solution exited the micromodel

100 through one outlet that was open to the atmosphere and a clean nanopore water solution with a low

101 pH value (pH<2) was flushed into the outlet port at 100 IAL/h using a separate tube to prevent

102 clogging by precipitation in the outlet. The precipitation phase continued for 75 hrs, followed by

103 the dissolution phase where nanopure water (pH=4) was injected into both inlets at the same

104 volumetric flow rate (50 tit/h) for — 150 hrs.

105

106 Microscope Imaging

107 Mixing between the two reactants resulted in calcium carbonate (CaCO3) precipitation, which was

108 imaged at selected time intervals. Images were acquired with both CCD camera (Axiocam) and

109 laser scanning confocal microscope (Zeiss LSM510). To assess the precipitate behavior, mosaic

110 images were made of a collection of 2-D optical images taken at 1 ium/pixel resolution over the

111 micromodel region with reactions (Figures 1 and S2). Before the mosaic was created, an additional

112 image was taken outside of the pore network and then applied to each image to correct non-uniform

113 illumination. To assess the 3-D precipitate morphology in single pore body, the LSCM was used

114 to acquire a stack of images at 1 tim vertical interval over the micromodel depth (10 [im), following

115 Park et al.36 and Lima et al.37. Images with three different horizontal resolutions (0.63 tun, 0.31

116 p.m and 0.20 [tm per pixel) with imaging parameters reported in Table S1 were taken (Fig. S3),

117 but based on preliminary analysis the finest resolution image (0.20 lam) was used to conduct

118 quantitative analysis. Following Boyd et al.", Raman spectroscopy was performed to identify the
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119 crystal polymorphs which were determined based on the Raman spectra of calcium carbonates in

120 the literature38. The detailed description is provided in the section Sl.

121

122 Image process of CaCO3 Precipitates

123 All images were segmented to identify precipitates using a threshold value that was adjusted

124 manually for each (mosaic) image due to different intensities in background shading. A

125 combination of different filters (e.g., median, sharp contrast, normalization) was applied based on

126 different features of each image after non-precipitate regions including cylinders were manually

127 masked. In particular, the shadow effect around cylinders due to non-uniform illumination and the

128 non-smooth edges of the cylinders without precipitates were manually removed to improve the

129 image processing as shown in the supplemental information (see Fig. S4 for an example). For a 3-

130 D stack of LSCM images each image was processed independently to construct a segmented 3-D

131 profile of precipitates. A set of image processing filters (e.g., filling holes, erode, dilate) was

132 applied to produce segmented images within ± —5 % reproducibility.

133

134 CaCO3 Reaction Rates and Reactive Surface Area

135 For segmented 2-D images in multiple pores at three different locations (upstream, midstream,

136 and downstream in Figure 1) the number of pixels containing CaCO3 precipitate was counted to

137 compute the overall reaction rates (mol/s) as [212D X1ORMIV.Vdt]. 212D is the 2-D horizontal area

138 of the precipitate [the number of pixels x area of each pixel (=1 tim2)], 10j.im is the micromodel

139 depth, Vmoi is a molar volume of calcite (36.94 cm3/mol), and dt is the time interval of each

140 image from the previous time step. It is assumed that the 2-D area of the precipitate based on 2-D

141 images is uniform over the micromodel depth. In addition the perimeter of precipitates was

142 counted using an analyze particles plug-in in ImagekFiji39 to compute the effective reaction rates

143 (mol/m2/s) as [(A2D X10µm/Vmoildt)/RSA2D_avg]. The term in the parenthesis is the overall reaction

144 rate ((mol/s), RSA2D_avg is the average of 2-D vertical reactive surface area of the precipitate

145 between the previous and current times computed as [the number of perimeter pixels x pixel

146 resolution (gm) x101.im] where 1 Otim is the micromodel depth. For single pore LSCM images

147 the 3-D reactive surface area (RSA3D) and volume (V3D) for precipitates were computed using a

148 3-D objects counter plug-in in Fiji40. A stack of segmented 3-D images was directly used for

149 analysis, while a 2-D image was used to compute the volume (V2D) with the uniform vertical
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150 profile. It is noted that the reactive surface of precipitates in a single pore is dominantly vertical

151 because top and bottom faces of the precipitates are confined by the micromodel. Although a

152 micromodel is typically considered a 2-D system due to its shallow depth, we evaluated 2-D and

153 3-D reactive surface areas in single pores to account for the impact of the vertical dimension and

154 image resolution on the reactive surface area.

155

156 Pore Scale Reactive Transport

157 A 2-D pore-scale reactive transport modelz 13' 30 was modified to simulate the distribution of pH,

158 flow velocity, species concentrations at a specific time during the dissolution phase under the

159 experimental conditions in this study. Briefly, an open source lattice Boltzmann library41 was

160 used to solve for fluid velocity fields in pore spaces and a finite volume method was used to

161 solve for reactive transport including homogeneous and heterogeneous reactions. For the

162 micromodel with precipitates, the model domain was 3.78 mm x 2.89 mm with an empty inlet

163 region (0.15 mm) and a 1 µm grid spacing was used to reflect the 2-D image resolution. The

164 clean water (pH=4.0) was uniformly injected through both inlets. The primary species consists of

165 1-1±, HCO3-, and Ca2+, and the secondary species concentrations were computed through the mass

166 action law. The overall reaction rate of CaCO3 precipitation and dissolution (R., mol/s) has the

167 form:

CICa 2+ a 2-168 Rm = Sr Im = —Sr kr ( CO3 
( 1 )

Ksp

169 where Sr is the reactive surface area of precipitation and dissolution, is the effective reaction

170 rate (mol/m2/s), kr (= klaH+ + k2aH2CO3 + k3) is the overall kinetic rate constant with ki

171 (8.9x101), k2 (5.01x10-4), and k3 (6.6x 1 CC) (mol/m2/ \ 42,S) a, is the activity of species i, and Ksp is

172 the solubility product of CaCO3. Here, we define the supersaturation ratio (SR) as the ratio of ion

173 activity product (aca2+ac032-) to Ksp. To evaluate the effect of reactive surface area and

174 polymorph of CaCO3 precipitate on reaction rates in equation (1), two different reactive surface

175 area values (Sr) based on image analysis and stability of precipitates and two different solubility

176 products (KN, for calcite and aragonite) were used in pore scale simulations. The description of

177 the cases is presented in the results of pore scale simulations.

