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ABSTRACT

Geochemical reactions can induce significant changes of rock reservoir porosity and permeability via mineral
dissolution and precipitation processes, affecting the long-term fluid behaviour within various geological sys-
tems. The understanding and quantification of these reactions rely on field and experimental studies and on the
predictions of reactive transport models.

The present study was aimed at assessing the extent to which current geochemical models integrating avail-
able mineral dissolution/precipitation rate equations can reproduce the experimental data obtained from 4 to 17-
day long hydrothermal alteration experiments of a muscovite-biotite granite and, thus, help provide an accurate
description of the evolution of geothermal systems within granitic reservoirs. The experiments were conducted at
a constant temperature of 180 °C and over an aqueous fluid pH range of 2 to 8.5, using both mixed-flow and
static batch reactors. Modelled major element (K, Al, Si, Ca, and Mg) concentrations were generally in satis-
factory agreement with the corresponding measured elemental fluxes — the differences between modelled and
experimental values were generally within a factor of 5 — and the predicted identity and mass of formed sec-
ondary phases were consistent with the microscopic observations of the reacted solids. However, larger differ-
ences between measured and modelled element concentrations were observed when significant amounts of
secondary phases formed, notably at pH 2 to 3, and for longer-term batch experiments. Much of this concen-
tration difference stems from the underestimation of the amounts of Al-phases formed at acid to near-neutral pH.
Although an idealized rock composition was considered, the observed mismatch between model calculations and
experimental data can be attributed to inadequate mineral precipitation reaction rates and a poor description of
reactive surface areas in existing geochemical modelling codes. More accurate quantification of precipitation
kinetics, including nucleation and growth, and improved descriptions of the temporal change of mineral surface
area would enhance the predictive capabilities of reactive transport models and benefit, particularly, the efforts
aimed at increasing the sustainability of EGS reservoirs.

1. Introduction

circulation through the fracture network (Entingh, 2000; Rose et al.,
2007; Portier and Vuataz, 2010; Aqui and Zarrouk, 2011; Schill et al.,

Most accessible geothermal energy resources around the world are
hosted in volcanic and low permeability crystalline basement rocks,
such as granitic bodies, where fluid circulation is limited or even absent
(e.g., Duchane and Brown, 2002; Tester et al., 2006). In such systems,
the development of enhanced geothermal systems (EGS) relies upon the
generation of a network of permeable fractures by a combination of
hydraulic fracturing and chemical stimulation procedures and their
sustainability depends on the maintenance of an efficient fluid
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2017; Cheng et al., 2020).

Mass transfer driven by the interaction of circulating fluids with
reservoir rocks can dramatically affect the evolution of the petrophysical
properties, impacting the reservoir performance over time (e.g., Moore
et al., 1994; Baldeyrou et al., 2003; Rosener and Géraud, 2015; Lo Ré
et al., 2014; Sanchez-Roa et al., 2021), sometimes leading to mineral
scales formation (cf. Reed, 1989; Stahl et al., 2000; Gunnarson and
Arnorsson, 2003; Xu et al., 2004; Nitschke et al., 2014). For this reason,
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Fig. 1. Simplified map of South West Cornwall illustrating the main granite plutons of the Cornubian batholith, the location of the United Downs Deep Geothermal
Power (UDDGP) project and the sampling site of the Carnmenellis granite used in this study. The approximate trace of the Porthtowan fault zone (PTF), through
which the two directional wells of the UDDGP were drilled, is also drawn on the map (modified from Reinecker et al., 2021).

the quantification of hydrothermal alteration processes is key to assess
the lifetime, economic viability as well as the environmental perfor-
mance of EGS developed in these reservoirs (Lu, 2018; Paulillo et al.,
2019).

The extent to which reservoir properties and fluid circulation are
affected by geochemical reactions is commonly assessed by field tests
and mineralogical studies, reactive transport models, and laboratory
experiments conducted under relevant conditions (cf. Lu, 2018).
Because of their high geothermal potential for EGS development,
granitic rocks and high heat flow granite batholiths have been the tar-
gets of a great number of investigations over the past fifty years. The
reactivity of these rocks was studied by analyses of the natural waters
and the fluids produced during reservoir circulation tests performed at
different geothermal sites (e.g., Edmunds et al., 1985; McCartney, 1987;
Richards et al., 1992; Aquilina et al., 1997), whereas several experi-
mental approaches and laboratory measurements and mineralogical
analyses were adopted to characterize the alteration products and the
physico-chemical changes induced by hydrothermal fluid-rock interac-
tion (Charles, 1978; Bourg et al., 1985; Savage et al., 1987; Nishimoto
and Yoshida, 2010; Sanchez-Roa et al, 2021) and by various
thermo-mechanical and chemical treatments (Yashuara et al., 2011;
Numakura et al., 2015; Watanabe et al., 2017; Meng et al., 2018; Far-
quharson et al., 2020; Schulz et al., 2022).

Several geochemical models of fluid-granite interaction have been
developed to describe the sequence of alteration products observed in
granite samples weathered naturally (Komminou and Yardley, 1997;
Fritz et al., 2010; Ngo et al., 2016) or in the laboratory (e. g., Azaroual
and Fouillac, 1997, Lo Ré et al., 2014). Different conceptual models and
numerical simulations were also constructed to assess the impact of
coupled thermal-hydraulic and chemical processes on the evolution of
hosted geothermal systems (Bachler and Kohl, 2005; André et al., 2006;
Pan et al., 2013; Lucas et al., 2020). The accurate temporal description
of the alteration processes and evolution of reservoir properties requires
the use of detailed dissolution/precipitation rate equations. The disso-
lution rates of rock forming minerals have been quantified by a large
number of experimental studies and are reported by different reviews
and kinetic data compilations (White and Brantley, 1995; Palandri and
Kharaka, 2004; Marini, 2006; Bandstra et al., 2008; Hefmanska et al.,
2022). The application of single mineral rate laws to the description of a
multi-mineral system, however, presents several challenges because of
the intrinsic and extrinsic factors that affect natural settings (cf. Velbel,

1993; White and Brantley, 2003; Ganor et al., 2005; Maher, 2010; White
etal., 2017), particularly the formation of secondary phases and mineral
coatings that could slow the dissolution of primary minerals. Such ef-
fects are generally poorly constrained and not adequately taken into
account by reactive transport models (cf. Ganor et al., 2007; Goddéris
et al., 2006; Maher et al., 2009; Aradéttir et al., 2015; Wild et al., 2016;
Daval et al., 2018). In addition, the extent to which different sets of rate
equations are able to match the dissolution rates of multi-mineral rocks
under well-defined conditions has not been extensively evaluated and
should be considered by combined experimental and modelling studies.

Although the elemental release rates of a multi-mineral rock can
reflect, in some cases, the dissolution rates of individual mineral con-
stituents (e.g., Critelli et al., 2014), this assumption may not be appli-
cable under hydrothermal conditions, to rocks that underwent a
significant degree of alteration and for long time periods (cf. White and
Brantley, 2003; White et al., 2017). Ganor et al. (2005), for instance,
who reacted both an altered granite and mineral-rich fractions separated
from the same rock at pH 1 and 25 °C, reported slower dissolution rates
for plagioclase and different dissolution behaviour of chlorite/biotite in
the bulk granite compared to the corresponding mineral-rich fractions.
The slower plagioclase dissolution in the granite was attributed to the
presence of a Fe-rich coating and concomitant biotite dissolution,
whereas the dissolution of biotite and chlorite were found to be affected
by the precipitation of secondary phases, different fluid composition
evolution and the alternation of wetting and drying cycles. Several
experimental studies investigated the relative dissolution behaviour and
rates of granite mineral constituents from bulk rock elemental release
data (Afifi et al., 1985; Ganor et al., 2005; Wu et al., 2008; Takaya, 2014;
White et al., 2017; Schulz et al., 2022) but most of these works were
either limited to low temperature conditions or to a narrow range of pH
and fluid chemical compositions, and they often provided only a qual-
itative analysis of the relative rates of reaction.

The revival of deep geothermal energy exploration in Cornwall (UK),
where two deep wells were drilled through the Carnmenellis granite
pluton for heat and power generation (Reinecker et al., 2021), provided
the opportunity to investigate experimentally the reactivity of this
geothermal reservoir rock at the expected subsurface temperature of
180 °C. The experimental results have been used to assess the capability
of commonly used rate laws of mineral dissolution/precipitation to
reproduce the geochemical evolution of the system. The purpose of this
communication is to present the results of this combined experimental
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Table 1
Chemical composition of the Carnmenellis granite sample used for the experi-
mental study.

Oxide/ Element Wt% Element Concentration

ppm
SiO, 72.76 Ba 290
Al,03 14.45 Be 6
Fe,03 1.7 Cr 9
MnO 0.04 Cs 16.4
MgO 0.52 Pb 38
CaO 1.02 Rb 240
Na,O 2.62 Sr 126
K0 5.28 U 16.4
TiO2 0.24 Th 16.8
P,0s 0.22 \Y% 13
CO, 0.24 Zn 67
F 0.11 Zr 203
Li 0.02 B 184
LOI 1.51 Y 7

Table 2

List of the mineral phases found in the Carnmenellis granite with the corre-
sponding chemical formula as determined by electron microprobe analyses.

Mineral phase Chemical formula

K-feldspar Ko.85Nag,13Al1.015i3.008
Albite Na.90Ko.02Ca0.10Al1.095i2.9008
Biotite Ko.g3Nag o2(Fe1.27Mgo 57Tig.14Mng.02)Al 62Si2.51010(0OH,F)2

Muscovite Ko.70Nag 07Mgo.0sF€0.08Ti0.02Al2.50S1i2.80010(OH,F),
Ilmenite Feo.8sMno.11Ti1.0003
Quartz SiOy

and geochemical modelling study and to use these results to identify the
critical physical and chemical parameters most lacking for the accurate
modelling of these water-rock systems.

