N

N

Geometry and mineral heterogeneity controls on
precipitation in fractures: An X-ray micro-tomography
and reactive transport modeling study

Catherine Noiriel, Nicolas Seigneur, Pierre Le Guern, Vincent Lagneau

» To cite this version:

Catherine Noiriel, Nicolas Seigneur, Pierre Le Guern, Vincent Lagneau. Geometry and mineral hetero-
geneity controls on precipitation in fractures: An X-ray micro-tomography and reactive transport mod-
eling study. Advances in Water Resources, 2021, 152, pp.103916. 10.1016/j.advwatres.2021.103916 .
hal-03218484

HAL Id: hal-03218484
https://minesparis-psl.hal.science /hal-03218484
Submitted on 9 May 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://minesparis-psl.hal.science/hal-03218484
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0309170821000713
Manuscript_33db404f6751¢622896fac7a9dcbSeal

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25
26

Geometry and mineral heterogeneity controls on precipitation in fractures: an X-ray

micro-tomography and reactive transport modeling study
Catherine Noiriel '**, Nicolas Seigneur 2 Pierre Le Guern !, Vincent Lagneau 2

' Géosciences Environnement Toulouse, UMR 5533 Université Paul Sabatier, CNRS, IRD, CNES,
31400 Toulouse, France

2 MINES ParisTech, PSL University, Centre de Géosciences, 35 rue St Honoré, 77300 Fontainebleau,

France

Catherine Noiriel* (corresponding author)

Pierre Le Guern

Géosciences Environnement Toulouse

UMR 5533 Université Paul Sabatier/CNRS/IRD/CNES
14, avenue Edouard Belin

31400 Toulouse, France

catherine.noiriel @univ-tlse3.fr (tel: +335 6133 4615)

Nicolas Seigneur
Vincent Lagneau
MINES Paris Tech

PSL University

Centre de géosciences
35, avenue Saint Honoré

77300 Fontainebleau, France

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0309170821000713
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0309170821000713

27

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

52

53
54

Abstract

The processes that affect reorganization of flow and transport in fractures during precipitation were
investigated experimentally and numerically in order to highlight the interplay between calcite
precipitation, flow and growth substrate. Calcite was precipitated from a supersaturated solution at two
different flow rates (0.4 or 12 cm® hr™") into artificial fractures made in dolomitic limestone. Although the
inlet fluid composition and temperature were identical for all the experiments, facture sealing and
precipitation patterns were closely linked to the mineral substrate, fracture geometry and flow field
reorganization. Calcite precipitation rate is highly variable along and between the flow paths and depends
on the local saturation index of the reactive fluid. In addition, calcite precipitates preferentially on calcite
comparatively to dolomite substrate. 2D reactive transport modelling accounting for the negative feedback
between porosity and permeability decrease succeeded in quantitatively reproducing the experimental
observations, such as the evolution of the fracture void obtained from X-ray micro-tomography (XMT),
the evolution of the calcium breakthrough concentration and fracture sealing. The corresponding model
was then used to evaluate the impacts of fluid flow and reactivity on randomly generated anisotropic
fractures geometries. Simulation results reveal that the sealing capacity of fractures and associated
reorganization of flow depends on the Damkd&hler number, i.e., the ratio between characteristic times for
advective transport and reaction, although other factors like the fracture geometry and kinetic law play
also a role at this stage. More importantly, the existence of a critical saturation index for initiating
precipitation onto mineral substrate can substantially impair the prediction of the sealing capacity, and will
depend on the spatial heterogeneity and connectivity of the mineral substrate. Most cases result in a strong
precipitation gradient along the flow direction that will increase the permeability anisotropy. However,
under certain conditions, precipitation allows the fracture to recover more isotropic properties that will
lead back to a more uniform flow field and sealing. Negative feedback between precipitation process and
transport during fracture closure supports a strong reorganization of flow of supersaturated fluids during

geo-engineering operations.

Keywords

Calcite precipitation, reaction rate law, fracture sealing, dolomitic limestone, permeability, flow, X-ray

microtomography, negative feedback, reactive transport modelling, critical saturation index.
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Highlights
- Calcite precipitation depends on the substrate surface energy for nucleation

- Negative feedback between precipitation and transport promotes reorganization of the flow with time

and sealing progress.
- Critical saturation index is an important parameter to account for during precipitation

- Sealing efficiency is dependent on the advective Damkoéhler, Da,,,

- Sealing efficiency also depends a lot on the shape of the reaction kinetic law and critical saturation

index

- Mineral substrate heterogeneity strongly affects reorganization of flow during reactive transport

1. Introduction

Fractures are known to greatly influence the fate of fluids and contaminants in low permeability rocks.
Reactive fluids have the potential to induce fractures [1-4], seal fractures [1, 5-9] or more generally,
modify the fracture network [10, 11]. Their impact is significant on the preferential flowpaths through the
host rock as well as on the global reactivity which, in turn, controls the fracture evolution [12, 13].
Understanding the reorganization of flow inherent to precipitation reactions within fractures is of interest
for management of several geo-engineering applications. For applications such as CO; sequestration and
mineral trapping [14-18] or biogrouting [19-21], carbonate rapid mineralization could take advantage of
permeability reduction to increase storage safety. In contrast, a reduction of injectivity could challenge
geothermal exploitation [10, 22]. However, in such shallow-depth and low temperature contexts, natural
observations reveal that fractures are only partially filled with cement deposits, contrary to what is
observed at greater depth and higher temperature [23]. At least, two hypotheses could explain this
observation: (i) the sealing rate is too slow regarding the timescale and/or kinetics of mineral precipitation,
in relation with the temperature, pressure and fluid composition, (ii) the deep reorganization of the
flowpaths has diverted the reactive fluids away from the initial preferential precipitation paths, leading a
large proportion of non-connected pores or compartmentalized areas to locally persist in the fracture void
and reducing the self-sealing capacity. In any case, partial or complete sealing of opening-mode fractures

results from complex and coupled physico-chemical processes.
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Although the positive feedback between reactions, flow and transport has been largely studied for
dissolution in porous media and fractures [5, 24-33], less studies have focused on the negative feedback

that could develop during precipitation processes [19, 34-46]. However, with analogy to dissolution, the
Péclet (Pe) and Damkohler numbers (Da), defined locally as: Pe = vL'/ D, and Da =k, L? /D, (e.g.,