178

179
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180 RESULTS and DISCUSSION

181 CaCO3 Precipitation in Multiple Pores

182 Images of CaCO3 precipitates in multiple pores are shown for both precipitation and dissolution

183 phases in Figure lc (see Figure S5 for high resolution images). As two solutions were injected

184 separately, transverse mixing between calcium and carbonate ions created a reaction zone where

185 CaCO3 precipitates formed within pore bodies and around the cylindrical posts. Near the inlet,

186 precipitates formed at the mixing line in the micromodel and extended less than a single pore

187 body in the transverse direction, while the precipitates formed across 3 pore bodies surrounding

188 the primary mixing line downstream. Early precipitation processes in the micrornodel system

189 typically involve homogeneous nucleation, particle attachment, and crystal growth, which has

190 been investigated in the previous works13'313. During the precipitation phase, more precipitates in

191 the midstream and downstream locations were observed than in the upstream location. This is

192 likely due to combination of precipitates-induced spreading of reactant plume and enhanced

193 mixing across the interface of two reactant plumes13' 34. Spreading due to heterogeneous pore

194 structure such as one caused by precipitates leads to the stretching of interfaces of the reactant

195 plume, while mixing across the reactive interfaces is governed by local hydrodynamic

196 dispersion43-45.

197

198 Both precipitation patterns and the amount of precipitates over time are evaluated to compare the

199 current results with previous studies in micromodels14'3° where solute concentrations and

200 micromodel geometries were similar. Overall precipitation patterns in terms of precipitate

201 spreading and various shapes of precipitants within a few transverse pore bodies in 2-D images

202 are similar to previous CaCO3 precipitation studies14'3°. The similarity in precipitate patterns

203 over a range of micromodel depths (10 gm with a Darcy velocity of 1.67 cm/min in this

204 study .vs. 20 lam (1.25 cm/min)14, and 35 gm (0.92 cm/min)30) suggests that the vertical gradient

205 or advective component of the reactive ion concentrations can be negligible at the low Reynolds

206 numbers (<<1, i.e., laminar flow) and a diffusion time scale over the micromodel depth in this

207 study is much smaller than a retention time scale in each pore block. Hence, the difference in the

208 steady state times among these studies is likely controlled by the flux of reactive species when

209 the overall pattern of the pore network and solution chemistry are similar. Quantitative
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210 comparison of this work with the previous works will be performed in the section of reaction

211 rates.

212

213 During the precipitation phase, the precipitate area (A2D) generally increased downstream due to

214 the increase of transverse mixing with the travel distance (Figure 2 and Table S2). The change of

215 A2D in up-, mid-, and down-stream regions reveals that precipitation rapidly occurred for the first

216 3.1 hr in all regions, and then was followed by slow dissolution in the upstream region, slowed

217 down with a continuous growth until —56 hr (followed by slow dissolution) in the midstream

218 region, and continuously occurred to the end of precipitation phase in the downstream region.

219 The slightly non-monotonic behavior in the upstream can be attributed to a higher concentration

220 of reactive products, resulting in fast precipitation leading to a rapid decrease in transverse

221 mixing. Figure lc clearly shows the formation of distinct crystal phases between 1.8 and 3.1 hrs

222 in the upstream region, resulting in the change of local hydrodynamics (see Figure S5 for high

223 resolution image). In addition, the upper mixing stream in the midstream region at 1.8 hr almost

224 moved upward to form a new precipitation line at 3.1 hr, while relatively big crystals (all of

225 calcite) remained. As demonstrated by previous pore-scale modeling13, this change can result

226 from the pore blocking of precipitates upstream, so the transverse mixing in the midstream

227 region is influenced. The comparison of vertical surface area (RSA) with precipitate (horizontal)

228 area (A2D) from 3.1 hr to 75 hr in Figure 2 shows that A2D tends to slightly decrease upstream,

229 increase and then decrease midstream, and largely increase downstream. RSA also followed the

230 trend of A2D change, but the rate of change of RSA (i.e., slope in Figure 2) was higher than that of

231 A2D, implying that smaller precipitates decrease more rapidly upstream (e.g., location B in Figure

232 S6 and Figure S10), but new precipitates form downstream to increase both A2D and RSA

233 (Figures 1 and S7).

234

235 CaCO3 Dissolution in Multiple Pores

236 Following the precipitation phase, the dissolution phase was examined. Most notably, dissolved

237 CaCO3 were observed as dark aqueous phase plumes in the upper side of the micromodel (Figure

238 lb-c). Near the inlet, the plumes of dissolved precipitate formed in direct contact with

239 precipitates. However, further downstream the plumes appeared in pores without precipitates that

240 were 2 to 3 pore bodies away from pores with precipitates. As the dissolution continued, CaCO3
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241 crystals along the central precipitate line completely dissolved, and the plumes were observed

242 from both sides of the micromodel (e.g., 89 hr of dissolution). During dissolution, the amount of

243 precipitate areas decreased by —73-98% over —142 hrs (Figure 2 & Table S2). The observation of

244 the dissolved plumes will be further discussed in the pore-scale simulation results.