2. Materials and methods
2.1. Solid sample preparation and characterization

The granite powder used for the experimental study was obtained
from a homogeneous block of medium-grained porphyritic Carnmenellis
granite from the Trenoweth Quarry, located 2 km SW of Penryn and ~9
km south of the United Downs Deep Geothermal Power (UDDGP) project
site in Cornwall (UK). A schematic map of the UDDGP site and the
sampling locations is shown in Fig. 1. The granite sample was initially
broken with a hammer to mm-sized pieces, ground in an agate mortar
and pestle and then sieved to obtain a 100-200 um size fraction. The
rock powder thus obtained was washed in ultrapure deionized water
(18.2 MQ-cm) and ultrasonically cleaned in ethanol to eliminate the fine
particles from the surface of the generated mineral grains. This process
was repeated several times until the supernatant became clear. After the
cleaning procedure the granite powder was dried in an oven at 60 °C.

The chemical and mineralogical characterization of the granite
sample was accomplished by bulk chemical analyses, electron micro-
probe analyses (EMPA, Cameca SXFive) of the original granite block and
X-ray diffraction (XRD) analyses of the 100-200 um powder used in the
experiments. The chemical analyses of the Carnmenellis granite were
conducted by the Activation Laboratories Ltd. (Ancaster, ON, Canada).
Total oxide and metal concentrations were obtained by instrumental
neutron activation analyses (INAA) and ICP-OES and ICP-MS analyses
after total acid digestion of the rock sample. The measured chemical
composition of the rock is summarized in Table 1. The average chemical
compositions of single mineral phases were determined by EMPA on thin
sections of this rock sample and are reported in Table 2. Note that the
redox state of Fe in the micas was not determined but can be mostly
considered as Fe(Il), in agreement with biotite analyses of the same
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Table 3

Relative abundances of Carnmenellis granite minerals determined by Rietveld
refinement of the X-ray diffraction data and by normative calculations based on
the chemical analyses reported in Table 1.

Mineral Wt% Wt%
(XRD) (normative)

Quartz 36.23 £ 0.26 36.7
Albite 21.99 + 0.28 22.8
Microcline 25.32 £ 0.29 19.8
Muscovite 7.71 £ 0.23 14.8
Biotite 3.03 +0.17 5.0
Montmorillonite-Ca 3.76 £ 0.20 n.d.
Chlorite 1.02 £+ 0.12 n.d.
Ilmenite 0.335 + 0.053 0.1
Fluorapatite 0.595 + 0.095 1.1
Total 100.00 100.4

granite reported by Edmunds et al. (1985).

The relative abundance of the mineral phases identified in the rock
sample used for the experimental work was determined by Rietveld
refinement of the corresponding XRD pattern and is reported in Table 3.

The fresh granite powder was also characterized by scanning elec-
tron microscopy (FEG-SEM, JEOL JSM 7800F) coupled with energy
dispersive X-ray (EDX) spectroscopy to observe the shape and surface
features of the mineral grains and obtain insights into the structural
relationships amongst the various mineral phases within the size frac-
tion prepared for the experiments. SEM observations (Fig. 2) allowed
identification of the main mineral components and showed that most of
the grains were comprised of single mineral phases, except for the minor
constituents.

The specific surface area (SSA) of the fresh granite mineral powder
was measured by 11-point Kr adsorption analyses according to the BET
method (SSAggr) and was found to be equal to 0.4344 + 5% mz/g. The
contribution of each mineral phase to the total SSA of the solid was
assessed by calculating the geometric specific surface area (SSAge,) for
each mineral using the following expression (cf. Tester et al., 1994;
Gautier et al., 2001):

6
SSAger = pvR @
where p is the density of the mineral and d, represents the effective
diameter of the mineral grains for a homogeneous particle distribution,
such that (Tester et al., 1994):

dmax 7 dmin
In ( o
in

where dpq, and dp,;, stand for, respectively, the maximum and minimum
particle sizes obtained by sieving. Eqs. (1) and (2) approximate the
mineral grains to spherical particles with smooth surfaces but cannot
adequately express the surface area of micas and other sheet silicates
due to their distinct shape. For these minerals the following expression
was adopted to calculate the geometric surface area (cf. Macht et al.,
2011):

d. = @

2D +4h

Afeu: NN
SSA, oD

3)

where D is the particle horizontal dimension and h represents its
thickness along the third dimension. For the sheet silicates identified by
analyses of the granite sample D was assumed to coincide with d.,
whereas h was estimated based on SEM observations of the mineral
powder for biotite and muscovite. For the sheet silicates that could not
be clearly identified by EMPA and SEM analyses, namely chlorite and
smectite, the geometric SSA was fixed via calibration modelling of the
experimental results (see Section 2.3 below). The list of the starting
SSAgeo values determined for each mineral is reported in Table 4.
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Fig. 2. SEM microphotographs of the granite powder (100-200 um) prepared for the hydrothermal experiments showing the main mineral components with some
accessory phases: (a) muscovite and K-feldspar grains; (b) back-scattered image of a quartz grain with included apatite, ilmenite and traces of monazite (REE-
phosphate); (c) example of perthite, intergrown K-feldspar (bright areas) and albite (darker areas); (d) detail of a biotite grain with exposed individual sheets.

Table 4

Summary of the specific surface areas of the granite
minerals identified in the powder used for the experi-
ments based on the assumed geometry of the corre-
sponding mineral grains (see text for details).

Mineral SSAgeo
cm?/g
Quartz 156.9
Albite 158.7
Orthoclase 162.4
Muscovite 334.7
Biotite 305.5
Montmorillonite-Ca 1820.1'
Chlorite 1614.1'
Apatite 132.0
Ilmenite 231.1

f Values initially attributed by geochemical model-
ling calculations.

Considering the relative abundance of each mineral, as determined by
XRD analyses, the initially estimated SSAge, of the granite powder used
in this study is equal to 0.0252 m?/g, which is 17 times lower than the
specific surface area measured by the BET method (0.4344 mz/g).

2.2. Experiments and fluid chemical analyses

The hydrothermal alteration of Carnmenellis granite was studied
using two distinct experimental approaches: 1) using mixed-flow reactor
experiments (MFR) and 2) under static conditions, using batch reactor
experiments (SBR). All experiments were conducted at 180 °C in an
aqueous solutions of 0.01 M NaCl, with additions of HCl, NaOH and B
(OH)3 to adjust the fluid pH to the desired value, with the exception of
one experiment carried out at pH 2 consisting of a solution of 0.01 M
HCL. This temperature is within the 175-190 °C range of values expected
for the circulating fluids at the United Downs geothermal system
(Reinecker et al., 2021).

The mixed-flow reactor (MFR) experiments were conducted using a
300 ml Parr Ti-reactor, modified to work at constant fluid flow condi-
tions. All the parts of the reactor in contact with the fluid phase were
made of commercially pure titanium. The reactive fluid was delivered to
the MFR by a Gilson 307 HPLC piston pump while the pressure through
the system was held at 18 bar by a back pressure regulator. Flow rates
were of 0.4-0.5 g/min and the amount of solid used for each experiment
was 3.0-3.5 g. The reactor temperature was maintained at 180 + 2 °C by
a Parr-controlled furnace and the fluid inside the reactor vessel was
continuously stirred at a rate of ~ 150 rpm. The outlet fluid was filtered
through a ~10 um Ti-frit fixed at the bottom of the dip-tube inside the
reaction vessel and cooled to ambient temperature as it left the reactor
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Table 5
Summary of the hydrothermal conditions of the mixed-flow rector (MFR) and static batch reactor (SBR) experiments conducted in the present study.
Experiment # pH NacCl HC1 NaOH B(OH)3 Solid FFR* Duration
(20 °C) mM mM mM mM g g/min days
MFR CW1* 3.99 10 0.1 - - 3.514 0.4 5.9
Cw2* 2.98 10 1 - - 3.510 0.5 4.1
Cw3 9.02 10 - 0.96 2.5 3.505 0.4 6.0
CW5 10.55 8.25 - 2.72 2.5 3.506 0.4 5.7
Cw7 2.02 - 10 - - 3.005 0.4 6.2
SBR CWA 4.03 10 0.1 - - 4.573 n.a. 16.7
CWB 10.66 8.25 - 2.72 2.5 3.018 n.a. 15.1
" Initially filled with deionized water.
* Fluid flow rate.
a Table 6
fuid Reactor Gridblock Cooling Gridblock Boundary Gridblock Idealized mineral composition and properties of primary and potential second-
uid injection . . .
oo 3ml Y . ary phases used in the conceptual models to simulate the experimental results.
: 180°C 20°C 20°C ; i ; )
0.4 g/min e e T Mineral Weight% Volume fraction A,;,,.l s
Minin/Miin
. ) Quartz 36.23 0.3638 4.16e+4
Connection: Gonnection: Albite 19.79 0.2012 4.16e+4
Ao Aoo Anorthite 2.20 0.0225 1.20e+4
Max. microcline 25.32 0.2631 2.00e+6
Muscovite 7.71 0.0724 9.44e+4
b . Annite 3.03 0.0243 9.44e+4
ez G Montmorillonite-Ca 3.76 0.0356 4.28e+5
300 or 460 ml Clinochlore-14A 1.02 0.0101 1.07e+4
180°C Ilmenite 0.335 0.0019 4.16e+4
10 bar (P sat.) Fluorapatite 0.595 0.0050 4.16e+4
Kaolinite 0 0 4.28e+5
Gibbsite 0 0 4.28e+5
Fig. 3. Conceptual model of the two reactors used in this study, adopted to B"'hemite 0 0 4.28e+5
simulate the results of the experiments: (a) mixed-flow reactor (MFR); (b) static Ilite L 0 0 4.28e+5
Montmorillonite-K 0 0 4.28e+5

batch reactor (SBR).

using a cooling sleeve installed along the outlet fluid line. The duration
of these experiments varied between 4 and 6 days. The experimental
conditions of these experiments are listed in Table 5.

Two batch experiments were conducted using 460 and 300 ml Parr
Ti-reactors to study the alteration of the same granite sample at mildly
acidic (initial pH = 4.0) and basic conditions (initial pH = 10.7). A
summary of these experimental conditions is presented in Table 5. A
nitrogen pressure of 25 to 40 bar was applied to the head space of the
reactor to keep the reactive fluid in the liquid state. The fluid samples
withdrawn from the reactor were filtered via a Ti-frit and cooled to room
temperature using a cooling sleeve located along the fluid line before the
sampling valve. Fluid samples were regularly collected as a function of
time, filtered using a 0.20 um syringe filter, acidified with concentrated
ultrapure HNOj3 and stored in a fridge before chemical analyses.