[29, 31]), where v is the fluid velocity (m-s™), D, molecular diffusion (m*s™), k, a first order kinetic

constant (s!), and L a characteristic length (m), e.g. the fracture aperture, should be useful indicators to
isolate different precipitation patterns and regimes. For instance, [47] mentioned that uniform precipitation
of calcite can be obtained under rapid flow condition (high v) or only slightly supersaturated solution

with respect to calcite (small k,), thus isolating low Da and high Pe conditions for uniform

precipitation. This observation is consistent with numerical results obtained by [36] using a model based
on smoothed particle hydrodynamics. They distinguished between two compact regimes of precipitation,
i.e., uniform compact at low Da and high Pe, and non-uniform compact at higher Da. A third, dendrite-
like regime, might exists at very high Da [36, 48, 49]), although unlikely to be observable in natural
conditions. When precipitation results from the injection of a supersaturated solution, the sole existence of
compact regimes may result from the rapid depletion of reactants along the flow paths, thus leading to
preferential precipitation near the inlet boundary. The non-linear dependency of the reaction rate to
oversaturation should exacerbate this trend [50, 51]. Indeed, the highest the saturation index (log Q), the
strongest the dependence, with an exponent n of the kinetic law greater than one when growth occurs by

the spiral mechanism at both edges and screw dislocations, or by 2D nucleation [52].

However, although Pe and Da can provide useful information about the evolution of a particular
system, their use can be limited [53] or complex to handle with, especially when the reaction rate varies of
several orders of magnitude along the flowpaths (i.e., between far-from-equilibrium and close-to-
equilibrium conditions), when boundary conditions differ from flow of a supersaturated solution (e.g.,
when precipitation results from solute mixing [54], or when rock heterogeneities exert a first-degree
influence on the local flow and transport conditions [8, 55-57]. The fact that their value evolves with
reaction progress drives us to define reference numbers at the time of injection (¢ = 0) and fracture inlet (x

=0), namely Da, and Pe,.

In addition, even under similar flow and chemistry conditions, crystal growth dynamics might be
different from a uniform covering at the surface. Observations of dotted or more spread cement bridges in
several fractures [6, 23, 58, 59] point toward a preferential nucleation and growth on some mineral
substrate similarly to what has been observed in porous media [53, 60] giving to substrate surface energy

an important role in initiating nucleation and growth [61-64]. The ability of the smallest pores to maintain



115
116
117
118
119

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

135
136
137
138
139
140
141
142
143
144
145
146

a higher saturation with respect to crystallization is another source of precipitation heterogeneity [65, 66].
Variation in growth rate of different crystal facets, development of crystallographic preferred orientations,
changes in specific surface area as competition for growth between neighboring crystals complicate the
geometry evolution through time [67-70]. Theses aspects are worth consideration, especially during

syntaxial or antitaxial growth in fractures.

The impact of precipitation on the morphology and microstructure of fractures is currently a limitation
in reactive transport modelling [23], most models relying on a continuum description at the representative
elementary volume (REV) scale, e.g., [71]. However, several approaches are emerging to account for the
impact of precipitate on fracture geometry evolution. For instance, investigation of precipitation using the
level set method [37, 72] or lattice Boltzmann methods [37, 57, 73, 74] are particularly interesting as they
permit to evaluate, in relationship with spatial mineral substrate heterogeneity, the effect of new
precipitate localization on the flow and transport properties. At the continuum scale, it is also possible to
account for the feedback between flow and reactions and between the volume of precipitate and
permeability, through implementation of porosity-permeability relationship [75-77]. While these laws
have allowed continuum-scale models to reproduce experimental results, e.g., [78, 79], their use near
clogging conditions have had limited success, as emphasized by relatively high discrepancies in modelling
results [80]. Micro-continuum models provide an alternative to continuum-scale models. These models
describing the evolving fracture aperture field allow for capturing the processes that are important to
fracture geometry alteration [81], and can lead to a better understanding of the relevant processes and

parameterization of continuum models.

In the present study, a combination of experiments, micro-scale characterization and micro-continuum
reactive transport modelling was performed to elucidate the relative contribution of chemical reactions and
transport to flow reorganization and fracture sealing. The objectives are to investigate how the flow rate,
the kinetic law, the fracture aperture distribution and mineral substrate heterogeneities at the fracture walls
affect precipitation as well as reorganization of flow and reactive transport through time. For this purpose,
we investigated experimentally precipitation in four artificial fractures of simplified geometries at two
different flow rates. Precipitation rates were calculated from effluent concentrations and 3D image
difference obtained using X-ray microtomography (XMT). Experimental results were then used to
constrain reactive transport modeling in more complex fracture geometries. Different simulation
configurations were tested to evaluate the impacts of three factors on the negative feedback between
chemistry, transport and permeability reduction in fractures: (i) reactive transport conditions, (ii) fracture

geometry and anisotropy, and (iii) mineral heterogeneity distribution at the fracture walls.
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2. Materials and methods

2.1. Flow-through laboratory experiments in fractures

Four flow-through experiments were carried in artificial fractures made in a dolomitic limestone of
Tithonian age (Upper Jurassic) sampled in a quarry (Crayssac, Lot, France). The rock composition given
by X-ray diffraction (XRD) analysis is about 50% calcite and 50% dolomite, with a minor amount of
quartz and K-feldspar. The carbonate matrix is composed of a microsparitic cement of calcite and

dolomite.