245

246 For dissolution at 24 hr (t=99 hr in Figure 2), precipitate area (A2D) changed differently in three

247 regions where A2D decreased by —23% in the upstream, and slightly increased by 2.4 — 4.3% in

248 the midstream and downstream. The change of reactive surface area (RSA) shows that RSA in the

249 upstream decreased by —16%, did not change in the midstream, and increased by 11.1%

250 downstream over 24 hrs of dissolution (Table S2). The different trend between upstream and

251 downstream can be explained by correlation between local reactions and hydrodynamics where

252 dissolved ions in both upper and lower sides of the central precipitate line in the upstream can

253 produce reactant ions (i.e., HCO3- and Ca2+), resulting in precipitation in the midstream. Then

254 undersaturated solution in the downstream due to reaction in the midstream may contribute to the

255 dissolution as well as precipitation indicated by the increase of RSA. The increase of RSA in

256 downstream can be explained by the growth of small precipitates that can contribute to the RSA

257 increase higher than A2D change (see Figure S7). For example, a radius of 5 vim precipitate can

258 contribute to the RSA increase four times higher than A2D with a conservative assumption of

259 vertically uniform precipitate profile in depth of the micromodel (5 vim). The impact of local

260 hydrodynamics on the reaction patterns will be discussed in the pore scale simulation results.

261 Most of the crystals remained at 89 hr were calcite that was slowly dissolved compared to other

262 polymorphs (aragonite and ACC) as shown in Raman analysis (Figure S8). The dissolved plume

263 in the entire upstream region at 89 hr (Figure 1) indicates that all precipitates have been exposed

264 to fluid flowing (i.e., no vertical pore blocking).

265

266 CaCO3 Precipitation and Dissolution in Single Pore

267 To explore how local variations in flow and transport may influence the precipitation patterns

268 and polymorphs, representative patterns of precipitates were examined in five single pore

269 locations at different times (Figure 3), and the amount of precipitates and reactive surface areas

270 at two locations (i & v) were also evaluated. All images were taken along the central mixing line

271 (Figure 1) where precipitation was confined to and continuous along the central mixing line
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272 (location i@6 hr), discrete large and small crystals formed (ii@6 hr), and individual large

273 crystal(s) and continuous precipitates formed (iii@6 hr and iv-v@28 hr). While some large

274 crystals formed in isolation of the mixing line (location iv), others attached to the mixing line (v),

275 possibly due to the initial nucleation or crystal growth locations downstream. Raman spectra

276 analysis performed during the dissolution phase indicate that the thin continuous precipitate line

277 in the first pore body (location i) could consist of ACC and aragonite, distinctive rhombohedral

278 shape is calcite, smooth curved boundary shape is predominantly aragonite, and aggregates of

279 smaller particles are mostly aragonite, but sometimes include calcite (see more examples in

280 Figure S8).

281

282 In individual pores, the dissolution behavior depends strongly on the local precipitate pattern and

283 CaCO3 crystal phase. For the continuous precipitate line near the inlet (i@94 hr), a single breach

284 in the thin precipitate line occurred along with the dissolved precipitate plume after irregular

285 surfaces of aragonite precipitates were dissolved (e.g., upstream image at 24 hr during the

286 dissolution phase in Figure lc). After the breach, flow was likely to bypass the remaining part of

287 the precipitate, resulting in a relatively slow dissolution of thin ACC. For the cases without a

288 continuous precipitate line (e.g., ii@94 hrs) discrete precipitates including two big aragonite

289 crystals dissolved relatively fast due to a higher solubility and possibly meta-stable phase of

290 aragonite. As a result, a large reactive surface area of small precipitates can be dissolved fast

291 once flow was allowed through the pore body as shown in the image after 24 hrs during the

292 dissolution phase (e.g., Figure S1 for high resolution image). For a continuous precipitate line

293 and various sizes and polymorphs of precipitates (locations iii-v), most of the small precipitates

294 were dissolved faster than a big calcite crystal (location v), while the dissolution of continuous

295 precipitate lines was affected by CaCO3 polymorph (aragonite in location iv and mix of aragonite

296 and calcite in locations iii and v) and local hydrodynamics and solution chemistry. Overall, the

297 evolution and extent of dissolution depends on the initial state of the pore geometry as well as

298 the local and global evolution in the hydrodynamics as dissolution proceeds.

299

300 Impact of Image Resolution on Quantitative Analysis

301 The precipitate area (A2D) and perimeter of precipitates as the reactive surface area (RSA) in the

302 first pore body (location i in Figure 3) were estimated using 2-D images taken at four different
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303 resolutions of 0.2, 0.63, 0.31, and 1 pm per pixel during both precipitation phase (t=55hr) and

304 dissolution phase (t=94 hr) (Figure 4 and Figure S9 for high resolution images). Comparison of

305 A2D and RSA analysis (Figure 4) shows that the accuracy of the analysis decreases with

306 decreasing the image resolution. In particular, the estimates at 1 pm resolution become lower

307 than those at 0.2 pm resolution significantly. This discrepancy is primarily due to clear image

308 quality at 0.2 and 0.31 p,m resolutions compared to slightly blurred image of precipitates with

309 slightly thicker shade around the cylinder at 0.63 and 1 pm resolutions (Figure S9). This

310 comparison clearly highlights the importance of image resolution and quality on the estimation

311 of reaction rates and RSA and previous analysis based on the relatively coarse resolution optical

312 images (-2 pm14, 30 and —3 µm17 resolution) would provide qualitative trends instead of accurate

313 quantitative results. To improve the quantitative analysis of 1 lum resolution images, upscaled

314 segmented images from 1 pm to 0.2 pm resolution using bicubic interpolation resulted in

315 increasing the accuracy of precipitate area (A2D) significantly and the perimeter of precipitate

316 (RSA) slightly (Figure 4). For all quantitative analysis in this study, we used images at 0.2 vim

317 resolution for the volume and RSA of precipitates in single pore and the upscaled segmented

318 image from 1 to 0.2 pm resolution using bicubic interpolation in multiple pores.