The fluid samples collected during the experiments were analysed for
the major elements (Si, K, Al, Ca, Mg, Na, and Fe) by ICP-OES and for a
number of relevant dissolved trace elements (Li, Ti, Cr, Mn, Fe, Ni, Rb,
Sr, Ba, B, Mo, Cu and Zn) by ICP-MS. The uncertainty of the analytical
data was generally lower than 2%. pH measurements of the aqueous
samples were made at 20 °C immediately after sampling using a Met-
rohm pH microelectrode previously calibrated against NIST certified
buffer solutions. Measured pH values were successively recomputed at
180 °C using the code EQ3/6 (Wolery, 2010) with the database data0.
ymp. R5 (Wolery and Jarek, 2003; Wolery and Jové Colon, 2017)

2.3. Geochemical modelling

To aid in interpreting the experimental results of this study we
employed conceptual models of the two types of reactors used in the
laboratory: MFR and SBR. The conceptual model of the MFR is illus-
trated in Fig. 3a. In this model at time t = 0 the Reactor Gridblock is
either filled initially with distilled water (expts. CW1 and CW2) or with

the incoming injected fluid (CW3, CW5, CW7; see Table 5) in order to
replicate the exact experimental conditions in each case. The Reactor
Gridblock also contains the Cornwall granite to be reacted. Following
initial computation of the fluid speciation at 20 °C and time t = 0, the
fluid temperature is instantaneously raised to 180 °C and speciation
recomputed at this temperature; then kinetically-controlled chemical
reaction between the fluid and the solid is simulated as the injected fluid
begins flowing. The Boundary Gridblock is assumed to have infinite
volume, so that during the simulation there is no pressure buildup in the
system. The Cooling Gridblock represents the small dead volume be-
tween the MFR and the Back Pressure Regulator present in the physical
experimental apparatus, and in which there are no minerals initially
present, and no minerals are allowed to precipitate. Within the Cooling
Gridblock, the fluid exiting the MFR is instantaneously cooled to 20 °C
and the speciation of the aqueous fluid is re-computed in the absence of
minerals, and with no minerals allowed to precipitate as a result of the
temperature drop, thus representing the fluid sample collected for
analyses.

The conceptual model for the SBR (Fig. 3b) is a single box of either
300 or 460 ml. In this model at t = 0 the reactor is filled with the reacting
fluid and contains the powdered Cornwall granite to be reacted.
Following initial 20 °C speciation of the fluid at t = 0, the fluid tem-
perature is instantaneously raised to 180 °C. The fluid speciation is then
re-computed, followed by the simulation of kinetically-controlled
chemical reaction of the fluid with the solid. The fluid pressure is
assumed to equal the fluid saturation pressure at the reaction temper-
ature (180 °C). Because this is a static (closed) system, at each sample
point in time the model simulates the (essentially) instantaneous
extraction of an amount of fluid equivalent to the experimental sample
size, recalculates the liquid/solid ratio (“porosity™), and then proceeds
with simulating the reaction of the remaining reacted fluid and solid
following the sample withdrawal.
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Table 7

Geothermics 108 (2023) 102633

Summary of the rate equation parameters used to model the rates of fluid-granite interaction. The listed parameters refer to Eq. (5) and are taken from Palandri and

Kharaka (2004).

Mineral Acid mechanism Neutral mechanism Base mechanism

log k* E n log k E log k E n
Quartz - - - —13.34 90.1 - - -
Albite -10.16 65.0 0.457 —12.56 69.8 —-15.6 71.0 —-0.572
Anorthite -3.50 16.6 1.411 -9.12 17.8 -12.16 17.8 —0.572
Max. Microcline —10.06 51.7 0.500 —-12.41 38.0 —21.20 94.1 —0.823
Muscovite -11.85 22.0 0.370 —13.55 22.0 —14.55 22.0 —-0.220
Annite® -11.85 22.0 0.370 —13.55 22.0 —13.55 22.0 —0.220
Montmorillonite-Ca’ -12.71 48.0 0.220 —14.41 48.0 —14.41 48.0 —0.130
Clinochlore-14A -11.11 88.0 0.500 —12.52 88.0 - - -
Ilmenite -8.35 37.9 0.421 -11.16 37.9 - - -
Fluorapatite -3.73 250.0 0.613 —8.00 250.0 - - -
Kaolinite —-11.31 65.9 0.777 —13.18 22.2 —17.05 17.9 —0.472
Gibbsite —~7.65 47.5 0.992 —11.50 61.2 —16.65 80.1 —-0.784
Boehmite® —-7.65 47.5 0.992 —11.50 61.2 —16.65 80.1 —0.784
Tlite —-11.85 22.0 0.370 —13.55 22.0 —14.55 22.0 —0.220
Montmorillonite-K -12.71 48.0 0.220 —14.41 48.0 —14.41 48.0 —-0.130

= rate constant in mol m 2571,

= activation energy in kJ/mol.

= assume equal to Muscovite, except base rate is 10x faster.

= assume equal to the Montmorillonite-K in Palandri and Kharaka (2004).
¢ = assume equal to Gibbsite.

= assume equal to Muscovite.

a
b

c

[=%

We used the TOUGHREACT reactive transport simulator (Xu et al.,
2011) developed at LBNL (in-house upgrade of version 3.32) to model
the experiments, based on the two conceptual models described above,
together with the equation of state module EOS1. The thermodynamic
data file used (tk2-ympR5-HS.dat) was derived directly from the EQ3/6
database data0.ymp.R5. The rock properties of the primary and potential
secondary minerals, as identified using XRD and EMP analyses, for the
Cornwall granite used in the calculations are provided in Table 6. For
this purpose we have converted the weight-based SSAge, for each min-
eral to the volume-based Ap;,, by multiplying them by their respective
mineral densities. Note that an idealized rock composition was required
for the geochemical model to adapt the mineralogical composition of the
rock to the kinetic parameters existing in the literature. Note also that
the available rate equations refer either to pure mineral phases or
equivalent phases with different chemical composition.

Rate equations derived from transition state theory (Lasaga, 1998)
were used in the simulations, with the reaction rate r defined as:

r=ki—(Q/K)"] @

with Q/K representing the mineral saturation index (ion activity product
Q divided by the equilibrium constant K), and m being an exponent
related to the Temkin coefficient. The value of m adopted in this study is
equal to the inverse of the number of silica atoms in the mineral formula
for silicates, and equal to unity for other minerals. The rate constant k
was implemented with multiple mechanisms (acid, neutral, and alka-
line) as described in Xu et al. (2011) and Palandri and Kharaka (2004)
using:

—E™ (11 “EM (11
— a - a - ny
k kZSGXp{ R (T 298.15)}+k§56"p{ R (T 298.15)}‘1*’

+k0H X 7E(?H l_ 1 10H 5)
5 PR\ 77 208.15 ) | Yo

where E, represents the activation energy; R is the Gas Constant; T is the
temperature of interest; superscripts or subscripts nu, H, and OH indicate
neutral, acid and base mechanisms, respectively; a is the activity of the i
aqueous species; and n denotes the reaction order. This 3-term equation
accounts for separate mechanisms for each pH region (acid, neutral and
base). The rate law data used in the simulations are provided in Table 7.
For consistency these are taken directly from Palandri and Kharaka
(2004).

In the simulations some general assumptions were made about
mineral growth based on their observed behaviour in the experiments
and in nature. We assumed that in the reactor quartz, anorthite, clino-
chlore, ilmenite and fluorapatite would only dissolve and not grow. The
other primary minerals in the Cornwall granite (albite, microcline,
muscovite, annite, and montmorillonite-Ca) would be allowed to grow,
if they should become supersaturated in the reactor fluid, as would the
potential secondary minerals (kaolinite, gibbsite, boehmite, illite and
montmorillomite-K). For all the secondary minerals with respect to
which the fluid became supersaturated in the simulation, an initial
volume fraction of 1.0 x 107 and initial particle radius of 1.0 x 10 m
were assumed, irrespective of the initial fluid composition. These two
parameters are used by TOUGHREACT to approximate the nucleation of
secondary phases not initially present. As these secondary minerals
grow, the number of mineral grains decreases while their radius in-
creases so that the corresponding surface area decreases to reach the
input value for the mineral (see Ap;, values in Table 6). We assumed that
in the MFR Cooling Gridblock no minerals would grow, regardless of
their saturation state. We assumed that the precautions taken during
preparation of the vessel filling and injected fluids were sufficient to
preclude saturation with respect to atmospheric gases, e.g., COy. The
dissolved amount of this gas contributed from atmosphere was, there-
fore, considered as negligible and not included in the chemical
description of the aqueous solutions. We also assumed that the reactions
were redox insensitive and the valence state of each element remained
that of its basis species. This implies that dissolved iron kept the reduced
state of the defined basis species (Fe*") in all the modelling calculations.
Note that the Fe-bearing phases defined in our system (annite and
ilmenite) contain only Fe?" in their chemical formula, so that their
dissolution does not involve any valence state change. This assumption,
however, does not allow describing the formation, although limited, of
secondary Fe(IIl)-oxides observed in one experiment.

Using experiment CW3, we loosely calibrated the specific surface
areas of microcline (x50), chlorite (/40) and anorthite (/3.5) to best
match the experimental results. Note that the starting model mineral
surface areas were based on simplistic geometric calculations assuming
idealized form, neglecting surface roughness and internal porosity. No
alteration was made to any other thermodynamic or kinetic properties
from the aforementioned sources.