Table 1 summarizes the experimental conditions. A block was sewed, drilled and possibly grooved to
provide four cylindrical samples of 50+1 mm in length and 25 mm in diameter with three different
fracture geometries, i.e., planar (sample CRA1FA), planar with two channels of 2.0 £ 0.3 mm in width
and 500 or 700 pum in depth grooved in the fracture plane (samples CRA2FA and CRA3FA), or
trapezoidal (sample CRA4FA). The two fracture walls were glued together with epoxy resin after
intercalating glass wedges on their edges to prevent for closure or opening of the fracture during
experiment, resulting in a fracture width of 15 £ 1 mm. The external surface of the samples apart from the
fracture inlet was also covered with epoxy resin to avoid precipitation. The surface of the fracture walls
was estimated from their geometry with the addition of the inlet surface of the sample which was not

covered with epoxy resin.

The inlet fluid used in the experiments was a 50-50% mixture of CaCl, and NaHCOs; solutions
prepared from reagent-grade salts dissolved in deionized water and equilibrated with atmospheric Pcoa.
The composition of the mixture is 1.87 £ 0.03 mM CaCl, and 3.95 £ 0.07 mM NaHCO3 and corresponds
to a calcite saturation index (log Q) of 1.38 (and so, a saturation state, Q, of 24). After saturation and
flushing with deionized water clean the fracture walls, the samples were injected at the flow rate Q, of
either 0.4 cm®-h™' using a syringe pump (samples CRA1FA and CRA2FA) or 12 cm®-h™ using a peristaltic
pump (samples CRA3FA and CRA4FA).

Table 1. Summary of the experimental conditions. ‘Experiment was stopped after sealing of the
fracture inlet. “"The minimum (@) and maximum (dm.:) values of aperture of the trapezoid are deduced

from XMT measurements at #; in the glued parts across the fracture width.

CRAITFA CRA2FA CRA3FA CRA4FA

Geometry Planar Planar with two Planar with two Trapezoidal
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grooved channels grooved channels
Initial aperture (um) Apianar 300 Apianar 170 Apianar 170 Amin 170,
Amax 400%*
Grooved channel - 500 and 700 500 and 700 -
depth (um)
Geometric  surface 15.5 ~16.0 ~16.0 15.5
area of fracture walls
(cm’)
Q, (cm®h™) 0.4 0.4 12 12
Duration Az (d) 40 40 16.7° 24.6"

2.2. Quantitative determination of the extent of the reaction

2.2.1. Determination of the global precipitation rate

Dissolution of dolomite being considered as negligible during the experiments, the amount of calcite
precipitated in the fractures was determined from chemical analyses throughout the experiments of the

difference in calcium concentration, ACa (mol-m™), between the fracture inlet ([Calin) and outlet ([Calou).

The volume of precipitated calcite at time ¢, is given by:
1=t;
V.. (t) =0, %u,, I ACa(t)dt Eq. 1
t=t,

with Q, the volumetric flow rate (m*-s™") and 0. the molar volume of calcite (m* mol™). The global rate

of precipitation, R, is given by:
An _ AV,
cal = _n = = XL Eq 2
At v At

cal

with Arn the total amount of calcite precipitated (mol), and At the duration of the experiment (Af = ¢, - fo).

2.2.2. Determination of the local precipitation rate and crystal growth rate

Local rates of precipitation within the fractures were evaluated from X-ray micro-tomography imaging

(XMT) and secondary electron microscopy (SEM) analysis of the crystals formed at the fracture wall
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surfaces. Fracture geometries were characterized by X-ray micro-tomography on Phoenix Nanotom
systems (Fédération de Recherche Fermat, FR 3089, Toulouse and UMR 7359 GéoRessources, Nancy),

with a pixel size of 12.23 um. The data sets were collected before (7)) and after the experiments (z,),

except for CRA4FA whose geometry, assumed to be a perfect trapezoid, was not imaged at 7o and was

deduced from measurements near the fracture wedges at #,. As precipitation was localized near the sample

inlet, only the upper part close to the inlet was imaged at f,. Image processing was carried out using
Avizo® software. Once the data sets were segmented, an algorithm was used to extract the fracture walls
and aperture (see [82] for the procedure of fracture wall and aperture extraction). The data sets were also
registered to permit localization of precipitation within the fracture from volume subtractions, i.e., V(#;) —
V(to), with V(#y) and V(t;) the 3D fracture volumes at #p and #;, respectively. Image difference can lead to
the determination of the local rate of precipitation, r.u, (mol-s™), assuming that the reactive surface area

S, and geometric surface area S, (m’) are equal:

pix
r = — = %) ><L xS Eq. 3

with Anx’y the local amount of calcite precipitated (mol), and a,, the local fracture aperture (m).

Given the resolution of the imagery, the limit for difference in aperture detection is about two pixels,
i.e. ~25 um. After the flow-through experiments, the fractures were opened to examine the new crystal
location and morphology. SEM stood in for XMT to characterize the geometry of the new crystals with a
finer resolution. Average crystal size was evaluated at different locations of the fracture walls from size

measurement on about 30 crystals each time.
2.3. Reactive transport modelling

2.3.1. Description of the model

The 2D multi-component reactive transport model HYTEC [83, 84] was used to simulate fracture
geometry evolution as a result of calcite precipitation. HYTEC is based on the operator-splitting approach,
solving the flow and advection-dispersion-reaction problems sequentially. In particular, the model
accounts for the feedback between calcite precipitation and the resulting changes of fracture porosity,

permeability and flow.

In the model, the fractures are discretized in a 2D mesh that approximates the geometry of the fracture

planes. In each grid cell, the porosity is related to the local fracture aperture, a, , by:
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0, = Eq.4

where d_ is the thickness of the domain perpendicular to the fracture wall (10° m), and permeability is

computed using the relationship derived from the Hagen-Poiseuille solution of the Navier-Stokes

equations, e.g., [85]:

The saturated flow is described by:

S, % _q [KOh) Eq. 6
" ot
where S, is the specific storage coefficient (m™), K is the hydraulic conductivity (m-s™) and & is the
hydraulic head (m). Hydraulic conductivity and permeability are related through the following expression:

K:&k Eq.7
u

where g, p and p represent the gravitational acceleration (9.81 m-s?), fluid density (1000 kg-m™) and

viscosity (107 Pa-s), respectively, all assumed constant in these simulations.

