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ARTICLE INFO ABSTRACT

Associate editor: Alexis Navarre-Sitchler Basalt being the most dominant rock on the earth’s crust, contributes significantly to the global elemental cycle
through weathering. In recent years, the potential of basalt weathering has been continuously scrutinized as a
carbon dioxide removal (CDR) strategy. An accurate estimation of such large-scale processes requires a deeper
insight into the mechanism controlling the basalt glass dissolution under field conditions. This contribution
assesses the chemical evolution of fluid interacting with basalt glass in poorly drained regimes. Experiments
showed a drop in kinetics of alteration (ro = 1.7 x 10 mol.m~2. s~1) by two orders of magnitude in 24 days and
emphasizes the onset of secondary mineral formation within 20 hr of the start of dissolution. At first, Mg starts
fractionating from the solution due to brucite oversaturation and reaches undersaturation after 60th hour due to
onset of other Mg-bearing minerals. From the 54th hour, montmorillonite remains oversaturated until Mg is
entirely consumed by precipitation at the 164th hour. SEM-EDS investigation shows the presence of two major
morphologies of secondary products: (a) honeycomb shape (smectite), with high Mg (>3 wt%) and octahedral
composition similar [(Si/Al + Fe + Mg) and Al/Si] to smectite, (b) aggregate of ellipsoid and/or equant granular
phases. Compositionally, elliptical and granular aggregates show affinity towards low Mg and high Fe variety of
smectite amorphous precursor. The absence of pure brucite grains indicates epitaxial growth of Mg-rich, hon-
eycomb-shaped phyllosilicate precursor on the brucite template due to well-reported structural similarity be-
tween the brucite layer and 2:1 phyllosilicate octahedral sheet. Elliptical and equant-shaped grains with or
without compositional similarity with smectite phases have high Fe and low Mg, indicating their formation under
a low Mg concentration stage in solution. Precipitation of the secondary phases at various stages of reaction
progress affects the total reaction affinity in a closed system. Coupled dissolution and precipitation at the fluid-
rock interface are responsible for lowering the kinetics of dissolution reactions in a closed system, previously
explaining the slow kinetics of natural weathering regimes. The damped kinetics of dissolution and cations
fractionation in secondary products within a few hours of onset of dissolution reaction can result in an over-
estimation (ten times) of CDR potential estimation by enhanced rock weathering (ERW) if calculations do not
involve the nature of closed system evolution during basalt glass alteration.
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et al., 2023). Rivers in basaltic terrain have shown the highest cationic
flux due to highly reactive constituents in basalt such as amorphous
interstitial glass, pyroxene and olivine (Eggleton et al., 1987; Nesbitt
and Wilson, 1992; Hermanska et al., 2023) resulting 30 — 35 % of global

1. Introduction

Silicate weathering, viz., disintegration and decomposition of rock,
drives the element cycle on earth surface (Frings and Buss, 2019). Ions

released during chemical weathering have two crucial fates: (1) carried
away by river from catchment or (2) captured in neoformed secondary
minerals, e.g., clays, carbonates or metal (oxy)hydroxide (Velde and
Meunier, 2008), that are vital for organisms nutrient turnover (Fang
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CO,, fixation in the form of bicarbonates of cations, that later lead to
carbonate precipitation (Dessert et al., 2003). The dominant pathway of
carbon dioxide removal (CDR) by weathering of basalt can be expressed
by chemical reaction:
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CaSiO3 + 2C0O5 + 3H20 — Cat? + 2HCOj3 + Hy4Si04 (€8]