The simulations done for the remaining experiments (CW1, CW2,
CWS5, CW7, CWA and CWB) were all made using the same set of input
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a. Experimental data and model results of Expt. CW1

8
cwi
7 pH
W o
6
= =
Q5 06}
4
3
2|-||'|'|-|'|'
0 1 2 3 4 5 6 7
Elapsed time (days)
20
1 cw1 Al
315-
© - PN e ¢
£
= 104
— ‘.
< ] e
5+ .0
o"l T 1115 rrr
0 1 2 3 4 5 6
Elapsed time (days)
35
30_. S Ca
o 1 &
X 25-
g 20
= E oo
-5-15-_ o
£. 104 RN
Si cwi1
OI'II'I'I'I'I'
0 1 2 3 4 5 6
Elapsed time (days)
7
1 cw1 Fe
2y
= 54
cE) ]
5 4]
% 37
L
= 5]
14
0% —— —
0 1 2 3 4 5 6

Elapsed time (days)

Geothermics 108 (2023) 102633

0.7
0.6
0.5
04y 0 O O m

0.3

cwi

Si

[Si], mmol/kg

0.2
0.1

0.0{——7F———7——7—

Elapsed time (days)

0.14-
0.121
0.101
0.08
0.06 yy
0.041

.
0.021

cwi1

[K], mmol/kg

0.00&——F—T—+—T1T——1
o 1 2 3 4 5

Elapsed time (days)

o
=
°
£
A
=)
2
2 Ll % o
0 . T o T o T L Ll . T T o
0 1 2 3 4 5 6 7
Elapsed time (days)

Fig. 4. Comparison between the evolution of reactive fluid concentrations measured during the dissolution experiments conducted with mixed-flow reactors
(coloured symbols) and those calculated by the kinetic models (continuous lines). All experiments were carried out at a constant temperature of 180 + 2 °C and
constant ionic strength (I = 0.01 M). Note that, although the measured concentrations refer to samples collected at ambient temperature, no further reaction is
assumed to take place in the model after the fluid leaves the reactor and is cooled. The uncertainties of measured element concentration are smaller than the size of
the symbols. The experimental pH values at 180 °C were recalculated from the measurements at 20 °C using the EQ3/6 code (Wolery, 2010). (a) Experiment CW1:
initial fluid pH (20 °C) = 3.99; (b) experiment CW2: pH (20 °C) = 2.98; (c) experiment CW3: pH (20 °C) = 9.02; (d) experiment CW5: pH (20 °C) = 10.55; (e)

experiment CW7: pH (20 °C) = 2.02.
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b. Experimental data and model results of Expt. CW2
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parameters that resulted from the fitting of the CW3 results. Note that
the simulations include both flowing, open system experiments, and
closed system experiments with evolving surface area/fluid volume
conditions and spanning a 20 °C pH range from 3 to nearly 11. Model fit
to the experimental results for these remaining experiments was
generally good but, as expected, variable and not quite as “good” as the

CWS3 calibration.

To improve the match between simulated and experimental results,
we explored a number of other modelling options as follows, although
none of these were successful and thus none of these were pursued
further. First, we assumed that in spite of efforts made to exclude
equilibration of the initial fluids with atmospheric CO5, they were, in
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c. Experimental data and model results of Expt. CW3
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Fig. 4. (continued).

fact, saturated with respect to this gas and contained the corresponding
amount of dissolved CO, species. We also then added the appropriate
carbonate minerals to the suite of potential secondary minerals. This did
not improve the fit, likely due to the fact that the fluids never became
supersaturated with respect to the carbonate minerals given the rela-
tively small amount of CO, added to the initial fluids as a result of

atmospheric gas equilibration. Second, we explored adding ion ex-
change to the simulation by assuming that the starting rock contained a
generic Na™ ion exchanger with cation exchange capacity (CEC) = 40
meq/100 g solid. As described by Appelo (1994), we used commonly
observed freshwater exchange coefficient values (Na* = 1, K* = 0.2,
Mg%" = 0.5, Ca®" = 0.4, and H" set by trial and error). Note that these
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d. Experimental data and model results of Expt. CW5
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Fig. 4. (continued).

values are for 25 °C. While this did improve the fit of the alkalis and
alkaline earths for CW1, for example, applying the same exchange co-
efficient values to CW2 (and other experiments) resulted in worse fit
than not including ion exchange at all. Third, we tried arbitrarily
altering some of the rate equation parameters (rate constants, catalysing
species exponents, etc.) from Palandri and Kharaka (2004) for specific

10

minerals (anorthite, kaolinite, etc.) to improve the fit of the measured
concentrations, again using CW1 as the test case. As with the ion ex-
change effort, in some cases this improved the CW1 fit, but it resulted in
worse fit for other experiments and was, by definition, completely

arbitrary.
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e. Experimental data and model results of Expt. CW7
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Fig. 4. (continued).

3. Experimental results

The chemical compositions of the fluids interacting with the granite
during the MFR and SBR experiments are illustrated in Figs. 4 and 5,
respectively, and summarized by the Tables in Appendices A and B. Note
that trace element concentrations from the MFR experiments are

11

generally very low or below the detection limit for ICP-MS and, there-
fore, were not reported on the plots. Note also that, for the elements
presented by the plots, the uncertainties of the measured concentrations
are comprised within the symbol size. The illustrated pH values corre-
spond to the pH of the fluid samples calculated at 180 °C from the
measurements made at 20 °C. These calculations were performed using
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a. Experimental data and model results of Expt. CWA
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Fig. 5. Comparison between the evolution of reactive fluid concentrations measured during the alteration experiments conducted with static batch Ti-reactor
(coloured symbols) and those calculated from the kinetic models (continuous lines). The uncertainties of reported element concentrations are smaller than the
size of the symbols. (a) Batch experiment conducted with a starting solution at pH = 4.0 (CWA); (b) batch experiment conducted with an initial solution pH = 10.7
(CWB). The experimental pH values at 180 °C were recalculated from the measurements at 20 °C using the EQ3/6 code (Wolery, 2010).
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b. Experimental data and kinetic model of Expt. CWB
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Fig. 5. (continued).
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Fig. 6. SEM microphotographs of the
granite powder after reaction at 180 °C at
different pH in a mixed-flow reactor. (a)
Particles of gibbsite and boehmite precipi-
tated on a quartz grain at pH = 4.5 (expt.
CW1). (b) Secondary clay minerals (prob-
ably illite) formed on quartz surface at pH =
3.1 (expt. CW2). (c) Extensively dissolved K-
feldspar crystal embedded in a coating of
secondary phases, mainly boehmite and
kaolinite (expt. CW2, pH = 3.1). (d) Strongly
corroded K-feldspar and mica grains covered
by a dense coating of secondary Al-phases
(kaolinite, gibbsite, boehmite) at pH = 2.1
(expt. CW7). (e) coating of secondary clay-
minerals (chlorite-smectite) found on mica
grains at pH = 2.1. (f) deeply pitted crystal
of K-feldspar after reaction at pH = 8.0
(expt. CW3): as shown in the inset the sur-
face is very rough and porous as a conse-
quence of the intense leaching. (g) Highly
altered muscovite grain after reaction at pH
= 8.5 (expt. CW5). (h) Apatite prisms stick-
ing out of a corroded K-feldspar grain (expt.
CW5).
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Fig. 7. SEM image of analcime crystals (Anl) and clay minerals (illite/smectite, Sme) formed on a mica grain during the batch experiment CWB, conducted at 180 °C

under alkaline conditions (pH = 10.7 at 20 °C).

the geochemical code EQ3/6 (Wolery, 2010).
3.1. Mixed-flow reactor experiments

The plots of Fig. 4 show that a chemical steady state was generally
attained during the MFR experiments conducted at different aqueous
solution pH, as displayed by the constant concentration levels reached
by Si, Al, K and Mg. Different concentration profiles are instead
exhibited by Ca. Being a minor constituent of the rock (CaO = 1.0% wt)
and likely present in minor but more reactive minerals than plagioclase,
such as apatite and possibly calcite, its content in the granite powder
was progressively reduced during the experiments, as shown by the
decreasing concentrations at acid to mildly acidic pH’s (Fig. 4a-b). This
pattern is not evident at basic pH, where these Ca-bearing phases
dissolve at much slower rates and aqueous Ca concentrations may
eventually be controlled by the dissolution of the more abundant
plagioclase. Na concentrations are reported only for the experiment at
PH 2 (expt. CW7) because all the other experiments were conducted in
initial fluids containing 0.01 M of Na. This Na concentration of the fluid
phase obscured the contribution coming from the Na-bearing minerals
of the rock.

Although the mixed-flow reactor experiments were performed at far
from equilibrium conditions with respect to most primary minerals,
some secondary phases, mostly Al-rich phases, were observed by SEM
analyses of the post-reaction solids. Boehmite (AIOOH), gibbsite (Al
(OH)3), kaolinite (Al,Si2O5(0H)4) and other secondary minerals such as
chlorite-smectite or illite were identified by EDX analyses and on the
basis of their characteristic morphologies. These phases were observed
to form at acidic to near neutral pH conditions and occurring mainly as
coatings of micrometric crystals on grains of feldspar, quartz and micas
(Fig. 6a-e). The granite powder reacted at basic pH conditions (pH 8-8.5
at 180 °C) showed evidence of extensive corrosion with the development
of highly porous and rough surface on quartz and feldspars and perva-
sive exfoliation and pitting of mica grains (Fig. 6f-g). The occurrence of
secondary phases forming during the reaction at these conditions,
however, was very limited compared to acidic conditions.

15

3.2. Static batch reactor experiments

The evolution of the fluid composition during the two batch exper-
iments conducted at initially acid (pH = 4.0) and basic conditions (pH =
10.7) shows that the system did not attain a chemical steady state for
most of the analysed elements after the two weeks of reaction (Fig. 5).
This is particularly evident from the constant increase of K concentration
during the experiment CWA and the increasing Si concentration of
experiment CWB. These increasing concentrations indicate the
continuing dissolution of primary minerals while some secondary pha-
ses also formed. The precipitation of secondary solids is suggested by the
decrease in Si, Mg, Ca and Fe concentrations with time and the low
concentrations of Al relative to the other elements in experiment CWA,
whereas the higher Al fluid content and the concentration profiles of the
other elements, except for Mg, indicate a minor role of secondary phases
formation during experiment CWB. Analyses of the reacted solids by
SEM revealed the presence of disseminated boehmite and Fe-oxide
crystals along with sparse aggregates of platy/acicular crystals resem-
bling illite/chlorite (not shown) for experiment CWA, whereas the for-
mation of diffuse crystals of analcime (NaAlSi;OgeH20) and the
presence of secondary clay minerals were evident from the analyses of
the solid from experiment CWB (Fig. 7).