The boundary conditions to the flow problem represent a constant injection rate at the top inlet of the
domain along the x-direction, and a constant pressure (4 = 0) at the bottom outlet, while the left and right
boundaries are impermeable. The flow equation is solved to provide the hydraulic head 4 (m) in each grid

cell. The fluid velocity is then computed based on Darcy’s law [86]:
v=-KOh Eq. 8

The computed fluid velocity is then used to solve the reactive transport problem:

oY)

=0UeDOW, -vW¥, )- V, .R Eq. 9
al‘ |]¢ 1 l) ¢Zm: ,m m q

where W, is the total concentration of component i (mol-1""), D is the dispersion tensor (m*s™), R, is
the kinetically-controlled mineral reaction term (mol-1"-s™ ), m is the number of minerals, and V;, 1s the

stoichiometric coefficient for the reaction.
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The reaction rate of minerals is described by [87], and we used the kinetic rate constant

k., =1.79 10° mol-m>-s" and the exponent n = 1.12 obtained from continuously-stirred precipitation

cal

experiments on calcite seeds [51]. The overall calcite precipitation rate, R , (mol-1'-s™), is defined

cal

differently depending on whether it occurs on the calcite or dolomite substrate, by introducing a critical

saturation state, Q to initiate nucleation onto dolomite substrate:

crit,dol °

Q.. ; . lif a >1
R=ky*| St S [X(Q., =D with d(a) = Eq. 10

0 otherwise

crit,dol

where Sca and Sqo (m* 1) are the specific surface area of calcite and dolomite, respectively, a is the ratio

Q.19 and Q,, is the saturation state with respect to calcite (Q,, =IAP/K,, with K the

cal crit,dol sp

solubility product and IAP the ion activity product). Precipitation of calcite starts onto dolomite substrate

when Q_,>Q whereupon the critical saturation state returns to 1.

crit,dol °

As mineral growth is expected to increase the specific surface area of mineral m [51, 54], we choose to

express it as:

S, =S, +S

m

Eq. 11

growth

where S, is the initial specific surface area, and S is dependent on the volume fraction of solid

growth

precipitated. Unless explicitly mentioned, S, was taken equal to 0.21 m* g (value obtained by [51]

for calcite seed crystals after precipitation experiments). As a result, the precipitation rate will increase

during precipitation, thus explaining a regular decrease in [Ca]ow With time. In contrast, S =0m>g!

growth
would maintain a quasi steady-state [Ca]ow, the variation of which would only result of changes in the

fluid resident time in the fracture void, in relationship with the changes in the flow field during sealing.

The diffusion coefficient, D, is equal to 7.9 10""° m*s™ and corresponds to the diffusion coefficient of
Ca”™ at 25°C [88]. The dispersion tensor D is reduced to two dispersion-diffusion coefficients, i.e.,

D, =D'+0.5Ax+ D, longitudinally, and D, 6 =D'+D, transversally, where D’ is the dispersion

coefficient, set arbitrarily to 0.1 mm based on the fracture dimensions, and 0.5Ax represents the numerical
dispersion, i.e., half of the mesh length. This way, the longitudinal dispersivity remains about 3 times
higher than the transverse dispersivity. Transport (Eq. 9) is solved using the sequential iterative approach,

during which the evolution of the fracture aperture (or porosity) is computed based on the evolution of the
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mineral volume fraction. The feedback on flow is treated explicitly after updating the local permeability

following the Kozeny-Carman relationship [89]:

3 2
1 —
kx,y = kOx,y qox’y 1_% ~ Eq 12
%x,y ¢x,y

where k, oy and @), , are the initial local permeability and porosity, respectively. The volume fractions of

calcite precipitated in the pore space can be evaluated from the porosity change:
Vf—cal :1_(@,)' /%x,y) Eq 13
or equivalently from the amount of calcite precipitated in the solid phase (m*m™):

=V..'V

V'f—cul cal rock = [CaICIte] Qr,yvcul Eq 14

where V|, is the volume of rock in the mesh, and [Calcite] is the corresponding concentration of calcite

(mol-17).
Throughout the simulations, the porosity and permeability fields are extracted to compute the effective

permeability at the fracture scale, in directions parallel ((kx>) and perpendicular (<k),>) to the main flow

direction. Indeed, while local permeability is isotropic and evolves following the Kozeny-Carman
relationship, the effective permeability at the fracture scale can display different properties, due to non-
uniform evolution of the local permeability field. To evaluate the evolution of effective permeability of
the considered media, flow (Eq. 6) is solved using a head-imposed configuration between two parallel
boundaries, similarly to permeameter conditions [90]. The homogenized values of the hydraulic

conductivity in the x- and y-direction are thus computed based on stationary fluid flow.

2.3.2. Simulation setup

Several sets of simulations using nine different fracture geometries were set up to better understand the
different processes involved during precipitation in fractures. In particular, we explore the influence of: (i)
reactive transport parameters (i.e., fluid reactivity and injection rate, thanks to the advective Damkohler,

Da,,, [77]), (ii) fracture geometry, and (iii) mineral heterogeneity distribution at the fracture walls, on the

adv
flow path evolution and permeability reduction in fractured media. Testing different configurations is
motivated by the experimental observations, where these parameters have shown to play a role in the

fracture filling and flow reorganization.
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First, reactive transport modelling of the experiments was performed to validate and calibrate the
model. The three first fracture geometries used in the simulations are the planar fracture, the planar
fracture with two grooved channels and the trapezoidal fracture, whose geometry is derived from the
XMT imaging. The fracture void domains of 50.0x15.0 mm are meshed with a 100x30 grid size (Figure
1). The initial and boundary conditions for fluid chemistry and flow are similar to the experiments (Table
1). The injected flow rate is imposed at the sample inlet in the x-direction, while a constant atmospheric
pressure is set at the outlet. The other external boundaries are no-flow boundaries. Calcite and dolomite
substrates are set in first instance as a continuum in every mesh in a 50/50 proportion, with an equal initial

specific surface area (Sca = Sao1). In a first approach, precipitation is assumed to occur equally on both

calcite and dolomite. Secondly, a critical saturation state Q = 10 for precipitation onto dolomite is

erit dol
set. This value was selected based on the SEM observations of calcite growth onto dolomite matched
against the saturation state maps obtained in the first set of simulations (see further in section 3.1). The
specific surface area is adjusted to fit with the calcium concentration measured at the sample outlet for

experiment CRA3FA.