319

320 3-D Estimate of CaCO3 Reactive Surface Area in Single Pore Images

321 2-D and 3-D images at 0.2 gm resolution in locations i & v were analyzed to estimate the

322 reactive surface area (RSA2D, RSA3D) and volume ( V2D, V3D) of precipitates at four different times.

323 2-D images in two locations (i & v) are shown in Figure 3 and a 3-D vertical profile in location i

324 is shown in Figure S10. In addition, confocal images taken at the bottom, center, and top of the

325 micromodel in two locations (ii & v) are shown in Figures S11-S12. RSA3D was higher than

326 RSA2D by a factor of —1.73 (ranging from 1.59 to 1.92) and 1.06 (ranging from 1.02 to 1.08) in

327 locations i & v, respectively, while V2D and V3D were relatively similar at both locations. The

328 range of the RSA3DIRSA2D ratio was within the theoretical surface roughness factor (1-6.13 with

329 most of them within 2.5) for various rough fracture surface types20. The similarity of volume

330 estimates can attribute to the similarity between 2-D and projected 3-D images (Figure S10)

331 where the boundary of 2-D image at location i matches the average of 3-D segmented image

332 relatively well. Hence, the high resolution 2-D image can be used to estimate the volume or area
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333 of precipitates. The higher RSA3D compared to RSA2D at location i is mainly due to the change of

334 vertical surface roughness as shown in Figure S10. The similarity of RSA3D to RSA2D at location

335 v was mainly due to the presence of a big calcite crystal and a smooth vertical surface of

336 precipitate line. Crystals tend to grow slowly downstream and a stable form of calcite grows as

337 shown in Figure 3 (location v). It should be noted that as in location i where a higher geometrical

338 surface area does not result in a fast dissolution, the overall reaction rate is also strongly affected

339 by local hydrodynamics and solution chemistry20, 24.

340

341 CaCO3 Reaction Rates

342 Although the initial pattern of pore structure was homogeneous, precipitation increased the

343 complexity of pore structures, resulting in a heterogeneous pore structure with different reactive

344 surfaces. In previous microfluidic works14' 3° our new calculation show that overall precipitation

345 rates were estimated to be 0.5-4x10-11 and 3-4x10-11 mol/s over the whole micromodel area14

346 and a third of the whole micromodel length30, respectively. A similar range of precipitation rates

347 even with different analysis areas was mainly due to different precipitation patterns used for

348 analysis, wherein experimental results with only one dominant precipitation line and multiple

349 precipitation lines were analyzed in Zhang et al. 14 and in Boyd et al. 30, respectively. This

350 different precipitation patterns in the micromodel system can be caused by a couple of factors

351 including local fluctuation of streamline due to the micromodel movement during imaging,

352 mechanical vibration of pumping system, and the change of local hydrodynamics along the

353 centerline of micromodel due to precipitates. For the first 3.1 hr the sum of reaction rates in

354 upstream and midstream regions was calculated as 3 — 5x10-12 mol/s (Table 1) which is

355 comparable with the value in Boyd et al.3° by considering the micromodel depth (10 vs. 35 Inn)

356 and flow rates (100 vs. 192 µL/hr). Since these two previous micromodel studies did not

357 compute an effective reactive area, it is not possible to compare these works to other systems.

358 Here, we demonstrate the significance of realistic reactive surface area on the estimation of

359 reaction rates in the microfluidic work.

360

361 With the vertical RSA the estirnated precipitation rates (Ini in Eq. (1), mol/m2/s) were 1.4-3.0 x

362 10-5 at 1.8 hr, 8.5-19 x 10-6 at 3.1 hr, and then 0.9-6.4 x 10-7 until 75 hr except net dissolution

363 rates upstream and midstream (Table 1). The overall kinetic rate constant (kr) in Eq. (1) has a
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364 range of —6.6x10-7-5x10-6 mol/m2/s with the literature constant values (ki, k2, k3) (e.g., Chou et

365 al. 42) given the experimental conditions (pH = 6-11, total carbonate concentration = 2x10-5 —

366 0.01 M) in this work. A supersaturation ratio (SR=IAP/ Ksp) in Eq. (1) was calculated up to — 400

367 and — 2.6 for calcite and ACC, respectively, at the beginning of precipitation phase along the

368 central mixing line using the pore scale simulation30. Thus, the higher precipitation rates at early

369 times (e.g., 1.4-3.0 x 10-5 mol/m2/s at 1.8 hr) based on image analysis in this work can be

370 comparable with the product (— an order of 10-5) of kr and (1-SR) based on the literature value

371 and experimental conditions during the beginning of precipitation phase. This indicates that if

372 ion concentrations in the active reaction region (i.e., primary precipitation line in this work) can

373 be accurately estimated at early times before significant pore blocking, the estimation of RSA at

374 1.8 hr can be considered realistic reactive surface area when the geometrically estimated surface

375 area are predominantly in contact with reactive fluid.

376

377 The effective precipitation rates decreased more significantly upstream and slightly downstream

378 at 3.1 hr, compared to those at 1.8 hr (Table 1), reflecting that the change of local hydrodynamics

379 due to precipitates upstream caused pore blocking along the precipitation line (i.e., no transverse

380 mixing). As a result, the effective reaction rates (I. in Eq. (1)) decreased more upstream than

381 midstream and downstream over time (Table 1). Comparison of RSA and I. at 3.1 hr and 75 hr

382 shows that the RSA values were within ±24 %, but the I. value at the downstream region was

383 lower by approximately two orders of magnitude at 75 hr than at 3.1 hr and even negative (i.e.,

384 overall dissolution dominant reaction) at the upstream earlier (after 3.1 hr) and midstream later

385 (after 56.2 hr). This clearly demonstrates that the effective surface area based on the geometrical

386 estimation is not the actual reactive surface area in contact with reactive fluid. Instead, only a

387 fraction of sites on the surface is reactive, which would explain slower rate estimation of Im and

388 R. in this work. This is also related to the impact of local hydrodynamics on reactions. The bulk

389 flow can bypass the highly precipitate region where dissolution and reprecipitation can occur as

390 in the Oswalt ripening process. In this regime, a major limiting step would be transport-limited

391 rather than kinetic-limited.

