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Abstract

An in situ experiment at the Grimsel Test Site (Switzerland) to study
water-cement-rock interaction in fractured granite was modelled. It consisted
of a hardened cement source in a borehole intersecting a water conducting
fracture. Grimsel groundwater was injected into this borehole. Two other
boreholes at about 0.56 m and 1.12 m from the emplacement borehole were
used to monitor the evolution of water composition for 5 years. The modelling
approach was based on a 1D radial model for the emplacement borehole and
a small volume of rock (fault gouge) around it, and a 2D model for the rest
of the domain. The results of the 1D model were used as input for the 2D
model. Both models showed dissolution of the fault gouge minerals. Results
from the 1D model showed dissolution of portlandite in the cement with an
increase in porosity. The 2D model showed a reduction in porosity in the
fault gouge due to mineral precipitation. Near the emplacement borehole
ettringite precipitated. At the center of the plume there was precipitation of
C-A-S-H and hydrotalcite. At the edge of the hyperalkaline plume calcite,
hydrotalcite and illite precipitated.
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model

1. Introduction

Ordinary Portland Cement (OPC) is frequently used for radioactive waste
storage as a part of the engineered barrier system or as structural support
in the host rock. The cement pore water is hyperalkaline (pH>13) and can
react chemically with the host rock of the repository. Several studies have
investigated the interaction between the cement, the hyperalkaline plume
and the host rock (Read et al., 2001; Savage et al., 2002; Gaucher et al.,
2004; Hoch et al., 2004; Sanchez et al., 2006; Mader et al., 2006; Pfingsten
et al., 2006; De Windt et al., 2008; Soler and Méader, 2010; Savage et al.,
2011; Soler, 2013; Kosakowski and Berner, 2013; Moyce et al., 2014; Soler,
2016; Martin et al., 2016). In general, they found a reduction in poros-
ity due to precipitation of secondary minerals. Our study was part of the
LCS Project (Long-Term Cement Studies), with the objective of studying
the water-cement-rock interaction and their effect on water flow and so-
lute transport properties. To do so, an in situ experiment was started in
2009 at the Grimsel Test Site underground rock laboratory (Switzerland,
www.grimsel.com). First, a tracer experiment was performed to characterize
the initial flow and transport properties of the rock (granite) around the test
site. Afterwards, the in situ experiment was performed. A hardened cement
source was installed in a borehole intersecting a water conducting fracture.
Then, Grimsel groundwater was circulated or injected into this borehole and
the evolution of water composition in the fracture was monitored for 5 years.
A preliminary reactive transport model corresponding to the formation of a
high-pH plume and its interaction with the rock was reported by Saaltink
and Soler (2016). The conceptual model considered a 1D radial model for the
emplacement borehole and a small volume of surrounding rock (fault gouge),
and a 2D model for the rest of the domain. The results of the 1D model were
used as input for the 2D model. The objective of our study is to develop a
qualitative and partially quantitative understanding of the geochemical pro-
cesses that took place during the experiment. To do so, we followed the
same conceptual model as Saaltink and Soler (2016), with a relatively simple
flow model, which was based on an initially homogeneous fracture. The re-
sults of the numerical model were compared with the available experimental
data. We used the monitoring data of flow rates and solution composition
at the emplacement, observation and extraction boreholes, the data from



post-mortem analysis of the cement made by the Swiss Federal Laboratories
for Materials Science and Technology (EMPA) and the mineralogical anal-
ysis from samples next to the emplacement borehole made by the British
Geological Survey (BGS).

2. In situ Experiment

The experiment took place at the Grimsel underground rock laboratory
(Switzerland). Pre-hardened Ordinary Portland Cement hollow cylindrical
segments were emplaced in a borehole (emplacement borehole) intersecting a
water-conducting fracture. Starting from the center, the borehole contained
an inner dummy (inert cylinder) followed by the cement and a water-filled
gap. Two other boreholes (called observation and extraction boreholes) were
placed at 0.56 and 1.12 meters away from the emplacement borehole. There
were no cement pieces in the observation and extraction boreholes. These
boreholes were instrumented with multiple packer systems to capture the
effluent from a specific fracture. A skin of low permeability was assumed to
surround the boreholes (Figure 1). Grimsel groundwater was circulated and
injected in the emplacement borehole. Water was extracted at the observa-
tion and extraction boreholes and the chemical compositions of the different
solutions were monitored. After the injection was started in the emplacement
borehole, elevated pH and solute concentrations reflecting interaction with
the cement were observed in the observation and extraction boreholes.