z T—J’ B.C. inlet constant flow
X )
Fracture
aperture (um)
800

T00
600
500
400
300
200
100

LOTIIALIP MO

N Y 2 Y 3 03 R AT

B.C.outlet P=

T T T T T T T T T T T X P X . X F X X T F % % X F %% WP

=

Figure 1. Fractures geometries used in the simulations, (a) planar, (b) planar with two grooved

channels and (c) trapezoidal. The simulation setup and boundary conditions (B.C.) are also shown.

In addition to modelling of the experiments, six model fractures (Figure 2a) with a geometry more
representative of natural fractures whose walls would experience an increase degree of shearing were

generated using the SynFrac® software [91]. The motivation for simulating reactive transport in synthetic
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fractures is threefold. First, the geometries used in the present experiments are simplistic and the results
are not meant to be extrapolated to natural media. Second, the fluids commonly used to run experiments in
the laboratory [43, 44, 51, 92, 93] or in the field [19] are far oversaturated compared to saturation state
encountered in most of natural waters, the log of which rarely exceeds 1, so that the reactivity relevant to
natural settings should be lower. The choice of a high saturation index in experiments is linked to the
precipitation rate of calcite, which decreases exponentially along the fracture (Eq. 10), thus constraining
the duration of the experiments, the latter being shorter (a few days/weeks) when supersaturation is
exaggerated. The counterpart of this is a sharp reaction front [44, 50, 51, 70, 93] driving to a rapid sealing
of the sample inlet during experiments, where precipitation rate is orders of magnitude higher than a few
mm/cm further. However, calibrating the model using well-constrained experiments should permit

extension of its application to more natural conditions (i.e., with lower R_,). Third, generating fracture

cal
allows for controlling the degree of geometric anisotropy of the fracture aperture parallel or perpendicular
to the flow direction, and for evaluating the effects of fracture wall mismatch and of the mineral

heterogeneity distribution on the capacity of fractures to self-healing.

The six different fracture geometries are set up from three starting fracture aperture fields generated
with SynFrac®, which differ by their anisotropy factor (AF = 1, 2, and 4). The grid size is 64x64, and the
geometry of the fracture walls is periodic. The aperture distributions are close to Gaussian distributions,
with a mean aperture a, of 400 = 1 um and a standard deviation o, of 152 * 2 pm, leading to a
roughness factor g, /a, of ~0.38; these values are consistent with data measured in natural limestone
fractures after dissolution process [82, 94]. From these aperture fields, six different fracture geometries of
128x64 grid sizes (51.2x25.6 mm) are derived. In the first cases, the initial aperture fields are duplicated
in the x-direction to generate fracture geometries, whose direction of stretching of the aperture field is
parallel (//) to the flow direction, resulting in a higher correlation length A, in the x-direction. In the
second cases, the initial aperture fields are first rotated 90°, and then duplicated in the x-direction to
generate fracture geometries whose aperture field direction of stretching is perpendicular (L) to the flow

direction, resulting in a higher correlation length A, in the y-direction.

Table 2 summarizes the three sets of simulations with their investigated parameters. The first set of
simulations focuses on the impact of reactive transport on the evolution of the precipitate distribution in
the fracture void and the reorganization of flow, and thus the fracture anisotropy and the mineral

heterogeneity distribution are kept invariant. For that, we define the advective Damkohler number at time ¢

= 0, which is to some extent equivalent to Da,, / Pe,, as:
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R R
Da,,,0a—"=a—"> Eq. 14

Vo 0

where R, and v, are the rate of calcite precipitation (R, ;) and the fluid velocity at #,, respectively, and
a and a' are coefficients.

The initial geometry used in that set of simulations is {AF = 1; //}. Calcite nucleation is first assumed to
occur homogeneously and at the same rate at the fracture walls, so that calcite and dolomite are set in a
50/50 proportion in every mesh, with an equal specific surface area (Sca = Sqo1). Both the injection rate and
the mineral reactivity are increased or decreased compared to the experimental conditions to investigate a

range of Da,,,, spanning five orders of magnitude. A reference injection rate (Q,_,, =12 cm®h') and

adv,

precipitation rate at the fracture inlet (R,_,,, =1.44 107 mol-1"-s™!, with n = 1.12, Eq. 10) are set from the
modelling conditions in fracture CRA3FA in order to define at the inlet the reference Da,,, (., = 5.

Eight values of Da,, , ranging from 0.1 to 300 [ are explored by varying the injection rate

adv,
(Qo-er 13000 < Q) and/or the precipitation rate (R,_,, /100< R, < R,_,,, ) to mimic injection of
less reactive fluids at slower velocities. The quantity R, ,/R,_,is defined as the reactivity factor (RF)

in the simulations (Table 2). Evaluation of the dependence of the precipitation rate to the order of reaction

was also achieved in a simulation using a lower exponent n = 0.65 in the kinetic formulation (Eq.10); k_,
was increased about 4 times to keep the same R,_,, and reactivity factor RF =1 than in the reference
simulation.
Simulations are stopped either when complete sealing of the fracture is achieved, i.e., for a permeability in
the flow direction (k,)<<10™"" m?), or when porosity reduction has reached a sufficient low value (~10-
15%) regarding the duration of the simulation.

The second set of simulation evaluates the impact of the fracture anisotropy in relationship to the flow
direction, i.e., parallel or perpendicular to the aperture stretching direction. In these simulations, the six

fracture geometries {AF = 1,2,4; [1,//} are used. Precipitation is still assumed to occur homogeneously on

both calcite and dolomite at the fracture walls. The same values of Da,,,, than in the first set of

simulations are explored.