392

393 With the vertical RSA dissolution rates at t= 24 hr during the dissolution phase were 22.7, —2.9,

394 and —6.8x10-8 mol/m2/s from upstream to downstream (Table 1, Figures lc and S5 for
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395 microscopic images). As discussed previously, the dissolution rates indicated that dissolved

396 species upstream reprecipitated midstream and downstream (e.g., Figure S7). Here we limit our

397 discussion to the upstream dissolution rate where we can reasonably assume that dissolution is

398 predominant. The dissolution rate of 2.27x10-7 mol/m2/s was higher by an order of magnitude

399 than the value obtained in other calcite dissolution works (e.g., Molins et al.21; Pokrovsky et

400 al.46). In the previous work21 the discrepancy among column, batch, and simulation results was

401 explained by a couple of factors including different sources of calcite crystals, rate-limiting

402 steps, and kinetic rate models. In this work, the estimated RSA at 24 hr during dissolution phase

403 can represent pore-accessible mineral surface areas well since undersaturated inlet solution can

404 flow through most of precipitates. Hence, the discrepancy can be attributed to the presence of

405 CaCO3 polymorphs at the beginning of dissolution phase that became unstable rapidly, resulting

406 in a fast dissolution rate. This was highlighted in the image of single pore location ii (Figure 3)

407 where precipitates were aragonite, and once local hydrodynamics swept through the pore body,

408 all major precipitates were dissolved relatively rapidly. This observation highlights the

409 importance of the knowledge on highly reactive mineral phases similar to the previous work19' 24

410 where both pore-accessible mineral surface areas and highly reactive mineral phases were

411 required to match the core flood dissolution experimental results.

412

413 For individual pores, spatial and temporal variations can be seen more clearly depending on

414 position and the time (Figure 3). Although the overall precipitate area in location i near the inlet

415 did not change much between 6 hr and 55 hr, the vertical surface area decreased by — 21 %,

416 indicating that the local reaction is dissolution-dominant after pore blocking. During the

417 dissolution phase, the dissolution rate in the location i was 1.1 x10-11 mol/m2/s at 94 hr after

418 dissolution which was much lower than the dissolution rate of 4.6 x10-7 mol/m2/s at 89 hr in the

419 upstream multiple pore region. This indicates that dissolution occurs very locally where flow can

420 pass through easily. The locality of reactions can be seen in other locations. For example, most

421 of the precipitates in locations ii-iv were dissolved at 94 hr during the dissolution phase, while a

422 big crystal in location v grew, resulting in a net precipitation with a rate of 1.2 x10-11 mol/m2/s at

423 94 hr. Precipitation in location v is mainly due to reprecipitation downstream of dissolved

424 species transported from the upper stream regions. This analysis clearly highlights the feedback

425 mechanism between reactions and hydrodynamics.
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426

427 Pore-scale Reactive Transport Simulation Results

428 Simulation results of the distribution of pH, flow velocity field, and super-saturation ratio (SR)

429 with respect to calcite are shown in Figure 5. Simulations were performed to obtain the spatial

430 distribution of quantities due to the kinetic reaction in Eq. (1) without updating mineral contents.

431 An experimental image of precipitate distribution at 24 hr during the dissolution phase is also

432 shown. The volumetric fraction of precipitates in the experimental image is assumed to be a

433 unity (i.e., a grid block completely occupied by precipitates) and dissolution reactions are

434 assumed to occur only at the vertical surface of existing precipitates. To account for the effect of

435 surface roughness and different polymorphs on dissolution rate, we performed sensitivity

436 analysis with different reactive vertical surface areas by employing a multiplier of 2 and 100

437 with the solubility product of calcite (cases 1 and 2) and a multiplier of 100 with the solubility

438 product of aragonite (case 3). The multiplier of 2 represents the increase of vertical surface area

439 based on 3-D profile of precipitates upstream (e.g., location v), while the multiplier of 100 would

440 represent the instability of precipitates during the dissolution phase, which was required to match

441 experimental observations in a similar system in Yoon et al.13. In particular, we used three cases

442 to evaluate what mechanistic processes may contribute to the formation of dissolved plume

443 above the central precipitate line.

444

445 Comparison of the experimental image and velocity and pH distributions shows that dissolved

446 CaCO3 particles transport was constrained with the flow line above the precipitation zones and

447 along the transition zone of pH values from 7 to —8. This also shows that the dissolved ions

448 diffuse away from the mineral surface and then form dark plumes within thermodynamically

449 favorable pH zone. The newly formed dissolved plume transported along the streamlines slightly

450 away from the precipitate surface and guided by pH values. Comparison of SR (i.e., dissolved

451 ion products) distribution in cases 1 and 2 shows that SR values in case 2 are much higher over

452 larger areas than in case 1, however, both these cases (Figure 5d-e) did not show any significant

453 dissolved ion concentrations above the precipitation line. Instead SR distribution in case 3 with

454 aragonite solubility product and a high multiplier of 100 demonstrates that SR values are higher

455 than cases 1 & 2 and mimic the observed dissolved plume above the precipitate zones (light blue
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456 in Figure 5f), demonstrating that both CaCO3 phase and reactivity expressed as the multiplier of

457 100 are key factors to reproduce the experimental observation.