4. Geochemical modelling results

The results of the comprehensive modelling calculations performed
to simulate and interpret the experimental data are reported as contin-
uous curves on the concentration plots of Figs. 4 and 5, where the
modelled and measured elemental concentrations are compared. It can
be observed that the agreement between the model predictions and the
experimental data is generally reasonable, considering the uncertainties
and approximations implied by the model (see next section) and the
large pH range over which the model was applied. Because the model
parameters were initially adjusted to provide a closest fit to the results of
experiment CW3, conducted in the MFR at basic conditions, the model
does not replicate the experimental observations as well at acid pH,
reflecting some of the limitations and unknowns inherent in the model
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Table 8

Estimated masses of rock dissolved and corresponding volume change for each
of the experiments conducted in this study as calculated by the geochemical
model. Masses and volumes are expressed relative to the unit volume (m?®) of the
medium (fluid+solid).

Experiment pH Rock Solid mass Rock Volume
(180 °C) mass precipitated mass change
dissolved  kg/m@nedium) change dm?®/
kg/ kg/ Minedium)
m(Smedium) m?medium)
Cw1 4.6-5.8 0.33 0.056 -0.27 -0.10
cw2 3.1 1.04 0.223 —0.82 —-0.32
CW3 8.0 0.83 0.000 -0.83 -0.31
CW5 8.5 1.25 0.000 -1.25 —0.48
cw7 2.1 2.03 0.255 -1.78 —-0.69
CWA 6.8-7.7 0.20 0.024 -0.18 —0.06
CWB 8.3-8.5 0.29 0.098 —0.19 —0.06

calculations. In particular, the Si (and Na) concentrations predicted by
the model are in poorer agreement with the corresponding measured
values at acid pH (expts. CW2 and CW7) than at basic pH (expts. CW3
and CW5). It is evident from the comparison between modelled and
experimental data that the same match quality cannot be reached for all
the elements nor for the same element at different pH. The model cal-
culations generally overestimate fluid Al concentrations relative to the
experimental data, except for CW1, for which the measured concen-
trations are up to four times higher than those calculated by the model
(Fig. 4a); Ca concentrations are well reproduced by the model at pH 2,
7.5 and 8.5 but underestimated at pH 3-7.5 (expts. CW1, CW2, CWA);
aqueous Fe concentrations from the model are very close to those
measured in the aqueous samples for three of the five MFR experiments,
but very low compared to the experimental data in the remaining MFR
and SBR experiments. Finally, it has to be noted that the modelled
concentration evolution of several elements for the batch experiments
starts to diverge from the measured concentration profiles after the first
6-10 days of reaction (K, Si, Ca and Mg for CWA; Si, Ca and Al for CWB).

The kinetic model calculations allow us to estimate the masses and
corresponding volumes of primary minerals dissolved and secondary
phases precipitated during the experiments. The balance between the
two provides insights into the impact of the alteration process on the
evolution of rock porosity and permeability as a function of the fluid pH.
The calculated amounts of mineral dissolved and precipitated during the
course of the experiments are summarized in Table 8 and are illustrated
for experiments CW5, CW7 and CWA in Fig. 8. Solid masses and volumes
are here referred to the unit volume of the medium, which defines our
system (fluid + solid). The experiments CW7 (pH 2) and CW5 (pH 8.5)
represent the two pH extremes at which the largest mass of primary
minerals dissolved. In both cases plagioclase and K-feldspar alone ac-
count for more than 90% of the mass dissolved by the reactions, with a
higher amount of K-feldspar dissolved relative to plagioclase at basic
conditions. The next phase to be dissolved in higher amounts is quartz
(~ 6% and 2% at pH 2 and 8.5, respectively). Different mineral quan-
tities were instead dissolved during the batch experiments, where quartz
amounts to 55% (CWA) and 34% (CWB) of the entire mass dissolved and
feldspars account respectively for 35 and 57%.

Secondary phase precipitation is calculated to be most important for
the experiments conducted at pH 2 and pH 3 (Fig. 8b and Table 8) where
Al-phases (boehmite, gibbsite and kaolinite) are most prominent. In
contrast, no secondary phases were calculated to have formed at pH 8
and 8.5 (expts. CW3 & CW5). Lower to negligible masses of secondary
phases are predicted to have precipitated during the two batch experi-
ments. In the case of experiment CWA, the model indicates that
boehmite is the first phase to form followed by Ca- and K-montmoril-
lonites and illite (Fig. 8e-f), whereas analcime is the main secondary
product (0.44 rnol/mﬁ,edium) forming during the experiment CWB, with
only a minor amount (0.08 mmol/m,gnedium) of Ca-montmorillonite (not
shown). The formation of illite and Ca-montmorillonite during the two
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SBR experiments is also suggested by the activity plots of Fig. 9, which
show that the compositions of the respective aqueous samples fall in the
stability fields of these two phases. The model could not account for the
kinetic formation of analcime because its precipitation rates are poorly
known and not easily deducible from existing studies (e.g., Wilkin and
Barnes, 2000). The formation of this secondary phase, however, was
integrated into the model according to a local equilibrium condition (cf.
Wolery and Jarek, 2003; Lucas et al., 2020), which involves analcime
instantaneous precipitation when the fluid reaches the saturation con-
dition (Q/K = 1).

In all cases the mass balance between dissolved and precipitated
minerals indicates that the volume changes are negative (Table 8) but
comparatively small for the batch experiments (< 0.1 dm®/m2 cdium),
where the total amount of secondary phases predicted to form is likely
within the uncertainties of the model.

5. Discussion

The comparison of the geochemical model results with the experi-
mental data show that the model predictions are generally in acceptable
agreement with the major element concentrations measured in the fluid
samples collected during the experiments. The model fit required some
changes to the initially estimated SSA values of microcline, anorthite
and chlorite to reach a closer correspondence with the measured con-
centrations. Although such modifications of SSA were essential to
improve the agreement between model calculations and experimental
data, the same level of accuracy could not be obtained for all the ex-
periments. The observed discrepancies between experimental data and
model results are indicative of the several uncertainties and limitations
of the model. The factors that most affected the accuracy of model
predictions are briefly discussed below.

5.1. Mineral surface area approximations

The surface area estimates based on grain size and simple geometric
assumptions do not always provide a realistic measure of the reactive
surface area of mineral grains, as they do not consider the mineral
surface roughness and internal porosity, which both contribute to the
available mineral-fluid interfacial surface area during chemical re-
actions. Analogously, it is difficult to estimate single mineral reactive
surface areas from BET measurements of rock powders. Notably, iden-
tically sized minerals can have significantly different SSA depending not
only on their class and morphology but also on their composition,
relative degree of alteration and sample preparation protocols (cf.
White and Peterson, 1990; Hodson, 1999; Brantley and Mellott, 2000).
The difficulty to attribute appropriate SSA values to single mineral
phases has led to the use of SSA and mineral dissolution/precipitation
rate constants as fitting parameters in multi-scale reactive transport
models (e.g., Azaroual and Fouillac, 1997; Soler and Mader, 2007;
Savage et al., 2011; Aradottir et al., 2015). In our study, it was not
possible to reach a good match between modelled and measured con-
centrations without adjusting the mineral SSA values. An example of
model calculations with no adjustment to the estimated SSA is illus-
trated in Fig. 10 for the experiment CW3. The calculated concentrations
of K and Ca plot very far from the measured values compared to the
model using modified SSA (Fig. 4c). The increase of the geometric SSA
values of anorthite and microcline by factors of 3.5 and 50, respectively,
and the parallel decrease of the SSA initially assigned to chlorite by a
factor of 40 allowed reaching a much better agreement of the model
results with the experimental observations. Even if such corrections may
seem arbitrary, they provide some account for the contribution of sur-
face microtopography and internal porosity to the reactivity of feldspars
(cf. White, 1995) and for the limited reactivity of many clay minerals,
the dissolution of which takes place primarily at edge faces (e.g., Bick-
more et al., 2001), which represent only a small fraction of the total
surface compared to the nearly inert basal planes (cf. Macht et al., 2011).
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Fig. 8. Computed masses of minerals dissolved and precipitated during the experiments carried out in this study, as estimated by the kinetic model calculations. Plots
a-c show the results for the mixed-flow reactor experiments conducted at pH 2 and pH 8.5 (CW7 and CW5, respectively). Plots d-f report the results for the static

batch experiment CWA conducted with a starting solution at pH = 4.

However, exceptions to such a behaviour, where basal planes and edge
surfaces exhibit comparable reactivity, are reported in the literature
(Brandt et al., 2003; Aldushin et al., 2006).

The SSA of the original granite powder, calculated as the sum of the
single mineral adjusted SSA values, each multiplied by the corre-
sponding mineral mass fraction (Table 3), is equal to 0.226 mz/g, which
is only a factor of 2 smaller than the SSA measured by the BET method
(0.434 m?/g). This relative concurrence suggests that the estimated SSA
values of the single mineral phases can be representative of the “effec-
tive” surface area of the granite powder mineral components, providing
a good starting point for model calculations.

As shown by the SEM analyses of the post-experiment granite pow-
ders (Fig. 5) the rock hydrothermal alteration significantly transforms
the morphology and the physical properties of the mineral grains by
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increasing their roughness, porosity and/or inducing the formation of
coatings that could inhibit the dissolution of the underlying mineral
surfaces. During the simulation TOUGHREACT recalculates the reactive
surface area of each mineral dissolving or precipitating as mineral
masses, particle sizes and volume fractions vary with time, assuming a
spherical geometry for the mineral grains. Such an approach, common to
most geochemical codes, does not adequately take into account the
aforementioned changes of mineral surface properties and may lead
with time to a significant deviation of model predictions compared to
the real evolution of the system. The apparent increasing discrepancy
between simulated and measured concentrations of some elements from
the two SBR experiments described above (Fig. 5) might reflect the
inability of the model to describe the real evolution of mineral surface
areas and reactivity over relatively long reaction times.
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Fig. 9. Activity plots representing the stability fields of relevant granite sec-
ondary phases and the calculated aqueous fluid compositions (symbols) of the
two static batch experiments, CWA and CWB, conducted respectively at initially
acidic pH (a) and basic pH conditions (b). The phase boundary relations were
calculated considering the average activity values of the main dissolved ions (K,
Mg, Ca) from the two experiments and a constant NaCl concentration of 0.01 M
at 180 °C. Several secondary minerals, unlikely to form under the investigated
conditions, were excluded from these calculations. The stability limits of the
reported mineral phases were calculated using the code GWB (Bethke, 2008).