The third set of simulations accounts for the variability in mineral distribution at the fracture walls and
for the existence of a critical saturation state Q. ,, to initiate precipitation onto dolomite substrate. In

these simulations, the mineral distributions are mapped on the fracture geometry {AF = 4; //} with
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Da,,, , =/, and the simulations are compared with the previous simulation assuming a 50/50 mineral

proportion in every mesh (continuum representation of the mineral substrate). Three values of Q , are

crit,do
tested, i.e., 10, 20 and 30. The first value is derived from the experimental observations (see further in

section 3.1). The second further restricts precipitation onto dolomite. In the last case, precipitation onto

dolomite is impossible, due to the fact that Q >Q...0- This case mimics what could happen when the

crit dol
critical saturation state with respect to a mineral is never reached, and how it would affect fracture sealing.
Six types of spatial distribution of minerals including three different mask patterns are considered. Mineral
spatial heterogeneity is considered by varying the spatial distribution of calcite and dolomite volume
fraction in every mesh, with 50% of the meshes considered to contain only calcite and 50% only dolomite.
In the four first cases, classification of the meshes is based from the generation of a 128x64 random field
with uniform standard distribution. To create the first random distribution, the 50% smallest values are set
to calcite (Mask 1), defining small mm-size clusters as isolated spots of mineral of 400x400 um® In this
case, the mineral phases, i.e. calcite or dolomite clusters, are not connected through the fracture. In the
second random distribution (Mask 2 and inv-Mask?2), the 1.5% smallest values are picked up as small
calcite or dolomite spots and clusters are grown until the mineral fraction has reached 50% of the domain.
For these cases, isolated spots of about 3x3 mm” and cm-size clusters are defined and only one mineral
phase is connected through the fracture. In the last two cases, calcite and dolomite are correlated to the
local aperture distribution. In this case, both mineral phases are connected through the fracture. The 50%
largest local apertures are either assigned calcite (Mask 3) or dolomite (inv-Mask 3). Mask3 configuration
aims to evaluate the influence of pre-existing fracture alteration prior to precipitation in multi-mineral
rocks. The case calcite is assigned the largest apertures mimics a small degree of alteration of the fracture
prior to precipitation, where the higher dissolution rate for calcite compared to dolomite [95] would
increase the fracture aperture in areas calcite is present [96, 97]. The case dolomite is assigned the largest

apertures is the complementary case. The different masks are presented in Figure 2b.
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Figure 2 (a) Fractures geometries used in the simulations with their nomenclature {AF = 1,2,4; [1,//}, and
(b) masks used to set mineral heterogeneity distribution in the fracture domain. The white and black colors
represent either calcite and dolomite (Masks 1 to 3), or dolomite and calcite (inv-Masks 2 and 3),

respectively.

Table 2. Summary of the modelling cases in the synthetic fractures.

Parameters | Reactive transport conditions Fracture = and flow | Fracture wall mineral
explored anisotropy substrate
Reactivity | Flow Da,,,, | Anisotropy | Stretching | Mineral Q...
factor and | rate Q, factor AF | direction | heterogeneity
exponent
P (cm® h
(RF.n) 1
)
1% set {1,1.12} 0.04, 0.1, 1 /I to the | 50-50 calcite | no
(Roref s 0.4 and | 0.3, 1, flow dolomite in a
12 3, 30, direction | continuum




(0.L1.12}, [(Q,.,) | 3005

{0.01,1.12},
and
{1,0.65}
2" set {1L12}, ] 0.04, |01, 1,2,4 / or O to | 50-50 calcite | no
{0.1,1.12}, 0.4 and | 0.3, 1, the flow | dolomite in a
and 12 3, 30, direction | continuum
300 8
{0.01,1.12}
3" set {1,1.12} 12 B 4 // to the | 50-50 calcite | 10, 20,
flow dolomite in a | and 30

direction | continuum,
small (Mask
1), and large
(Mask 2 and
inv-Mask2)
randomly
generated
clusters,
aperture-
correlated
clusters
(Mask 3 and
inv-Mask3)

404

405 3. Experimental results

406  3.1. Calcite nucleation and growth at the fracture walls

407 The size, orientation, and density of the calcite crystals newly precipitated at the fracture wall surfaces

408  is highly variable and closely related to the calcite precipitation rate, which depends on the mineral
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substrate, the local saturation state with respect to calcite, Q_, and the local flux of reactants along the

cal *

flowpaths.

XMT image difference between t; and 7y and SEM imaging after the experiments allow for

determination of the areas where precipitation occurred. In all samples, precipitate amount is higher near

the inlet of the fractures, where Q_, is the highest, and the crystal size and density are shown to decrease

progressively from the inlet to the outlet (Figure 3). Growth of calcite proceeds by growth of heteronuclei
on mineral substrate. Polycrystal growth results in blocky microstructures with epitaxial growth on
existing micro-sparite seed crystals. The crystals are randomly oriented due to the multitude of
orientations depicted by the seed crystals in the rock. It is worth noting that a few dumbbell aragonite

crystals are also noticed in the fracture void.

At low flow rate (CRA1FA and CRA2FA), the fracture aperture reduction is scarce and cannot be
caught properly with XMT. However, individual crystals and crystal clusters are noticed at the fracture
walls (Figure 3a). At high flow rate (CRA3FA and CRA4FA), equant crystals grew on most of the
fracture wall surfaces near the inlet, whereas further in the fractures, crystals grew preferentially onto
calcite substrate compared to dolomite substrate (Figure 3b). This effect has an increasing impact as far as

the average crystal size decreases, i.e., toward the outlet, suggesting that nucleation on dolomite substrate
requires a higher energy and so a higher critical saturation index (log Q_; 4, ). Crossing of SEM
observations of precipitate onto dolomite with modelling of experiment CRA3FA (see section 4.1) gives
an estimate of Q_, ,, of 10. It is worth noting that precipitation is unlikely to initiate at the surface of
silicates (i.e., quartz and K-feldspar, Figure 3, inserts 5 and 6), which remains uncovered until crystals

grown on carbonates are big enough to combine (Figure 3, insert 4).