458

459 Cases 1-2 clearly show non-reactive regions below the precipitate line due to no contact between

460 flowing fluid and minerals and these non-reactive regions are much smaller in Case 3 due to

461 higher diffusion of higher dissolved concentrations driven by higher reaction rates. This clearly

462 indicates that geometrically estimated reactive surface area can misrepresent actual reactive area

463 without the knowledge of local hydrodynamics23' 24. It is also noted that the diffusion dominant

464 region between the central precipitate line and centerline of the micromodel did not show

465 dissolved plume clearly in Figure 1 a. This can be explained by the fact that dissolved ions in

466 these regions would tend to move toward favorable precipitate surfaces instead of flow through

467 the streamlines which is shown in the first few pore bodies along the center of the micromodel.

468 In this work the experimental observation highlights that the dissolved plume acts as reactive

469 tracer showing the coupled effect of reactive transport with hydrodynamics.

470

471 IMPLICATIONS

472 Ultimately, the evolution of CaCO3 precipitate patterns in the whole micromodel is significantly

473 influenced by the local variations in precipitation and dissolution. Spatially and temporally

474 averaged reaction rates are likely to be poor estimators of the local reaction rates early during

475 precipitation and late during dissolution. At such times, the flow complexity may be high,

476 inducing the formation of rough mineral surfaces and 3-D effects on the evolution of reactive

477 flow and transport. 2-D expressions for reaction rate that are commonly found in many pore-

478 scale models may oversimplify the reactivity during these complex flow situations and be poor-

479 estimators of their behavior. Recent pore scale reactive transport works8 including this work

480 demonstrate that pore-scale analysis of evolving precipitates' patterns can reveal (1) the

481 significance of structural and chemical control of fluid migration and cementation and (2)

482 permeability and porosity relationships for various flow and reaction regimes.

483

484 Recent multiscale image analysis combined with dissolution experimental work shows that the

485 knowledge on both pore-accessible mineral surface areas and highly reactive mineral phases are

486 required to match the core flood experimental results24. In particular, several recent studies23-25

16



487 emphasize that the effective surface area in contact with reactive fluid is important to properly

488 account for the impact of mineral geometries and local hydrodynamics on the relationship

489 between reactive surface areas and bulk reaction rates. Although our work used a clean

490 micromodel with the formation of ACC which posed a problem to quantitatively estimate the

491 precipitation rate at early times, the microfluidic device with controlled mineral surfaces (e.g.,

492 calcite chip) would overcome this limitation to study an effective reaction rate in a controlled

493 hydrodynamic system.

494
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646 List of Figures
647
648 Figure 1. (a-b) 2-D microscopic images of precipitates at 1 mm resolution in the micromodel during
649 the precipitation phase (t=75 hr, top) and the dissolution phase (t=89 hr, bottom). Three different
650 locations of multiple pores (upstream, midstream, and downstream) and five different single pore
651 locations (i-v) are shown. The central line of the micromodel is shown with a dashed red line. See
652 Figure S2 for high resolution images. (c) Change of precipitate patterns in multiple pores at
653 selected times. See Figure S5 for high resolution images.
654
655
656 Figure 2. Change of precipitate area (A2D) and reactive surface area (RSA) over time in three
657 multiple pore regions.
658
659 Figure 3. Change of precipitate patterns in single pores at five different locations (i-v). Locations
660 are shown in Figure 1 and images were taken at 0.20 Jim/pixel.
661
662 Figure 4. Comparison of the precipitate area (A2D) and the reactive surface area (RSA) in the first
663 pore (location a) at four different resolutions (0.2, 0.63, 0.31, and 1 tim per pixel) during the
664 precipitation phase (t=55hr) and dissolution phase (t=94 hr). All estimates are normalized to the
665 estimated areas using 0.2 lam resolution images. Results at ltim resolution within a circle were
666 estimated with the interpolated images at 0.2 tim resolution from 1 tim resolution images using
667 bicubic interpolation. Figure S9 for high resolution images.
668
669 Figure 5. (a) An experimental image of precipitate distribution at 24 hr during the dissolution
670 phase and (b-f) simulation results of the distribution of pH, flow velocity field, and super-
671 saturation ratio (SR) with respect to calcite.
672
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673

674

675
676 Figure 1. (a-b) 2-D micorscopic images of precipitates at 1 tim resolution in the micromodel during
677 the precipitation phase (t=75 hr, top) and the dissolution phase (t=89 hr, bottom). Three different
678 locations of multiple pores (upstream, midstream, and downstream) and five different single pore
679 locations (a- e) are shown. The central line of the micromodel is shown with a dashed red line. See
680 Figure S2 for high resolution images. (c) Change of precipitate patterns in multiple pores at
681 selected times. See Figure S5 for high resolution images.
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691 Figure 2. Change of precipitate area (A2D) and reactive surface area (RSA) over time in three
692 multiple pore regions.
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711 Figure 4. Comparison of the precipitate area (A2D) and the reactive surface area (RSA) in the first
712 pore (location a) at four different resolutions (0.2, 0.63, 0.31, and 1 pm per pixel) during the
713 precipitation phase (t=55hr) and dissolution phase (t=94 hr). All estimates are normalized to the
714 estimated areas using 0.2 ium resolution images. Results at lpm resolution within a circle were
715 estimated with the interpolated images at 0.2 p.m resolution from 1 p.m resolution images using
716 bicubic interpolation. Figure S6 for high resolution images.
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720
721

(a) Microscopy image at 24 hr during the dissolution phase (b) Horizontal flow velocity (cm/min)

(c) pH distribution

(e) Calcite SR (case 2)

722
723
724 Figure 5. (a) An experimental image of precipitate distribution at 24 hr during the dissolution
725 phase and (b-f) simulation results of the distribution of pH, flow velocity field, and super-
726 saturation ratio (SR) with respect to calcite.
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728 Table 1. Precipitate surface area (A2D), overall reaction rate, reactive surface area (RSA), and
729 effective reaction rate for multiple pore regions during precipitation (gray) and dissolution
730 phases (white).
731
732