The study of the morphologic evolution of mineral surfaces and the
formation of coatings or secondary phases, which may slow the access of
the fluid to the dissolving minerals, is of great importance to quantify the
variation of mineral surface reactivity as a function of the reaction
progress (cf. Daval et al., 2018; Wild et al., 2019). The intrinsic vari-
ability of mineral dissolution rates and their complex dependence on
surface structure and morphology (Daval et al., 2013; Godinho et al.,
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2014; Pollet-Villard et al., 2016; Lange et al., 2021) suggest that a single
model might not be sufficient to describe with acceptable approximation
the change of surface area and the corresponding effect on the dissolu-
tion rates. The implementation of empirical formulations that describe
the temporal evolution of mineral surface parameters and coating
development should help, however, to improve the accuracy of reactive
transport models and their application to various geochemical
processes.

5.2. Rate equations and model accuracy

The agreement between model results and experimental observa-
tions depends on the correct estimate of the mineral surface areas and
their temporal evolution but is greatly affected by the accuracy of the
rate equations used to describe mineral dissolution and precipitation
reactions. Particularly critical to our system is the dissolution/precipi-
tation of Al-bearing phases. The comparison between modelled and
measured Al concentrations from the MFR experiments suggests that our
model calculations either underestimate the formation of secondary Al-
phases or overestimate the rates of feldspar dissolution. Note that, by
reason of their small amounts in the granite powder and their sluggish
reactivity compared to feldspars, the contribution of muscovite and
biotite to the Al mass balance can be neglected to a first approximation.
With the only exception of experiment CW1, calculated Al concentra-
tions result visibly higher (2-6 times) than the measured values, espe-
cially at acidic conditions where secondary Al-phases were found to be
more abundant (expts. CW2 and CW7). The interpretation of this dif-
ference is not unequivocal, however, as dissolution and precipitation
reactions are strongly coupled and an increase of the precipitation rates
of Al-phases could accelerate the dissolution of the feldspars (cf. Ganor
etal., 2007). In addition, feldspar dissolution rates exhibit a minimum in
the near-neutral pH region (cf. Hellmann, 1994; Schott et al., 2009),
where a solubility minimum is observed for Al (Bourcier et al., 1993;
Wesolowsky and Palmer, 1994; Bénézeth et al., 2001). At such pH
conditions the rates of secondary Al-phases formation are controlled by
the slower dissolution rates of the primary Al-silicates, consistent with
the lower amounts of Al-phases (gibbsite, boehmite) observed at pH 5-6
(expt. CW1) relative to more acidic pH. Nonetheless, the difference
between modelled and measured Al, Si and Na concentrations suggests
that albite dissolution may be underestimated by the model at acid to
near-neutral conditions, which implies that the precipitation of sec-
ondary Al-phases is slower in the model calculations than observed
experimentally. In contrast, modelled feldspar dissolution rates for
experiment CW5, conducted at pH 8.5, appear to be overestimated, as
both calculated Al and K concentrations are higher than the corre-
sponding measured values and the presence of observed secondary
phases is very limited. It should be kept in mind that the optimization of
the model parameters, i.e., the adjustment of some SSA values, was
made to provide a best fit to the experimental data acquired at pH 8
(expt. CW3). Therefore, it is not unexpected that the model accuracy
changes as one moves away from the conditions for which the model was
initially calibrated, especially considering the important role of sec-
ondary phases at lower pH, where a bigger discrepancy between model
calculations and experimental data are observed.

Although the observed differences between calculated and measured
fluid concentrations, in some cases, may not be bigger than the un-
certainties implicit in the used rate equations, the accurate character-
ization of the investigated granite-fluid system call for the improvement
of several model parameters, concerning particularly the description of
the precipitation reactions and the rate dependence on the distance from
thermodynamic equilibrium.

Note that several approximations were introduced in the model to
define the rates of mineral precipitation reactions. Precipitation rate
equations were assumed to be the same as for dissolution while identical
rate constants were attributed to different Al-bearing phases, namely to
boehmite and gibbsite and to illite and muscovite (see Table 7).
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Boehmite and gibbsite dissolution and precipitation were determined at
100 and 50 °C, respectively. These rates can be described by the same
first order rate equation in proximity of thermodynamic equilibrium at
neutral to basic pH (Bénézeth et al., 2008), but there is no evidence that
the two phases dissolve/precipitate at nearly the same rate under
identical conditions. In addition, gibbsite dissolution and precipitation
were reported to show a different dependence on the Gibbs free energy
when far from equilibrium (Nagy and Lasaga, 1992), so that the use of
the same rate equations and parameters to describe both dissolution and
precipitation can be a source of inaccuracies for the model. The same
argument applies to the other relevant secondary phases included in our
system (illite, kaolinite, and montmorillonite), the precipitation rates of
which were defined using the corresponding rate equations of dissolu-
tion provided by Palandri and Kharaka (2004). Unfortunately, data on
the precipitation rates of relevant secondary phases are sparse in the
literature and difficult to extrapolate to the studied conditions via spe-
cific rate expressions. Accurate modelling of precipitation reactions
would also require introducing the nucleation process into the
geochemical model. Several numerical models have been developed to
describe the nucleation and growth of minerals and surface precipitates
(e.g., Fritz et al., 2009; Noguera et al., 2011; Yang et al., 2022), but their
implementation in reactive transport models is not straightforward, as it
requires the determination of specific nucleation parameters, including
surface energy, nucleation frequency pre-factor, and critical supersatu-
ration, which are, for the most part, unknown.

Several studies showed that the rate dependence of dissolution or
precipitation reactions on the Gibbs free energy term (1 — (Q/K)™) for
minerals such as albite, kaolinite and quartz can change as a function of
the distance from equilibrium and of the surface reaction history
(Gautier, 1999; Hellmann and Tisserand, 2006; Yang and Steefel, 2008;
Pollet-Villard et al., 2016). Consequently, the use of the traditional
transition-state theory function expressed by Eq. (4) may not be always
adequate to describe the rate of these reactions and could introduce
additional uncertainties into the model calculations. The studies that
demonstrated the suitability of alternative rate equations are, however,
limited to few mineral phases and to a narrow range of pH and tem-
perature conditions and don’t allow the direct application of such rate
equations to our system.

Finally, it should be noted that the effects of other processes such as
surface complexation/adsorption and ion exchange are not considered
by the model developed in the present study because of the lack of
relevant high temperature data. Even if the results of the model are
sufficiently close to the experimental data, we cannot exclude the pos-
sibility that these processes affect, to some extent, the measured aqueous
fluid concentrations (cf. Viani and Bruton, 1996), promoting also the
heterogeneous nucleation of secondary phases or the formation of sur-
face altered layers, as reported by previous studies (e.g., Gallup, 1997;
Saldi et al., 2015).
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6. Summary and conclusions

The hydrothermal alteration of a medium-grained granite from the
Carnmenellis pluton was investigated at 180 °C as a function of aqueous
solution pH (2 < pH < 8.5) and for experimental durations of 4 tol7
days, using both mixed-flow and static batch reactors. The alteration
process was dominated by the dissolution of feldspars and quartz and by
the precipitation of boehmite, gibbsite, and kaolinite, with minor
amounts of illites, smectites and analcime. Secondary mineral precipi-
tation was more significant at acidic conditions.

The modelling of the experimental data by TOUGHREACT, using
mineral rate equations and kinetic parameters taken from Palandri and
Kharaka (2004), showed that the code could reproduce reasonably well
the experimental data, with differences between modelled and
measured elemental fluxes that were within the same order of magni-
tude. Nevertheless, the model did not match the experimental data with
the same accuracy at different pH, showing that its precision decreased
outside the conditions for which it was initially optimized. This suggests
that the adjustment of some critical model parameters, such as rate
constants of dissolution/precipitation, SSA, redox potential, etc., will
always be necessary to improve the model performance when moving
from a system to another. In addition, the comparison between model
results and experimental observations suggests that the model assump-
tions might not be adequate to simulate longer-term experiments and
different interaction scenarios, where the predicted changes of mineral
surfaces, the type and amounts of secondary phases, and the inferred
impact on parameters such as porosity and permeability (e.g., Lucas
et al., 2020) could considerably differ from the real evolution of the
system. In particular, the model underestimates the precipitation rates
of secondary Al-bearing phases. The formation of such phases can be at
the origin of important scaling phenomena in geothermal systems
(Newton et al., 2018) and should be better quantified.

The improvement of geochemical model performance over longer
timescales requires a better understanding of the processes that modify
the structure and reactivity of mineral surfaces with time and control the
formation of secondary phases. The quantitative description of mineral-
specific changes of surface roughness and secondary porosity, the for-
mation of amorphous silica surface coatings, and the nucleation and
growth of clay minerals and secondary Al-bearing phases are key for the
further development of reactive transport models and their application
to geothermal systems. In addition, determining the type of secondary
phases and their precipitation rates is critical not only to estimate the
local distribution and change of permeability, but also to assess the
reactivity of fracture surfaces, their mechanical behaviour and the
induced changes to the fluid flow (Davatzes and Hickman, 2010; Dob-
son et al., 2021). It is anticipated that the improved description of these
processes will increase the predictive abilities of
thermal-hydrological-mechanical-chemical models and help the devel-
opment of more effective technologies to extend the lifetime of EGS and
minimize their environmental impact.