Precipitation is also localized in the areas of preferential flow (Figure 3b), where crystals can be a
dozen times bigger than in the areas of lower aperture. Multiple crystal orientations involving different

facet growth rates and competition between neighboring crystals [67] that result in enclosed crystals are
also visible locally (despite Q_, is assumed to be identical) and contribute to the growth rate

heterogeneity (Figure 3, insert 4). Different induction times for precipitation [60, 98] and Ostwald

ripening [99, 100] are other causes that can explain the difference in crystal sizes.

Fracture sealing was observed at the inlet of samples CRA3FA and CRA4FA at high flow rates, after
16.7 and 24.6 days of experiment, respectively. Sealing was indicated by an expulsion of the sample from
the jacket due to an abnormal pressure increase at the inlet, which indicates that permeability was reduced

to a value below 10! m? (assuming a pressure of 0.2 MPa at the inlet), thus corresponding to a hydraulic
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aperture of about 10 um. Although it corresponds more to partial sealing rather than complete sealing —for
which fracture permeabilities are reported in the range 10'*-10"7 m? [10, 101]-, we can infer that

complete sealing is close.

For CRA3FA, sealing corresponds to the closure of both the 170 pm-width planar fracture surface and
the 700 um-deep main channel inlet. For CRA4FA, sealing corresponds to the closure of the trapezoidal
inlet of minimum and maximum apertures of 170 um and 400 pum, respectively. However, it is worth

noting that the main channels close to the inlet remain micro-porous despite fracture sealing.

Figure 3. SEM observations of calcite precipitate on fracture walls for samples (a) CRA1FA and (b)
CRA3FA. The location of the observation zones is indicated on the simplified geometry of the samples.
(a) A decrease in the crystal size along the flow direction is observed, as well as preferential nucleation

and growth of crystals onto calcite compared to dolomite substrate; (b) Decrease in calcite amount
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overlaying on the dolomite mineral substrate along the flow direction. Note also that precipitation is
unlikely to happen on the silicates. Calcite is highlighted on the SEM-EDX (Energy Dispersive X-Ray
analysis) images by Ca (yellow), dolomite by Mg (red), silicates by Si (blue) and K (pink).

3.2. Fracture sealing rate

3.2.1. Quantitative determination of the extend of the reaction

The volume of calcite precipitated and the fracture-scale sealing rate were estimated from ACa between

the sample inlet and outlet (Table 3). The amount of precipitate is over one order of magnitude higher for

samples at high flow rate compare to low flow rate. However, the average [6] is quite similar for all

out
the experiments, indicating that kinetics globally controls the precipitation rate over the flow rate or the
fluid resident time. At high flow rate, however, a 30-time shorter resident time in the experiments explains

why the global precipitation rate is 20 to 36 times higher compared to low flow rate.

Table 3. Quantitative extend of the reaction determined from chemical analyses.

CRAI1FA CRA2FA CRA3FA CRA4FA
Average [a]out (x10° mol-1™") 1.65 1.51 1.64 1.61
Volume precipitated (mm?*) 3.1 5.0 41.1 68.4
Global precipitation rate R, 2.4 10" 4.010™" 7.710M 8.71071°
(mol-s™)

3.2.2. Local precipitation rate based on imagery

Following Eq. 3, the local precipitation rate can also be calculated and mapped for samples CRA3FA
and CRA4FA, as shown in Figure 4. The precipitation rate is higher close to the fracture inlet, where
supersaturation was the highest, and decreases very quickly along the samples. The precipitation rate is
also higher in the channels. For CRA3FA, the fracture closure rate near the inlet is about 8 um-d” in the
main channel (up to 25 pm-d' for some single crystals) and 5 um-d in the planar sides. The local rates in
the two diverted channels are somewhat equivalent, although both XMT and SEM observations show that
they are higher in the deeper channel. Two plumes with a high precipitation rate are also observed at each

inlet termination, i.e. next to the impermeable boundaries, and certainly underline the final injection paths
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that preceded sealing. For CRA4FA, the fracture closure rate near the inlet and in the area of higher

aperture is about 5 um-d' in, whereas it is only 3 um-d™ in the area of lower aperture.

For CRA1TFA and CRA2FA at low flow rate, X-ray micro-tomography was not enough resolved to
quantify changes in the fracture geometry. However, analysis of crystals using SEM show the same
patterns than for CRA3FA and CRA4FA, although the crystal size is smaller, e.g. from 15.8+7.3 um to
0.5£0.2 um between the inlet and outlet for CRA1FA. Assuming roughly that the crystal size is equivalent
to the aperture reduction, this results in a fracture closure rate of about 0.4 um-d” near the inlet, which

reduces to about 0.01 um-d™' near the outlet.

-V a) CRA3FA Inlet

Precipitation
rate 7, (um-d!)
25

10

8

| Outlet

Figure 4. Precipitation rate map calculated from XMT data sets for samples (a) CRA3FA and (b)
CRAA4FA; only top half of the samples was imaged (in black frames).
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4. Reactive transport modelling

4.1. Modelling of the experiment cases

Figure 5 shows the calcite precipitation patterns and the associated permeability evolution obtained in
the simulations, with a satisfactory visual agreement compared to the experiments CRA3FA and CRA4FA
(Figure 4), both regarding the amount of precipitation near the inlet and the difference in the extent of
precipitation in the main flowpaths. A good agreement is also obtained with the experimental calcium
outlet concentration and overall volume of precipitation (Figure 6), using an initial specific surface area,

S,, of 60 m*1" and a precipitation-dependant term, § of 0.21 m*g" for all the samples. The

growth
increase in specific surface area with precipitation further enhances the precipitation rate as far as the
porosity decreases, thus explaining a slight decrease of [Ca]ow Wwith time. Nevertheless, the volume
precipitated is a bit overestimated for CRA1FA and underestimated for CRA4FA. Although it is possible

to obtain better fits by adjusting the specific surface area, we prefer to keep the same value for §,, to

validate the model for the different geometries and flow conditions.