Time* Overall reaction rate (mol/s) Effective reaction rate (mol/m2/s)

(hr) upstream midstream. jrpownstream upstream midstream downstream

1.5 1.2E-12 2.2E-12 1.1E-1 3.0E-05 2.8E-05 2.4E-05

1.8 2.6E-12 2.1E-12 3.3E-12 2.6E-05 1.4E-05 3.0E-05

_ 3.1 1.5E-12 1.5E-12 3.4E-12 8.9E-06 8.5E-06 1.9E-05

22 -3.7E-15 8.8E-14 1.5E-13 -1.8E-08 3.7E-07 6.4E-07

56.2 -3.5E-15 3.0E-14 2.5E-14 -1.8E-08 1.1E-07 9.4E-08

lik -1.2E-14 -4.7E-14 26.4.3E-14 -6.5E-08 do.-1.7E-07 1.5E-07

99 -3.9E-14 7.7E-15 2.1E-14 -2.3E-07 2.9E-08 6.8E-08

164 -4.3E-14 -6.5E-14 -8.3E-14 -4.6E-07 -3.5E-07 -3.5E-07

217 -5.7E-14 -6.8E-14 -6.9E-07 -5.7E-07

733 * dt in Eq. (1) is the time interval of each image from the previous time step (i.e., the time
734 difference between two images).
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The supporting information includes:

Section S 1. Raman Spectroscopy

References

List of Supplementary Figures Sl-S12

Figure S 1. Schematic of micromodel with pore network dimension and inlet conditions

Figure S2. 2-D microscopic images of precipitates in the micromodel during (a) the precipitation
phase (t=75 h) and (b) the dissolution phase (t=89 h). Three different locations of multiple pores
(upstream, midstream, and downstream) and five different single pore locations (i-v) are shown.
The central line of the micromodel is shown with a dashed red line. See Figure 1 a-b for the

description in the main text. High resolution image (1 pm resolution) is downloadable as a

separate file.

Figure S3. High resolution 2-D microscopic images of precipitates in the micromodel during (a)
the precipitation phase (t=75 h) and (b) the dissolution phase (t=89 h).

Figure S4. An example of image segmentation procedure.

Figure S5. High resolution images of change of precipitate patterns in multiple pores at selected
times. The three different locations (upstream, midstream, and downstream) are shown in Figure
1 a-b & Figure S2. High resolution image is downloadable as a separate file.

Figure S6. Comparison of precipitates at two different locations in the upstream region. The
precipitates in the first two pores (location A) do not change notably (within 1-2 % difference)
between 3.1 h and 22 h, but in location B small particles at 3.1 h in the upper pore body
dissolved at 22 h. This happens during the precipitation phase because the precipitate line blocks
the transverse mixing, resulting in undersaturated conditions in both upper and lower regions.



Figure S7. Comparison of precipitate sizes at the end of precipitation phase (t = 75 h) and during
dissolution phase (t = 99 h) in the downstream region. Image is taken from the bottom part of the
downstream region where the dissolved components transported from the upstream reprecipitate
onto the existing precipitate particles. Note that there is one new small crystal formed at the
bottom of the middle pore at t = 99h.

Figure S8. Raman spectra of the precipitates at different locations. Microscopic images of
crystals are also shown. Amorphous calcium carbonate (upper left) does not have distinct peaks
corresponding to the reference Raman spectra of other calcium carbonate polymorphs. Calcite
and aragonite have been detected predominantly.

Figure S9. High resolution images of the precipitate area (A2D) and the reactive surface area

(RSA) in the first pore (location i) at four different resolutions (0.2, 0.63, 0.31, and 1 i..tm per
pixel) during the precipitation phase (t=55h) and dissolution phase (t=94 h). See Figure 4 in the
main text for discussion.

Figure S10. Comparison of 2-D image, average of 3-D segmented image stack, and 3-D profile
of precipitates in location i during the precipitation phase (t =75h, top) and during the dissolution
phase (t=94h, bottom). The 3-D profile is exaggerated vertically twice.

Figure S11. Individual image slice of 3D confocal image stacks on the surface of micromodel
(left), at the center of depth (middle), and near the glass cover (right) in location ii at four
different times.

Figure S12. Individual image slice of 3D confocal image stacks on the surface of micromodel
(left), at the center of depth (middle), and near the glass cover (right) in location v at four
different times.

Supplementary Table S 1. Confocal imaging parameters at three different resolutions

Supplementary Table S2. Precipitate surface area (A2D) and reactive surface area (RSA) in the
multiple pores.

Other supporting information of high resolution images includes:

Figure S2-high resolution image.pptx

Figure 55-high resolution image.pptx



Section S 1. Raman Spectroscopy

Following Boyd et al. (2014), backscattering Raman spectroscopy with the Horiba LabRAM HR

Evolution confocal Raman system was used to characterize the polymorphs of CaCO3
precipitates. Raman spectra were taken over a range of 0 and 1200 cm-1 using a 532 nm diode-
pumped solid-state laser. Raman spectra of CaCO3 polymorphs were obtained over a range of
acquisition times from 1 Os to 30s to increase a signal to noise with adjusting a laser power level.
Carbonate polymorphs were determined by comparing the Raman spectra to reference spectra
from Nehrke et al. (2012). Briefly, calcite has the spectra peaks at 155, 282, 711, and 1085 cm-1,
aragonite at 155, 206, 705, and 1085 cm-1, and vaterite at 105, 114, 267, 300, 740, 750, 1075,
and 1090 cm-1. The peaks at — 520 cm-1 and the shoulders at —920 cm-1 correspond to the silicon
surface of the micromodel. In the current experimental work, vaterite was not observed. But in
our other similar testing, vaterite was observed near the inlet where precipitation occurred very
rapidly. Raman spectra with microscopic images are presented in Figure SX. Since Raman
spectra was measured as a point measurement, different CaCO3 polymorphs within the
micromodel was analyzed selectively. Hence, there is no quantitative analysis done over the
entire period. However, it is possible to infer the polymorphs based on morphology and locations
(i.e., different local chemical conditions) as in Boyd et al (2014).
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Figure S2. 2-D microscopic images of precipitates in the micromodel during (a) the precipitation
phase (t=75 h) and (b) the dissolution phase (t=89 h). Three different locations of multiple pores
(upstream, midstream, and downstream) and five different single pore locations (i-v) are shown.
The central line of the micromodel is shown with a dashed red line. See Figure 1 a-b for the