3. Numerical Model

3.1. Modelling approach

Our conceptual model considered only a simple homogenous fracture of
5 mm thickness, taking into account the reactions that could have occurred
during the interaction between the cement, Grimsel groundwater and the
fault gouge filling the fracture. The simulations were carried out using the
Retraso-CodeBright software package (Saaltink et al., 2004). The modelling
approach considered two different models (1D radial and 2D). First, a de-
tailed 1D radial model simulated the emplacement borehole (hardened ce-
ment paste) together with the surrounding skin (Figure 1b). Then, the re-
sults of this model (solute concentrations at the outer boundary of the skin
of the emplacement borehole) were used as input for the 2D model that sim-
ulated the fracture plane at the scale of all three boreholes (emplacement,



observation and extraction). The conceptual model assumed that during the
initial test period without injection of water in the borehole the permeabil-
ity in the skin was low enough to avoid flow of water in that zone. It also
assumed that when water was injected, the flow in the skin was only affected
by this injection (radial flow) and was not affected by the extraction in the
other boreholes.
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Figure 1: Conceptual model a) Plan view of the fracture plane with the three boreholes;
lines indicate the main direction of flow b) Geometry of the 1D and 2D models.

3.2. Geometry and mesh

The geometry of the 1D radial model reflected the hardened cement paste,
the existing gap between cement and rock and the skin with total length (ra-
dius) of 80 mm (Figure 1b). In the model, a thicker and thinner cement zone
(from 35 to 41 mm) was finally considered, to be able to correctly simulate
the observed alteration of the cement, which affected both the inner and outer
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surfaces. In this fashion, the increased cement surface could be included in
the model. The domain was discretized into 97 1D finite elements with sizes
ranging from 0.1 mm near the gap between cement and skin to 1.5 mm near
the outer boundary. The model considered that the width of the fracture
was b mm, according to observations at the site of several individual frac-
tures of millimetric aperture. The geometry of the 2D model represented the
fault gouge filling the fracture and the three boreholes. Neither the cement
in the emplacement borehole nor the skin of the emplacement borehole were
considered explicitly. The concentrations at the outer end of the 1D model
were used as a time-dependent boundary condition for the 2D model (skin-
fracture interface). For the observation and extraction boreholes, their gaps
and skins were explicitly modelled. The mesh refinement was studied, be-
cause results could depend on the spatial discretization (Marty et al., 2009).
Nevertheless, we did not observe significant qualitative changes in our case
with the implemented mesh. The finite element mesh consisted of triangular
elements with a size of about 2 cm. The possible natural gradients could be
neglected due to the high flow rates at these boreholes. This means that the
2D model assumed that the flow of water was only affected by the injection
or extraction flow rates at the three boreholes (emplacement, observation
and extraction) and that the system was symmetrical with respect to the
line crossing the centre of the three boreholes. Only half of the domain had
to be modelled (Figure 1b). Only the period when water was injected into
the emplacement borehole was taken into account in this 2D model. The
initial diffusion period (August 2009 to October 2010) was not considered,
because this period had no measurable effect on the water chemistry at the
observation and extraction boreholes.

3.3. Transport parameters

Table 1 displays the transport parameters of the materials used in the
1D and 2D models. Intrinsic permeabilities of the skin and fault gouge were
taken from Manette et al. (2015), which were estimated from pumping and
tracer tests. The permeability of the cement had no effect because there was
no flow of water through the cement paste, and the permeabilities for the gaps
were high enough to maintain a homogeneous pressure within each gap. The
porosity of the gaps is 1, i.e., it was assumed to only contain water. However,
the total volume of water in the circulation system (tank, tubing, gap) was
taken into account by rescaling the porosity of the gap by multiplying the real
porosity by the total water volume divided by the modelled gap volume. The



same was done for the cement which had a thickness larger than the modelled
fracture. The porosity of cement paste was based on the results of the cement
source characterization. The porosity for the fault gouge was taken from
Soler and Méader (2010) for a laboratory core infiltration experiment with a
sample from the same shear zone region at Grimsel Test Site. The diffusion
coefficient of the cement paste was calibrated based on the thickness of the
alteration zone in the cement (portlandite dissolution and porosity increase).
Diffusion coefficient and dispersivity of the gaps were sufficiently high to
ensure perfect mixing within the gap. In the skin and fault gouge typical
values of the diffusion coeficient were used. The dispersivities of the skin
were from Manette et al. (2015), which were estimated from tracer tests.
The dispersivity assigned to the cement paste had no effect because there
was no flow of water through the cement paste.

Table 1: Parameters of the materials used in the 1D and 2D models.

k (1’112> ¢real (brescaled Dp (mQS_l) Qaj, (m) ar (I'Il)

1D model

Cement 8.0x107*¥ 0.47 12149 2.0x107''  0.002
Gap empl.  3.0x1071° 1.0 1842.78 1.0x10™°  10.0
Skin empl.  3.0x107% 0.21 0.21 1.0x107™  0.02 -

2D model

Gap obs.  3.0x10°0 1.0 27459 1.0x10-°  10.0  10.0
Gap ext. 3.0x1071% 1.0 12240 1.0x107° 10.0 10.0
Skin obs. 3.0x107% 0.21 0.21 1.0x107° 0.10 0.05
Skin ext. 3.0x1071% 0.21 0.21 1.0x107? 0.10 0.05
Fault gouge 3.0x1071 0.21 0.21 1.0x107°  0.10 0.05