Modelling of experiment CRA1FA, which is equivalent to a simple 1D-model, allows for examining
specifically the kinetic model, which depends on both the kinetic formulation (Eq. 10) and the evolution
of the specific surface (Eq. 11). For all cases explored, a good agreement is found between experiment and
simulation regarding the volume fraction of calcite precipitated along the flow path, except near the inlet

boundary, where uncertainties remain (Figure 7). Reducing S, to 8 m* 1" with no precipitation-dependant

surface area (i.e., S =0) would decrease the amount of calcite precipitated near the inlet and permit to

growth

better fit with the total amount of calcite precipitated (4.4 mm’ vs 3.1 mm’ in Table 3). A lower S, would

also highlight the drop in precipitation rate linked to Q_, ,, which occurs at x ~ 8 mm from the inlet,

where the gradient of precipitation is less pronounced. In addition, taking a constant specific surface area

through the simulation (i.e., S, =S,) would also largely modify the amount of calcite precipitated near

the inlet compared to a variable specific surface area (i.e., S, =S, +S ) (Figure 7). For instance,

growth

increasing the value of § from 0 to 0.21 m* g, results in a larger increase of precipitation near the

growh »
inlet, promoting the reduction in permeability and sealing of the fracture. However, it is worth noting that
the behavior near the inlet is difficult to assess as: (i) part of the sample inlet surface is also exposed to the
inlet fluid in the experiment and (ii) the simulation critically relies on the models for reactive surface area

and permeability evolution, limiting the evaluation of the kinetic model.
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The local changes in porosity and permeability significantly affect the flowpaths through time, through
a negative feedback between flow and transport (Supplementary video S1). Reactive fluid is initially
focused within the areas of higher apertures, i.e. the main flow paths, where the precipitation rate is
higher. Indeed, a higher renewal rate of the inlet fluid maintains a higher saturation index along the
preferential flowpaths. Preferential filling of these flowpaths with calcite decreases locally the
permeability, thus leading to a progressive reorganization of the flow in areas initially deserted by the

fluid, whose permeability becomes at some point higher than the permeability in the filled flowpaths.

Experiment CRA2FA at low flow rate is the most efficient from the point of view of calcium uptake
from the inlet fluid, in the sense that the overall calcite precipitation was reduced only by a factor 8-10

compare to high flow rate, while the calcium flux at the inlet boundary (F., =Q,%[Ca],) is

comparatively 30 times lower. This is explained by the longer resident time, which favors a higher
consumption of calcium along the fracture. However, in result, precipitation is more localized near the

inlet (Figure 5a) compare to high flow rate (experiment CRA3FA).

Interestingly, the simulations are able to reproduce the sealing observed experimentally. When porosity
reaches low values (below 5%), prediction of sealing becomes strongly dependent on the empirical

porosity-permeability relationship, and on the choice of a critical porosity or permeability. S, plays

also an important role by promoting precipitation where precipitation is more important, i.e. near the inlet.
In the simulations, almost complete sealing is assumed when fracture aperture is reduced to about 4 um
near the inlet, like in the experiments, thus corresponding to permeability decreases by 5 orders of
magnitude. Given that threshold, sealing at the inlet of CRA3FA and CRA4FA is almost completed after
20 and 22.5 days, respectively (Figure 5b). A further decrease in permeability by 9 orders of magnitude is
reached after 23 and 25 days, respectively. It is worth noting that the geometry of the fracture plays an
import role on the time required for sealing. For instance, CRA3FA is unexpectedly sealed earlier than
CRA4FA despite a larger maximum aperture (700 versus 400 um), while mean apertures were
comparable (280 £ 5 um). In other words, large aperture flow channels with high reactant flux fill more

rapidly than areas of low aperture.

Simulations also permit to account for different precipitation conditions onto the two mineral

substrates (Figure 5a). Initially, the specific surface area is the same for calcite and dolomite (Scar = Sdol)-

When considering a critical saturation state Q there is a point beyond which the fluid is not

crit,dol °

sufficiently oversaturated to initiate precipitation on the dolomite substrate. This results in a slight

discontinuity in the downstream calcite precipitation pattern compared to the case Q =0 (Figure 5a,

crit,dol



549  cases CRA3FA), as well as a lower precipitation rate. Difference in the two approaches mostly affects

550  downstream calcite precipitation patterns with no effect near the inlet boundary.
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554 Figure 5. Modelling of the (a) volume fraction of calcite precipitated and (b) permeability field in the

555  four fracture geometries using Q. ,, = 10, and comparison with Q ., ,,= 1 for CRA3FA. For fractures

556  CRA3FA and CRA4FA, time corresponds to a five order of magnitude drop in <kx> .

557
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Figure 6. Experimental and modelling results of the temporal evolution of calcium concentration at the

outlet [Ca]ou and volume of calcite precipitated V.. for the four fractures CRA1FA to CRA4FA. The same

kinetic law and specific surface was used for modelling of the experiments (i.e., R, from Eq. 10, S, =

cal

60 m*1" and S =0.21 m*g" for both calcite and dolomite, and Q =10). The average calcium

growth crit,dol

concentration at the outlet obtained in the simulations ([@]w ), and the volume of calcite calculated from

mass balance (black) and from modelling (grey) are also indicated in the graphics.
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Figure 7. Evolution of the volume fraction of calcite precipitated along the flow path in fracture

CRAIFA for different specific surface area models (i.e., different values of S, and S, ), and
comparison with data derived from SEM observations. The drop of precipitation at about x = 8§ mm

underlines the limit of precipitation onto dolomite, i.e., Q_,, = 10.

4.2. Modelling of the synthetic fractures

The reactive transport approach is then applied to the synthetic fractures, in order to generalize the
experimental observations to