Table A.1-1

Fluid chemical data of experiment CW1. conducted at 180 °C and initial fluid pH = 3.99: Chemical data obtained from ICP-OES analyses.
Sample ID time pH pH Al Si K Ca Mg

(days) (20°0) (180 °C) M M M M M

CW1-1 0.0 4.45 4.38 3.5E-07 1.02E-04 3.26E-05 6.54E-06 4.54E-06
CW1-2 0.7 6.89 6.60 3.96E-06 4.21E-04 7.37E-05 2.98E-05 2.58E-06
CW1-3 0.9 6.89 6.33 6.17E-06 4.20E-04 6.75E-05 2.87E-05 2.55E-06
CW1-4 1.0 - 6.48 5.07E-06 4.24E-04 6.96E-05 2.89E-05 2.59E-06
CW1-5 1.7 6.72 5.09 9.12E-06 4.26E-04 6.64E-05 1.91E-05 2.31E-06
CW1-6 2.0 6.65 4.95 8.01E-06 4.27E-04 6.51E-05 1.73E-05 2.37E-06
CW1-7 2.9 - 6.56 1.19E-05 4.22E-04 1.12E-04 1.38E-05 2.20E-06
CW1-8 4.8 6.7 4.50 1.28E-05 4.17E-04 5.76E-05 9.07E-06 1.82E-06
CW1-9 5.0 6.61 4.55 1.22E-05 4.13E-04 5.98E-05 1.02E-05 1.66E-06
CW1-10 5.7 6.61 4.50 1.29E-05 4.18E-04 5.95E-05 8.33E-06 1.65E-06
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Table A.1-2
Fluid chemical data of experiment CW1. conducted at 180 °C and initial fluid pH = 3.99: Chemical data obtained from ICP-MS analyses. DL = detection limit.
Sample ID Li Ti Cr Mn Fe Ni Rb Sr Ba B
uM uM uM uM uM M M M uM uM
CW1-1 6.38 0.01 4.15 0.36 5.76 0.83 0.33 0.01 <DL 4.53
CW1-2 5.23 0.02 0.11 < DL 0.15 < DL 0.24 0.06 0.01 2.79
CW1-3 4.10 0.02 0.12 < DL 0.09 < DL 0.24 0.07 0.01 2.46
Ccw1-4 3.34 0.02 0.14 <DL 0.10 <DL 0.24 1.01 0.01 2.76
CW1-5 1.36 0.02 0.23 < DL 0.08 < DL 0.25 0.09 0.02 1.82
CW1-6 1.04 0.02 0.25 < DL 0.08 < DL 0.25 0.09 0.02 1.59
CW1-7 0.50 0.02 0.31 < DL 0.06 < DL 0.25 0.10 0.03 1.14
CW1-8 0.28 0.02 0.21 <DL 0.06 <DL 0.24 0.11 0.04 0.65
CW1-9 0.27 0.02 0.20 <DL 0.06 <DL 0.24 0.12 0.04 0.66
CW1-10 0.26 0.02 0.24 <DL 0.06 <DL 0.24 0.12 0.05 0.48
Table A.2-1
Fluid chemical data of experiment CW2. conducted at 180 °C and initial fluid pH = 2.98: Chemical data obtained from ICP-OES analyses.
Sample ID time pH pH Al Si K Ca Mg
(days) (20 °C) (180 °C) M M M M M
Cw2-1 0.0 4.08 3.05 2.23E-06 1.15E-04 4.73E-05 2.58E-05 6.65E-06
Cw2-2 0.8 3.37 3.15 3.05E-06 9.94E-04 1.65E-04 6.97E-05 1.02E-05
Ccw2-3 2.1 3.32 3.13 3.59E-07 1.29E-03 1.86E-04 5.04E-05 4.82E-06
Cw2-4 2.7 3.28 3.13 3.30E-07 1.31E-03 1.86E-04 4.60E-05 4.89E-06
CW2-5 2.9 3.3 3.13 2.61E-07 1.28E-03 1.95E-04 4.36E-05 4.68E-06
CW2-6 3.1 3.29 3.13 3.66E-07 1.29E-03 1.96E-04 4.33E-05 4.76E-06
Cw2-7 3.7 3.28 3.13 3.13E-07 1.29E-03 1.98E-04 4.15E-05 5.38E-06
CW2-8 3.9 3.29 3.12 2.33E-07 1.27E-03 1.85E-04 3.96E-05 5.22E-06
CW2-9 4.0 3.29 3.13 2.95E-07 1.30E-03 2.04E-04 3.85E-05 5.29E-06
Table A.2-2
Fluid chemical data of experiment CW2. conducted at 180 °C and initial fluid pH = 2.98: Chemical data obtained from ICP-MS analyses. DL = detection limit.
Sample ID Li Ti Cr Mn Fe Ni Rb Sr Ba B
uM uM uM uM uM uM uM uM uM uM
Cw2-1 7.16 0.01 0.04 0.77 0.30 0.89 0.48 0.22 0.21 0.57
CwW2-2 5.74 0.05 0.01 1.22 0.64 0.08 0.56 0.36 0.19 0.69
CW2-3 1.57 0.05 0.01 0.45 0.81 0.07 0.59 0.46 0.36 0.25
Cw2-4 1.35 0.05 0.01 0.38 0.91 0.06 0.61 0.45 0.39 0.15
CwW2-5 1.30 0.05 0.01 0.36 0.85 0.06 0.61 0.43 0.39 0.17
CW2-6 1.29 0.05 0.01 0.35 0.85 0.06 0.60 0.42 0.39 0.13
Ccw2-7 1.27 0.05 <DL 0.33 0.93 0.05 0.62 0.39 0.40 0.08
Cw2-8 1.25 0.04 0.01 0.33 0.90 0.05 0.62 0.39 0.40 0.07
CwW2-9 1.25 0.05 0.01 0.33 0.86 0.05 0.61 0.38 0.40 0.09
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Table A.3-1

Fluid chemical data of experiment CW3. conducted at 180 °C and initial fluid pH = 9.02: Chemical data obtained from ICP-OES analyses.
Sample ID time pH pH Al Si K Ca Mg

(days) (20°0) (180 °C) M M M M M

CW3-1 0.2 8.73 7.91 2.29E-04 1.39E-04 3.41E-05 1.86E-06 2.17E-07
CW3-2 0.9 8.73 7.87 2.95E-04 3.99E-04 6.62E-05 1.46E-06 7.9E-08
CW3-3 1.2 8.84 7.9 2.56E-04 5.59E-04 8.37E-05 8.51E-06 2.10E-07
CW3-4 1.8 8.84 7.9 2.42E-04 6.10E-04 8.30E-05 1.08E-05 3.44E-07
CW3-5 2.2 8.91 7.94 1.81E-04 6.52E-04 8.63E-05 1.31E-05 4.44E-07
CW3-6 29 8.9 7.95 1.61E-04 6.61E-04 8.38E-05 1.18E-05 9.6E-08
CW3-7 3.1 8.93 7.95 1.41E-04 6.90E-04 8.02E-05 1.03E-05 2.83E-07
CW3-8 5.1 8.92 7.95 1.42E-04 6.89E-04 8.47E-05 1.06E-05 2.84E-07
CW3-9 5.9 8.93 7.95 1.31E-04 6.96E-04 7.67E-05 8.92E-06 3.3E-08
CW3-10 6.0 8.92 7.95 1.29E-04 6.88E-04 7.49E-05 6.38E-06 9.7E-08
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Table A.3-2

Fluid chemical data of experiment CW3. conducted at 180 °C and initial fluid pH = 9.02: Chemical data obtained from ICP-MS analyses. DL = detection limit.
Sample ID Li Ti Cr Mn Fe Ni Rb Sr Ba

uM uM uM uM M uM M uM uM

CW3-1 2.41 0.02 0.34 < DL 0.57 < DL 0.14 0.002 < DL
CW3-2 3.57 <DL 0.85 < DL 0.01 < DL 0.21 < DL <DL
Cw3-3 1.49 0.02 1.21 < DL 0.01 < DL 0.24 0.01 < DL
CW3-4 1.02 0.02 1.09 < DL 0.01 < DL 0.25 0.01 < DL
CW3-5 0.58 0.02 0.88 < DL 0.03 < DL 0.25 0.03 < DL
CW3-6 0.47 0.02 0.85 < DL 0.03 < DL 0.26 0.03 <DL
CwW3-7 0.35 0.02 0.78 < DL 0.03 < DL 0.25 0.04 0.003
CwW3-8 0.33 0.02 0.77 < DL 0.02 < DL 0.25 0.05 0.004
CW3-9 0.22 0.02 0.74 < DL 0.03 < DL 0.24 0.06 0.008
CW3-10 0.21 0.02 0.73 < DL 0.04 < DL 0.23 0.07 0.011

Table A.4-1

Fluid chemical data of experiment CW5. conducted at 180 °C and initial fluid pH = 10.55: Chemical data obtained from ICP-OES analyses. DL = detection limit.
Sample ID time pH pH Al Si K Ca Mg

(days) (20 °C) (180 °C) M M M M M

CwWs-1 0.0 10.13 8.51 9.08E-05 2.89E-04 4.20E-05 2.66E-06 8.20E-07
CW5-2 0.9 9.93 8.46 1.72E-04 1.04E-03 1.02E-04 5.04E-06 7.5E-08
CW5-3 1.6 9.95 8.46 1.49E-04 1.08E-03 9.27E-05 1.06E-05 3.61E-07
CW5-4 1.9 9.93 8.46 1.43E-04 1.08E-03 8.85E-05 1.05E-05 5.2E-08
CW5-5 2.6 9.98 8.46 1.37E-04 1.09E-03 9.11E-05 9.89E-06 1.4E-08
CW5-6 2.9 9.87 8.46 1.40E-04 1.09E-03 8.39E-05 1.24E-05 4.30E-07
CW5-7 3.6 9.95 8.46 1.39E-04 1.07E-03 8.22E-05 9.34E-06 1.89E-07
CW5-8 4.0 9.95 8.46 1.47E-04 1.09E-03 9.34E-05 9.75E-06 <DL
CW5-9 4.6 9.97 8.46 1.44E-04 1.07E-03 8.94E-05 1.08E-05 6.6E-08
CW5-10 5.0 9.94 8.46 1.44E-04 1.06E-03 8.96E-05 9.81E-06 < DL
CW5-11 5.6 9.99 8.46 1.44E-04 1.05E-03 8.40E-05 1.02E-05 < DL