3.4. Boundary conditions

In order to simulate the varying flow regime we used the flow rates dis-
played in Figure 2. Flow rates used in the numerical models were based
on the monitored data. The 1D model assumed a time dependent injection
flow rate of the Grimsel groundwater at the gap of the emplacement bore-
hole. During the initial diffusion period (August 2009 to October 2010),
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when there was no injection, the concentration at the skin-fracture interface
(the last node of the 1D model) was fixed at that of the Grimsel ground-
water. After the diffusion period, when water was injected into the gap,
the 1D model assumed an outflowing mass flux boundary condition at the
skin-fracture interface (mass flux equals flow rate times concentration at the
boundary). The 2D model started after the initial diffusion period (October
2010). The 2D model considered the time depending flow rates at the three
boreholes, shown in Figure 2. At the observation and extraction boreholes
there was only extraction. The solute concentrations of the outflowing water
of the 1D model were used for the inflowing water entering the 2D model
(at the skin-fracture interface of the emplacement borehole). At the obser-
vation and extraction boreholes the 2D model assumed an outflowing mass
flux boundary condition.
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Figure 2: Boundary conditions. Flow rate for the emplacement, observation and extraction
boreholes. Points are the measured data and lines the model flow rates. The 1D model
started on August 2009 and the 2D model started on October 2010.



3.5. Chemical System

3.5.1. Cement and rock composition

Table 2 gives the initial composition of the cement paste in the emplace-
ment borehole considered by the numerical model. The cement composition
was based on the results of a calculation using the GEM-Selektor (GEMS)
software package (Wagner et al., 2012; Kulik et al., 2013) which can handle
equilibrium phase assemblage and speciation in a complex chemical system
from its total bulk elemental composition. In the numerical model Fe was
not considered to simplify the chemical system. The primary phases that
were taken into account are C-S-H gel (Ca/Si=1.667), portlandite, ettringite,
siliceous hydrogarnet and hydrotalcite. C-S-H gel was modelled as 5 pure
solid phases with Ca/Si ratios ranging from 0.83 to 1.67 (Trapote-Barreira
et al., 2014). C-S-H gel with a Ca/Si of 1.667 was the primary phase and the
others were secondary phases. The potential secondary phases considered
were C-A-S-H, tobermorite, calcite, monosulfoaluminate, monocarboalumi-
nate, illite and M-S-H. C-A-S-H is also a solid solution, but in this case only
3 phases were considered with a Ca/Si ratio of 1 and Al/Si ratios equal to
0.05, 0.10 and 0.15 (Myers et al., 2015). M-S-H, another solid solution, was
also considered. We only used the end-member compositions (M3S4Hs and
M3SoHs) with Mg/Si ratios of 0.7 and 1.5 (Nied et al., 2016). The sensitiv-
ity case including zeolites and additional crystalline C-S-H phases were also
considered as secondary phases, which are laumontite, analcime, natrolite,
mordenite, wairakite, foshagite, gyrolite and okenite. Table 3 shows the ini-
tial composition of the fault gouge. The minerals considered were quartz,
K-feldspar, albite, muscovite and phlogopite. The volumetric fractions of
the minerals, the porosity and the surface areas were from Soler and Mader
(2010).

3.5.2. Solution composition

Table 4 shows the initial compositions of the cement porewater and the
Grimsel groundwater (the initial groundwater in the fault gouge). The tem-
perature of both waters was 15°C. The initial composition of the cement
porewater is at equilibrium with the cement phases. The initial composition
of the Grimsel groundwater was at equilibrium with the minerals of the fault
gouge and was also based on the monitored data.



Table 2: Cement composition.

Mineral Vol. frac. o,
(m®m—?) (m?m—?)

C-S-H-1667  0.275 1.0x10°

Portlandite  0.126 1.0x10°?

Ettringite 4.66x1072 1.0x10°
Hydrogarnet 6.70x1072 1.0x10°
Hydrotalcite 9.66x107% 1.0x10°
Porosity 0.476

Table 3: Fault gouge (unconsolidated granite) composition, based on Soler and Mé&der
(2010).

Mineral Vol. frac. o,

(m3m73) (QOfS)

Quartz 0.19 1.07x10*
K-feldspar 0.15 8.48x103
Albite 0.14 7.92x103
Muscovite  0.22 1.24x10*
Phlogopite  0.09 5.1x103

Porosity 0.21




Table 4: Initial composition of the cement porewater and composition of the Grimsel
groundwater water. Imposed constraints to calculate some of these values (equilibrium
with solids or charge balance) are also indicated.