description in the main text. High resolution image (1 pm resolution) is downloadable as a
separate file.
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Figure S3. High resolution 2-D microscopic images of precipitates in the micromodel during (a)
the precipitation phase (t=75 h) and (b) the dissolution phase (t=89 h).



Original

mosaic
image

Step 1: Remove background gradient

Step 3: Manual cleaning of cylinder boundaries
and erode operation

Step 2: Adjust contrast, normalize, and threshold

Step 4: Fi I I holes of precipitates

--- --')-..;ill
4 

/
* I 

.v• '

, e 
, N-

-,-,- \ . -
.1

•

Figure S4. An example of image segmentation procedure.
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Figure S5. High resolution images of change of precipitate patterns in multiple pores at selected

times. The three different locations (upstream, midstream, and downstream) are shown in Figure

1 a-b & Figure S2. High resolution image is downloadable as a separate file.
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Figure S6. Comparison of precipitates at two different locations in the upstream region. The
precipitates in the first two pores (location A) do not change notably (within 1-2 % difference)
between 3.1 h and 22 h, but in location B small particles at 3.1 h in the upper pore body
dissolved at 22 h. This happens during the precipitation phase because the precipitate line blocks
the transverse mixing, resulting in undersaturated conditions in both upper and lower regions.
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Figure S7. Comparison of precipitate sizes at the end of precipitation phase (t = 75 h) and during
dissolution phase (t = 99 h) in the downstream region. Image is taken from the bottom part of the
downstream region where the dissolved components transported from the upstream reprecipitate
onto the existing precipitate particles. Note that there is one new small crystal formed at the
bottom of the middle pore at t = 99h.
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Figure S8. Raman spectra of the precipitates at different locations. Microscopic images of
crystals are also shown. Amorphous calcium carbonate (upper left) does not have distinct peaks
corresponding to the reference Raman spectra of other calcium carbonate polymorphs. Calcite
and aragonite have been detected predominantly.
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Figure S9. High resolution images of the precipitate area (A2D) and the reactive surface area
(RSA) in the first pore (location i) at four different resolutions (0.2, 0.63, 0.31, and 1 µin per
pixel) during the precipitation phase (t=55h) and dissolution phase (t=94 h). See Figure 4 in the
main text for discussion.
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Figure S10. Comparison of 2-D image, average of 3-D segmented image stack, and 3-D profile
of precipitates in location i during the precipitation phase (t =75h, top) and during the dissolution
phase (t=94h, bottom). The 3-D profile is exaggerated vertically twice.



Bottom qf the micromodel (location ii) Center of the micromodel (location ii)

• c"

• s

►
4. • ----1.1111PP"- 407 a .-

01,• ;.
• en o

* i1/4.441,110 a°.:Ase w F • *

'0107*.•.2r 1.6 
••

ir • • • •

• e

hr

• • 0

6

Top of the micromodeI (location ii)

o4 •

oio • e

— •

“AG7 for:'
• •• •

fo °. 6
•

Figure S11. Individual image slice of 3D confocal image stacks on the surface of micromodel
(left), at the center of depth (middle), and near the glass cover (right) in location ii at two
different times.
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Figure S12. Individual image slice of 3D confocal image stacks on the surface of micromodel
(left), at the center of depth (middle), and near the glass cover (right) in location v at four
different times.



Table S 1. Confocal imaging parameters at three different resolutions

x-y resolution (iam/pixel) 0.63 0.31 0.20

Image Size (microns) 642x642 321x321 200x200

Pinhole (AU) 0.40 0.68 0.15

Optical Thickness (µm) 7.5 4.9 1.9

Step Size (lam) 1 1 1

10x 20x 50x
Objective

plan-neofluar LD Epiplan LD Epiplan-Neofluar

Numerical Aperature 0.3 0.4 0.55

Table S2. Precipitate surface area (A2D) and reactive surface area (RSA)# in the multiple pores.

Time* Precipitate area (um2) Effective reaction rate (mol/m2/s)

(hr) upstream 1 midstream Downstream upstream midstream Downstream_

1.5 2.3E+04 4.4E+04 2.2E+04 7.8E+04 .6E+05 8.9E+04 IN

1.8 3.3E+04 5.3E+04 3.5E+04 1.2E+05 1.4E+05 1.4E+05

3.1 5.9E+04 7.8E+04 9.4E+04 2.1E+05 2.1E+05 2.2E+05

22 5.8E+04 1.0E+05 1.3E+05 2.0E+05 2.6E+05 2.5E+05

56.2 5.6E+04 1.1E+05 1.4E+05 1.9E+05 2.9E+05 2.7E+05

_75 5.3E+04 1.0E+05 1.5E+05. - 1.9E+05 2.6E+05 2.9E+05

99 4.1E+04 1.0E+05 1.6E+05 1.6E+05 2.6E+05 3.2E+05

164 4.1E+03 4.9E+04 8.8E+04 2.9E+04 1.1E+05 1.5E+05

217 8.3E+03 4.1E+04 5.2E+04 8.2E+04
# Overall reaction rates and effective reaction rates are reported in Table 1 in the main text.
* dt in Eq. (1) is the time interval of each image from the previous time step (i.e., the time difference between two
images).