Table A.4-2

Fluid chemical data of experiment CW5. conducted at 180 °C and initial fluid pH = 10.55: Chemical data obtained from ICP-MS analyses. DL = detection limit.
Sample ID Li Ti Cr Mn Fe Ni Rb Sr Ba

uM UM M uM uM M M M uM

CwW5-1 1.55 0.05 0.29 <DL 0.47 < DL 0.15 <DL < DL
CW5-2 1.49 0.03 0.67 < DL 0.08 < DL 0.32 0.01 < DL
CW5-3 0.85 0.03 0.49 < DL 0.23 < DL 0.30 0.03 < DL
CW5-4 0.71 0.03 0.46 < DL 0.27 < DL 0.29 0.03 < DL
CW5-5 0.55 0.03 0.42 < DL 0.34 < DL 0.28 0.04 < DL
CW5-6 0.51 0.03 0.42 < DL 0.37 < DL 0.28 0.05 0.005
CW5-7 0.44 0.03 0.43 <DL 0.37 < DL 0.27 0.06 0.007
CW5-8 0.42 0.03 0.44 < DL 0.36 < DL 0.27 0.06 0.008
CW5-9 0.39 0.03 0.44 < DL 0.35 < DL 0.25 0.06 0.009
CW5-10 0.38 0.03 0.45 <DL 0.35 < DL 0.25 0.06 0.010
CW5-11 0.37 0.03 0.46 < DL 0.37 < DL 0.25 0.07 0.013

Table A.5-1

Fluid chemical data of experiment CW7. conducted at 180 °C and initial fluid pH = 2.02: Chemical data obtained from ICP-OES analyses.
Sample ID time pH pH Al Fe Si K Ca Mg Na

(days) (20 °C) (180 °C) M M M M M M M

CW7-1 0.0 2.12 213 8.47E-05 2.99E-04 4.69E-04 1.32E-04 1.41E-04 4.37E-05 9.70E-05
CW7-2 0.3 213 2.16 1.54E-04 1.67E-04 2.42E-03 3.24E-04 1.62E-04 4.49E-05 6.33E-04
CW7-3 0.9 2.10 2.15 7.57E-05 4.49E-05 3.43E-03 3.58E-04 1.44E-04 2.00E-05 9.05E-04
CW7-4 1.2 2.09 2.15 6.79E-05 3.55E-05 3.43E-03 3.69E-04 1.37E-04 1.44E-05 8.79E-04
CW7-5 1.9 2.07 2.14 5.98E-05 2.44E-05 3.18E-03 3.96E-04 1.25E-04 6.00E-06 7.64E-04
CW7-6 3.9 2.04 212 4.14E-05 1.48E-05 2.56E-03 4.61E-04 7.84E-05 7.51E-07 4.76E-04
CW7-7 4.2 2.04 211 3.92E-05 1.48E-05 2.50E-03 4.66E-04 7.04E-05 7.60E-07 4.41E-04
CW7-8 4.9 2.06 211 3.51E-05 1.61E-05 2.29E-03 4.65E-04 5.97E-05 1.83E-06 3.69E-04
CW7-9 5.2 2.06 2.11 3.36E-05 1.76E-05 2.22E-03 4.60E-04 5.25E-05 2.85E-06 4.15E-04
CW7-10 5.9 2.10 2.12 3.18E-05 2.10E-05 2.03E-03 4.50E-04 4.23E-05 5.13E-06 5.14E-04
CW7-11 6.2 2.07 2.10 3.04E-05 2.20E-05 1.96E-03 4.36E-04 3.73E-05 7.07E-06 2.61E-04
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Table B.1-1
Fluid chemical data of experiment CWA. conducted at 180 °C and initial fluid pH = 4.03: Chemical data obtained from ICP-OES analyses. DL = detection limit.
Sample ID time pH pH Volume Al Fe Si K Ca Mg
(hours) (20°C) (180 °C) ml M M M M M M
CWA-0 0.0 4.03 - 401.9 < DL <DL < DL < DL < DL < DL
CWA-1 0.9 4.26 6.75 389.9 1.21E-06 5.24E-06 5.24E-06 6.07E-04 6.93E-05 1.58E-05
CWA-2 15.7 4.58 7.33 376.6 8.76E-06 8.09E-06 8.09E-06 9.14E-04 1.57E-04 2.64E-05
CWA-3 23.7 5.01 7.42 365.5 1.66E-05 2.01E-05 2.01E-05 1.02E-03 1.76E-04 2.83E-05
CWA-4 40.8 6.1 7.42 353.6 2.63E-05 1.28E-05 1.28E-05 1.26E-03 2.17E-04 2.93E-05
CWA-5 68.6 6.23 7.45 341.8 3.28E-05 1.05E-05 1.05E-05 1.52E-03 2.52E-04 3.09E-05
CWA-6 95.8 6.08 7.49 330.5 3.16E-05 1.63E-05 1.63E-05 1.65E-03 2.65E-04 3.10E-05
CWA-7 160.0 6.44 7.61 319.8 3.49E-05 3.78E-05 3.78E-05 1.76E-03 3.02E-04 3.49E-05
CWA-8 212.5 6.47 7.73 308.4 3.98E-05 8.13E-05 8.13E-05 1.85E-03 3.23E-04 3.81E-05
CWA-9 262.3 6.32 7.75 297.7 4.19E-05 7.49E-05 7.49E-05 1.84E-03 3.57E-04 3.59E-05
CWA-10 353.6 6.55 7.72 285.5 5.01E-05 4.35E-05 4.35E-05 1.64E-03 3.97E-04 2.93E-05
CWA-11 400.7 6.51 7.73 271.4 5.02E-05 2.03E-05 2.03E-05 1.15E-03 4.24E-04 2.20E-05
Table B.1-2
Fluid chemical data of experiment CWA. conducted at 180 °C and initial fluid pH = 4.03: Chemical data obtained from ICP-MS analyses. DL = detection limit.
Sample ID Li Ti Cr Mn Ni Rb Sr Ba B
uM uM M uM uM uM uM uM uM
CWA-0 < DL < DL < DL < DL < DL < DL < DL < DL < DL
CWA-1 9.03 0.06 0.67 0.19 4.39 0.61 0.03 0.01 < DL
CWA-2 17.53 0.17 0.07 0.16 2.74 0.38 0.02 0.01 1.05
CWA-3 17.94 0.06 0.05 0.29 3.78 0.44 0.03 0.01 1.34
CWA-4 18.33 0.06 0.10 0.21 2.27 0.55 0.03 0.004 1.66
CWA-5 18.74 0.07 0.03 0.16 1.77 0.66 0.03 0.01 1.90
CWA-6 18.88 0.09 0.05 0.26 2.73 0.71 0.03 0.01 217
CWA-7 19.04 0.11 0.08 0.61 5.87 0.82 0.04 0.01 2.57
CWA-8 18.65 0.10 0.03 0.94 9.30 0.87 0.06 0.01 2.70
CWA-9 18.15 0.09 0.02 0.78 8.63 0.92 0.06 0.01 3.01
CWA-10 17.96 0.07 0.01 0.48 4.99 1.04 0.06 0.01 3.16
CWA-11 17.51 0.06 0.02 0.25 2.19 1.15 0.06 0.01 3.20
Table B.2-1
Fluid chemical data of experiment CWB. conducted at 180 °C and initial fluid pH = 10.66: Chemical data obtained from ICP-OES analyses. DL = detection limit.
Sample ID time pH pH Volume Al Fe Si K Ca Mg
(hours) (20°Q) (180 °C) ml M M M M M M
CWB-0 0.0 10.66 - 265.7 < DL < DL <DL < DL < DL < DL
CWB-1 0.3 9.99 8.51 251.2 1.04E-04 1.04E-06 3.27E-04 4.05E-05 8.74E-07 < DL
CWB-2 21.4 9.79 8.39 238.4 3.33E-04 1.47E-06 1.66E-03 1.57E-04 1.25E-05 < DL
CWB-3 30.3 9.72 8.38 226.0 3.44E-04 1.25E-06 1.90E-03 1.59E-04 1.59E-05 < DL
CWB-4 47.2 9.82 8.36 213.1 3.43E-04 1.14E-06 2.21E-03 1.60E-04 1.88E-05 < DL
CWB-5 76.4 9.68 8.34 201.8 3.33E-04 1.07E-06 2.57E-03 1.60E-04 1.93E-05 < DL
CWB-6 141.2 9.39 8.32 189.9 2.93E-04 9.48E-07 3.05E-03 1.59E-04 1.94E-05 < DL
CWB-7 189.3 9.44 8.32 178.0 2.31E-04 8.82E-07 3.29E-03 1.57E-04 1.81E-05 < DL
CWB-8 243.8 9.45 8.31 167.2 1.71E-04 9.41E-07 3.56E-03 1.58E-04 1.82E-05 < DL
CWB-9 309.8 9.43 8.28 156.6 2.28E-04 9.63E-07 3.93E-03 1.55E-04 1.99E-05 < DL
CWB-10 361.8 9.43 8.30 144.0 1.10E-04 9.43E-07 4.05E-03 1.56E-04 1.99E-05 < DL
Table B.2-2
Fluid chemical data of experiment CWB. conducted at 180 °C and initial fluid pH = 10.66: Chemical data obtained from ICP-MS analyses. n.a. = not analysed.
Sample ID Li Ti Cr Mn Ni Rb Sr Mo Cu Zn
uM uM uM 1M 1M M uM uM uM uM
CWB-0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
CWB-1 n.a n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
CWB-2 3.91 0.05 0.52 0.04 0.15 0.41 0.02 0.28 0.10 0.05
CWB-3 4.22 0.02 0.45 0.03 0.09 0.42 0.03 0.30 0.09 0.05
CWB-4 4.66 0.02 0.39 0.02 0.06 0.42 0.03 0.33 0.09 0.06
CWB-5 5.06 0.03 0.39 0.02 0.10 0.42 0.02 0.35 0.10 0.06
CWB-6 5.70 0.02 0.39 0.02 0.15 0.42 0.02 0.38 0.10 0.05
CWB-7 6.26 0.02 0.40 0.02 0.08 0.43 0.01 0.40 0.09 0.05
CWB-8 6.55 0.03 0.39 0.02 0.11 0.41 0.01 0.40 0.09 0.04
CWB-9 6.92 0.03 0.36 0.03 0.12 0.41 0.01 0.41 0.08 0.04
CWB-10 n.a n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Appendix

Summary of all the fluid chemical data from the experiments.

Appendix A

Chemical composition of the fluid samples collected during the
granite alteration experiments conducted with the mixed-flow
reactor.

Appendix B

Chemical composition of the fluid samples collected during the
granite alteration experiments conducted with the static batch
reactor.
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