Component Cement pore water Grimsel groundwater

(mol L™1) (mol L™1)
Ca?" 5.20x107* Portlandite ~ 1.10x10~* Calcite
HSiO3 6.49x107° C-S-H-1667 8.31x107° Quartz
Al(OH), 2.04x107° Hydrogarnet 1.24x10~" Muscovite
K+ 8.91x1072 1.72x107° K-feldspar
Nat 9.95x107* 5.22x10~*
SOF~ 3.98x107° Ettringite  5.20x107°
Mg?*t 1.5x107 Hydrotalcite  8.48x10~7 Phlogopite
Cl~ 1.0x1071° 7.62x107°
F- 1.0x1071° 1.63x10~*
CO3~ 4.98x1077 3.17x10~* charge bal.
pH 13.23 charge bal. 9.65
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3.5.3. Thermodynamic data

The thermodynamic data (at 15 °C) for all the mineral reactions are given
in Tables 5 and 6. The equilibrium constants (log K) for quartz, K-feldspar,
albite, muscovite, phlogopite, tobermorite, illite, calcite, all the zeolites and
C-S-H crystalline phases were taken from EQ3/6 database (Wolery et al.,
1990); C-S-H gel phases from Kulik and Kersten (2001); portlandite, ettrin-
gite, hydrogarnet, hydrotalcite, monocarboaluminate and monosulfoalumi-
nate from the cemdata07 database (Matschei et al., 2007), C-A-S-H phases
from Myers et al. (2015) and M-S-H phases from Nied et al. (2016). Table 7
shows the equilibrium constants (log K) for aqueous complexation reactions
which were taken from EQ3/6 database (Wolery et al., 1990).

Table 5: Equilibrium constants of primary minerals taken into account in the numerical
model (log K at 15°C). Reactions were written as the dissolution of 1 mol of mineral
in terms of the primary species Ca?*, HSiOz , AI(OH);, OH—, SO7~, Mg>t, CO3~, K™,
Na®, C1~ and F~. a) EQ3/6 database (Wolery et al., 1990), b) Kulik and Kersten (2001)
¢) cemdata07 database Matschei et al. (2007)

Mineral Formula log K,
Quartz Si0, 0.02 ®
K-feldspar ~ KAISi5Og -11.63 ®
Albite NaAlSizOg -8.42 @
Muscovite KAI3Si3010(OH), -16.10 @
Phlogopite ~ KMgsz(AlSi3019)(OH), -58.20 ®
C-S-H-1667  Si0-1.67Ca(OH),-1H,0 -13.47 ®
Portlandite ~ Ca(OH)s -5.07 ©

Ettrlnglte CaGAlg(SO4)3<OH)12'26HQO -46.10 ©
Hydrogarnet 3Ca0-Al,03-0.84Si04-4.32H,0 -26.82 (©)
Hydrotalcite MgyAly(OH)14-3H,0 -56.66 (©)

3.5.4. Reaction rates
A kinetic approach was used for the dissolution-precipitation of mineral
phases (Eq. 1), although sometimes the reaction is fast enough to be at local
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Table 6: Equilibrium constants of secondary minerals taken into account in the numerical
model (log K at 15°C). Reactions were written as the dissolution of 1 mol of mineral
in terms of the primary species Ca?*, HSiO3, AI(OH),, OH~, SO}, Mg>+, CO3 ™, K,
Na™, C1~ and F~. a) EQ3/6 database (Wolery et al., 1990), b) Kulik and Kersten (2001)
¢) cemdata07 database Matschei et al. (2007) d) Myers et al. (2015) e) Nied et al. (2016).

Mineral Formula log K4
C-S-H-083  2.27Si0,-1.82Ca(OH),-1.82H,0 -17.12 ®
C-S-H-10 Si05-Ca(OH),-0.86H,0 -9.35 ()
C-S-H-12 Si0,-1.2Ca(OH)5-0.91H,0 -10.70 ®
C-S-H-14 Si0,-1.4Ca(OH)5-0.95H,0 -11.95 ®)
C-A-S-H-05  (Ca0)1(Aly03)0.025(Si02)1 (H20)12 -10.28 ()

C-A-S-H-10 (C&O)l(A1203)0.05(SiOQ> ( 0)1.2 -10.21 ()
C-A-S-H-15 (C&O)l(AIQO;g)O 075(8102) ( 0)1.2 -10.02 (d)

Monocarb. Cay Aly(CO3)(OH);9-5H -31.85 (©
Monosulf. Cay Aly(SO4)(OH) . 6H2 -29.50 (©)
Tobermorite CasSigHs1 0975 -52.77 @
Ilite Mg 25Ko.6Al2.35i35010(OH)y -13.53 @
Calcite CaCO3 -8.41 @

M-S-H-0.7  3Mg0-4Si04-5H,0 -40.61 ©
M-S-H-1.5  3Mg0-2Si05-5H,0 -38.60 (©
Laumontite CaAlySiyOq2-4H50 -16.65 ®
Analcime Nag.96Al0.96512.0406-Ha O -7.98 (@)

Natrolite NayAlySigOyo-2H,0 -16.00 @
Mordenite  Cag.9gNag 36Al0.04515.06012-3.46H,0  -6.66 ()

Wairakite — CaAlySigO10(OH)y -11.92 @
Foshagite CaySiz0g(OH)5-0.5H,0 -33.92 @
Gyrolite CaySiz07(OH),-1.5H,0 -21.26 @)
Okenite CaSiy04(OH)2-H,O -9.71 @
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equilibrium. The rate laws used for the primary minerals in the fault gouge
(quartz, albite, K-feldspar, phlogopite, muscovite), based on those used by
Soler and Méder (2010), are given in Equation 1 and Table 8.

T = ko (QF, — 1)7ab m=1,..n, (1)

T is the mineral dissolution-precipitation rate (mol m=2 s71), ky, is the
kinetic rate constant (mol m—2 s71), oy, is the surface area (m*m=3), ay+ is
the activity of protons, p is a catalyzer coefficient, €2, is IATP where [AP is
the ionic activity product and K is the equilibrium constant (ionic activity
product at equilibrium).

The form of the rate law is from Lasaga (1984). Values of § and 7 for
albite and microcline are from Soler and Lasaga (1998). For all the other
phases (cement and secondary phases), large values of the rate constants
(1-:1072 mol m™2 s7') and of the surface areas (1-10° m?m™3) were used,
leading to local equilibrium with respect to those phases. Initially, the gap
had no minerals but large surface areas (1-10° m*m~2) were implemented to
allow mineral precipitation.

Table 8: Rate parameters used for the primary minerals in the fault gouge.

Mineral log ki, Pm 0
(mol m~2s71)

Quartz -13.92 -0.2 1.0 1.0

K-feldspar -20.22 -0.73 04 14

Albite -12.92 -02 04 14

Muscovite -13.12 -0.1 1.0 1.0

Phlogopite -13.52 -0.2 1.0 1.0

4. Results and Discussion

Before discussing the results of the model, we first calculated some char-
acteristic times on which transport processes took place. This is helpful for
the interpretation of the results of the models. Then we will discuss the
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results of the 1D radial model for the domain in the vicinity of the emplace-
ment borehole, followed by the results of the 2D model for the domain with
three boreholes: emplacement, observation and extraction.

4.1. Characteristic times

A characteristic time for diffusion, tq;¢, is defined as:

<L2 — L1)2
tayp = ———l 2
dif Dp ( )

where D, is the pore diffusion coefficient and L; and Ly are the two
boundaries between which diffusion takes place. This means that when there
are no changes at the boundaries, a steady state is reached after a time of
roughly tq;. Equation 2 only makes sense when diffusion is the dominant
process, that is, only in the cement and in the skin of the emplacement
borehole, the last only during the initial diffusion period. A characteristic
time for advection, t,q,, can be defined in a radial system as:

2 12
ladv = W (3)

where ¢, b and () are porosity, thickness of the system and injection or
extraction flow rate, respectively. This means t.q, is the time it takes water
and a dissolved solute to flow from L; to Ls.

A third characteristic time is the average transient time of a solute in an
ideally mixed system, ix.

y
i = g (4)

where V' is the volume of the ideally mixed system. The model volume
includes the gap between the dummy cylinder or cement and the borehole
wall plus the volume of water circulating in tubes and reservoir tank.

Table 9 shows the calculated characteristic times for the various processes.
It can be seen that diffusion is the slowest transport process and, therefore,
may be the one that controls the system the most. Advection times are short,
indicating that water probably will not change its chemistry very much due to
precipitation/dissolution of minerals during its passage through the fracture
and skins as there is not much time for reactions to occur.
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Table 9: Characteristic times for the different processes. Characteristic times for diffu-
sion, advection and ideal mixing were calculated by equations 2, 3 and 4, respectively.
Characteristic times with two values were calculated from minimum and maximum flow
rates.

Process Location te (d)
Diffusion Cement 14.7
(tair) Skin of the emplacement borehole 15.8
Advection Skin of the emplacement borehole 0.0035-0.032
(taav) From emplacement to extraction borehole 0.69-2.14
Ideal mixing Gap of emplacement borehole 13.6-124.6
(tmix) Gap of observation borehole 14.9

Gap of extraction borehole 0.07-0.21

4.2. 1D Model

Figure 3 shows the measured and modelled aqueous chemistry against
time at the gap of the emplacement borehole. There are discrepancies be-
tween model results and the monitored data at the emplacement borehole.
Generally, the measured data are more scattered then the model results. A
possible explanation is the assumption of ideally mixed water in gap, tank
and tubing of the emplacement borehole. This assumption is particularly
doubtful for the periods without water injection (before October 2010 and
at the end of 2013, see Figure 2) during which coincidentally the majority of
measurements were made. A smaller volume available for mixing would give
less storage capacity leading to more pronounced changes in concentrations.
Another explanation is that the flow around the emplacement borehole may
not be perfectly radial as assumed by the model. However, we can compare
qualitatively the measured data with the model results in order to under-
stand the reactions that have occurred during the experiment. The model
shows that at the beginning there was a rapid increase of pH, Ca, K and Na
concentrations because of out-diffusion from the cement. Si decreased due to
diffusion towards cement and SO, decreased because of precipitation in rock
(ettringite) plus diffusion from gap towards rock. Cl and F also decreased
because cement pore water did not contain these components. From the be-
ginning of the injection on, Ca concentration varied according to the changes
in the flow rates. Higher injection rates implied lower Ca concentrations. K
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and Na concentrations decreased until there high concentrations disappeared
from the cement pore water. Si concentration remained approximately con-
stant, as this concentration was very similar to the Grimsel water and the
cement pore water. Small variations can be seen in concentrations of SOy
and Al. Cl and F concentration increased at the beginning of the injection
period until they reached the same concentration as in Grimsel groundwater.
pH varied according to the variations in Ca concentration.

Figure 4 displays the variation of volumetric fraction of minerals versus
distance calculated by the munerical model. In the z axis, cement (from 0.035
to 0.041 m), gap (from 0.041 to 0.043 m) and the skin (from 0.043 to 0.08
m) are represented. These results can be compared with the postmortem
analysis and the mineralogical analysis. In the cement, model results show
dissolution of portlandite, with a sharp dissolution front at 3 mm from the
cement-gap interface after 5 years. This dissolution of portlandite, which was
also observed in the postmortem analysis, allowed the calibration of the pore
diffusion coefficient with a value of 2-107"'m?/s. Also C-S-H (Ca/Si=1.6)
dissolved though at a smaller rate. Ettringite dissolved at the interface be-
tween the cement and gap only after injection of water was started. On
the other hand, after injecting Grimsel groundwater, C-A-S-H (Al/Si=0.05
and Ca/Si=1) precipitated near the gap and calcite did at the cement-gap
interface and into the gap, due to the mixing of both waters. This calcite
precipitation at the interface was also observed in the observations by EMPA
(unpublished results). At the skin, during both diffusion and injection pe-
riods, the primary minerals of the fault gouge (quartz, albite, K-feldspar,
muscovite and phlogopite) dissolved due to the high-pH conditions. Also,
there was precipitation at the skin of C-A-S-H, ettringite and hydrotalcite.
One can also observe precipitation of smaller amounts of calcite, hydrogarnet
and monocarboaluminate. Precipitation of C-A-S-H and calcite is consistent
with mineralogical analysis of the overcore performed by the BGS (unpub-
lished results). However, ettringite was not observed. Traces of gypsum were
detected in scrapings from the borehole wall.

The variation of porosity due to precipitation and dissolution of minerals
is shown in Figure 5. The porosity change in the cement paste is mainly
due to portlandite dissolution. It increased by 0.12 corresponding to the
initial volume fraction of portlandite in the cement. The porosity reduced
slightly in the skin next to the gap due to C-A-S-H, ettringite and hydrotalcite
precipitation.
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Figure 3: Evolution of the measured concentrations (points) compared with the ones
calculated by the numerical model (lines).
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4.3. 2D Model

Before discussing the results of the 2D reactive transport model, we will
first look at conservative transport. This can be characterized by a mix-
ing ratio, A, between the background Grimsel water and water injected at
the emplacement borehole reacted with the cement paste. Its value can be
calculated from the concentrations of a conservative tracer with Equation 5,

C — Cg”‘

A= (5)

where subscripts gri and emp represent Grimsel groundwater and em-
placement water, respectively. A A of 0 means pure Grimsel groundwater
and a A of 1 means pure emplacement water reacted with cement.

The distribution of the mixing ratio in Figure 6 shows that the mixing
ratio in the observation borehole was much larger than in the extraction
borehole, the second being the furthest away from the emplacement borehole.
Also, with higher injection rates at the emplacement borehole (October 2010)
the size of the plume was larger than for lower injection rates (September
2014).

Figure 7 displays the modelled and measured aqueous chemistry versus
time. The oscillations of the modelled chemistry are due to the changing flow
rates. These oscillations can also be observed for the measured chemistry.

Cemp — Cygri
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Figure 6: Mixing ratio distribution at two instants for the 2D model. A A of 0 means pure
Grimsel groundwater and a A of 1 means pure emplacement water reacted with cement
paste.

As for the emplacement borehole, the observed data are more scattered then
the modelled results. Moreover, the model seems to overestimate the effect
of the alkaline plume at the observation borehole. Part of this may be due
to simplifications in the 1D model; its results were used as input for the 2D
model. In addition, heterogeneity in both permeability and distribution of
minerals can have an effect, which was not taken into account by the model
(an initially homogeneous fracture was assumed). Bearing these limitations
in mind, reasonable fits were obtained for both observation and extraction
boreholes. However, modelled Si concentrations are lower than the measured
ones. This is because the initial composition of Grimsel groundwater assumes
equilibrium with quartz.

The calculated variation of the volume fractions of minerals of the fault
gouge are displayed in Figure 8. All the minerals of the fault gouge (quartz,
albite, K-feldspar, muscovite and phlogopite) were affeted by dissolution in
the centre of the plume, due to the increase in pH. Albite was dissolving
in larger amounts followed by K-feldspar and phlogopite. There was less
dissolution of quartz and muscovite. Notice that the hyperalcaline plume has
a concentric shape due the fact that our model considered a homogeneous
fracture. In reality the shape of the plume will depend on heterogeneities
and preferential flow paths in the fracture.

Precipitation and dissolution of secondary minerals are shown in Figure
9. Ettringite precipitated at the edge of the emplacement borehole skin. C-
A-S-H (Al/Si=0.05 and Ca/Si=1) precipitated in the centre of the plume
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Figure 7: Modelled (lines) and measured (points) total aqueous concentrations and pH
versus time for the observation and extraction boreholes.
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-8.3-10+ -3.2-10* -2.0-10*
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-3.3-103 -1.3-103 -8.0-10+
42103 -1.6:103 -1.0-10°3
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-1.2:10* -5.3-10°
-1.8:10* -7.9-10*
24104 -1.0-10*
-3.0-10* -1.3-10*

Figure 8: Variation of volumetric fraction (m®*m?) of primary minerals of the rock at the
end of the experiment. Negative values mean dissolution. Dimensions are 1.7 m x 0.7 m.
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followed by the precipitation of tobermorite. Hydrotalcite precipitated at
the centre of the plume and near the extraction borehole. Small amounts of
monocarboaluminate and hydrogarnet also precipitated at the centre of the
plume. Near the extraction borehole there was a lot of precipitation of calcite
and to a lesser extent also of illite. This precipitation of calcite is because
of the high extraction flow rate near that borehole, causing a lot of mixing
between the alkaline water and Grimsel groundwater. Figure 9 also displays
the distribution of porosity and pH. Near the emplacement borehole there
was a reduction in porosity of 0.02 due to ettringite precipitation. In the
centre of the plume there is a similar reduction due to C-A-S-H (Al/Si=0.05
and Ca/Si=1) and hydrotalcite precipitation. Near the extraction borehole
there is high reduction in porosity of 0.09, because illite and especially calcite
precipitated at the outer edge of the plume. The pH plot shows the distribu-
tion of the alkaline plume, with higher pH close to the emplacement borehole
because of the cement source and lower pH near the extraction borehole.

Ettrmgne C-A-S-H Tobermorite Hydrotalcite
0 12 0.013 8.9:10° 1.2:10°
0.09 0.010 7.1-10°3 9.5-10*
0.07 0.008 5.3-10°3 7.1-10*
0.048 0.005 2.7-10°3 4.7-10*
0.024 0.003 8.9-10% 2.4-10%
0 0 0
Tllite Calcite Porosity
Ettringite __
2.5-104 0.06 B 021 12.89
2.0-10% 0.048 ol 0.19 12.25
L5104 mgsp LA St and 0.18 11.60
i hydrotalcite
9.8-10° 0.024 L™ 0.16 10.96
4.9-10° 0.012 Calcite,
: hydrotalcite 0.14 10.32
0 0 and illite = 0.12 9.67

Figure 9: Variation of volumetric fraction (m®m?) of secondary minerals at the end of the
experiment. Positive values mean precipitation. Variation of porosity and pH are also
plotted. Dimensions are 1.7 m x 0.7 m.

A limited sensitivity analysis was performed by running a model includ-
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ing potential precipitation of zeolites and crystalline C-S-H phases (Figure
10). Only laumontite precipitated and the other considered zeolites and crys-
talline phases (analcime, natrolite, mordenite, wairakite, foshagite, gyrolite,
okenite) did not precipitate. There was less precipitation of illite when lau-
montite is considered.

Illite Laumontite

2.7-107 1.0-10°3
2.1-107 8.0-10*
1.6-107 6.0-10+
1.1-107 4.0-104
1.8-10° 2.0-10+
0 0

Figure 10: Variation of volumetric fraction of laumontite (m®m?) at the end of the exper-
iment, for the mode that considers zeolites and C-S-H crystalline phases. Dimensions are
1.7m x 0.7 m.

The high precipitation rate of calcite and consequent porosity reduction
near the extraction borehole is quite remarkable. In order to analyse this
properly, we performed a new calculation with a simplified chemical system
with only one chemical reaction: calcite precipitation-dissolution at equilib-
rium (CaCO3 = Ca?" + CO32). When two waters are mixed with a different
chemical composition but both in equilibrium with calcite, the mixed water
tends to be supersaturated with respect to calcite (Figure 11a). As a result,
calcite precipitates reducing Ca and COj concentrations in equal amounts
(because of the stoichiometry of the reaction) until equilibrium is reached.
We could calculate the new concentrations from the mixing ratio (A) and the
chemical composition of the two end members (emplacement and Grimsel
water):

U = Coq — CCO3 = /\<CC’a,emp - CCOg,emp) + (]- - )\) (CCa,gri - CCOg,gTi) (6)
CcaCco; = Kee
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1
CCa = E(U + V u2 + 4ch)

1
Ccos = 5(—u +Vu? +4K,..)

where K. is the equilibrium constant for calcite dissolution-precipitation
(unit activity coefficients assumed for simplicity). According to De Simoni
et al. (2005), in the case of transport by advection and dispersion one can
calculate the calcite precipitation rate, r, from

(7)

5%c
r— ¢ Ca
ON?
where D is the dispersion-diffusion tensor and c¢, is the Ca concentra-

tion. The rate depends on two factors: a chemical factor (‘S;CC%) that can be
Ca

calculated from equations 6 and 7 and a transport factor (pVATDV ) that
can be calculated from the results of conservative transport. Figure 11 shows
the calculations of calcite precipitation rate at the y-axis (axis crossing the
three boreholes). The end-members are shown in Figure 11a together with
the calcite equilibrium line (ccocco, = Kee). From this, one can calculate the

VATDVA (8)

9%cca
5c2
ular end-member concentrations give a high chemical factor for a low mixing
ratio (i.e., much Grimsel water). Mixing ratios (Figure 11c) are taken from
the numerical model with a7 = 0.10 m and ar = 0.05 m at the end of the
simulation. This gives high values for the transport factor near the emplace-
ment and extraction boreholes (Figure 11d) due to the high concentration
gradients, VA (for the emplacement borehole) or high dispersion-diffusion
coefficients, D, due to high velocity of water (for the extraction borehole).
The chemical factor is lower at the center of the plume near the emplace-
ment borehole where the mixing ratio is high (Figure 11e). Multiplication of
both factors gives a high value near the extraction borehole, because there
both the chemical and transport factors are high (Figure 11f). Of course, the
chemical system is in reality much more complicated then just one reaction
and other reactions have an impact too. However, calcite precipitation is
controlled mainly by the mixing of the two types of water, and equation 8
and Fig. 11 can give a qualitative explanation of why we found such a high
calcite precipitation near the extraction borehole.

chemical factor ( ) as a function of mixing ratio (Figure 11b). Our partic-
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Figure 11: Calculation of calcite precipitation rate at the y-axis (axis crossing the three
boreholes) assuming equilibrium calcite precipitation was the only reaction. Emp, obs and
ext refer to emplacement, observation and extraction boreholes.
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5. Conclusions

The interaction of cement and rock at the Grimsel Test Site has been mod-
elled. The conceptual model consisted of a simple flow system considering
a homogeneous fracture and a chemical system for the interaction between
the cement, groundwater and fault gouge filling the fracture. The modelling
was performed in 2 steps. First, a 1D radial model simulating the emplace-
ment borehole with the cement paste and the surrounding skin. Second, a
2D model starting at the emplacement borehole skin and including the two
other boreholes (observation and extraction). The solution composition at
the outer boundary of the 1D model was incorporated into the 2D model as a
boundary condition. The changing flow conditions and the different volumes
of water in the different boreholes were taken into account.

In both models, results showed that changes in flow rates (mainly em-
placement) caused noticeable changes in concentrations in all boreholes,
which was consistent with the observed oscillations in the measurements.
Nevertheless, the monitored data showed more scattering. In addition, the
model seemed to overestimate the effect of the alkaline plume at the obser-
vation borehole. These discrepancies could be attributed to simplifications
in the models, such as a perfect mixing of the water in the emplacement
borehole and a homogeneous fracture. Here we focused on the complexity of
the geochemical system rather than that of the flow pattern.

Results from the 1D model showed dissolution of portlandite (3 mm),
C-S-H gel and ettringite at the cement-gap interface, with a corresponding
increase in porosity, mainly due to portlandite dissolution. Also there was
precipitation of calcite and C-A-S-H (Al/Si=0.05 and Ca/Si=1). At the
gap there was precipitation of calcite due to the mixing between the Grim-
sel groundwater and the cement pore water. At the skin, primary minerals
of the fault gouge (albite, K-feldspar, phlogopite, muscovite and quartz)
dissolved. Ettringite, C-A-S-H, calcite, hydrotalcite and hydrogarnet pre-
cipitated causing a reduction of porosity. Dissolution of portlandite in the
cement and precipitation of calcite at the cement-gap interface was observed
in the postmortem analysis. Also C-A-S-H (Al/Si=0.05 and Ca/Si=1) and
calcite precipitation in the skin was observed in the mineralogical analysis of
the overcore. However, ettringite precipitation in the skin was not found.

The results from the 2D model showed dissolution of primary minerals
(albite, K-feldspar, quartz, muscovite and phlogopite) due to the increase in
pH at the centre of the plume. Also there was precipitation of ettringite,
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very close to the emplacement borehole. There was precipitation of C-A-S-H
(Al/Si=0.05 and Ca/Si=1) in the centre of the plume, followed by a narrow
zone of tobermorite precipitation. At the edge of the plume calcite and illite
precipitated. This precipitation of calcite next to the extraction borehole,
due to the more favorable mixing conditions between Grimsel groundwater
and cement porewater, causes a 40% reduction in porosity. Results of an
additional numerical model including zeolites, showed precipitation of lau-
montite, partially inhibiting the precipitation of illite.
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