Basalt weathering has not only significant control over the long-term
CO, content in atmosphere but also on global cycle of elements and
chemistry of earth’s critical zone (Kump et al., 2000; Dessert et al., 2001;
Stefansson and Gislason, 2001). The rate of CO5 fixation can be
increased by enhanced kinetics of basalt dissolution (Schuiling and
Krijgsman, 2006), which is achieved by addition of finely crushed basalt
(Goll et al., 2021; Rinder and Hagke, 2021; Vienne et al., 2022). Beerling
et al. (2020), Strefeler et al. (2018) and Taylor et al. (2016) have
demonstrated that enhanced weathering of basaltic rock can be adopted
as potential CO; removal strategies as it can capture 10.5 + 3.8 t CO,
ha™! (Beerling et al., 2024) if applied in croplands which also enhances
the food security and crop productivity. According to reaction (1), the
large-scale estimation of CDR potential will directly depend on bivalent
cations supply rate and residence time, which depend on the kinetics of
basalt dissolution and proximity of the system to equilibrium or pre-
cipitation conditions, respectively. Most large-scale calculations are
based on basalt dissolution models under open systems, which are far
from equilibrium. Natural weathering in near-surface environments is
dominated by poor drainage systems, where fluid leads to coupled
dissolution and precipitation at the fluid-rock interface.

Numerous studies have been done to understand initial basalt
dissolution kinetics over a wide range of temperatures and pH in an open
system (e.g. Gislason and Eugster, 1987a; Guy and Schott, 1989; Cro-
visier et al., 1988a, 1988b, 1990, 1992, 2003; Daux et al., 1994, 1997).
Oelker and Gislason (2001) and Hermanska et al. (2023) have proposed
an empirical formula to calculate the steady state rate (r) of basalt glass
dissolution in an open system, far from the equilibrium. However, basalt
dissolution in a closed system remains less probed. Daux et al. (1997)
studied basalt dissolution kinetics evolution using multiple open systems
with high flow rates resulting far from equilibrium systems and low flow
rates resulting near equilibrium systems analogous to closed systems.
Following transition state theory, the steady-state rate of each reaction
setup strongly correlated with reactions Gibbs free energy (AG;,). Techer
et al. (2001) investigated the general dissolution model based on TST to
explain the basalt dissolution kinetics in a closed system approaching
equilibrium. However, the relationship between kinetic evolution and
total chemical affinity remains unexplained. Although closed systems
kinetics evolution has been understood for minerals like alkali feldspar
with coupled dissolution-precipitation during alteration reaction in a
closed system (Alekseyev et al., 1997; Zhu and Lu, 2009; Zhu et al.,
2010), such an approach requires a mechanistic understanding for
basaltic glass.

According to current understanding, basalt interaction with water
starts with HO diffusion and hydration of a silicate network followed by
a metal proton exchange reaction, resulting in a hydrated glass layer
(Bourcier et al., 1992; Angeli et al., 2006). Initially, the diffusion rate is
higher than the hydrolysis rate; eventually, with increasing thickness of
the hydrated glass layer, diffusion rates slow down to the hydrolysis
rate, and the dissolution reaction becomes congruent (Gislason and
Eugster, 1987; Crovisier., 1992). Hydrolysis at higher temperatures
occurs partially, resulting in a porous surface layer facilitating diffusion
(Berger et al., 1987, 1988, 1994), while hydrolysis is total at low tem-
peratures. Neeway et al. (2016) have proposed an alkali interdiffusion
model based on Fick’s law for quantitatively constraining the diffusion
parameters. Bouakkaz et al. (2016) studied glass (SON68) dissolution in
an open system (flow-through reactor) using 2°Si doped fluid and
showed that both diffusion and surface alteration reactions govern glass
dissolution. Bouakkaz and others reported that the hydrated glass layer
is Mg-poor. Secondary products are Mg-rich silicates, indicating a
unique role of Mg during glass alteration reaction, as envisaged in the
present work. Since basalt dissolution kinetics is controlled by surface
reactions (Berner, 1978; Murphy et al., 1989), many researchers have
attempted to establish a general relation between reaction rates and
chemical affinity under Transition State Theory (TST), considering the
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desorption of different surface complexes as a rate-defining step.
Grambow (1985) considered desorption of purely siliceous surface
complex as a rate-defining step and proposed first-order rate law, which
is a function of proton activity in solution [H'] and activity of orthosi-
licic acid [H4SiO4]. Berger et al. (1994) considered =SiOH as a precursor
species, and the basalt dissolution rate was a function of 0.33 power of
Q/K, where Q is precursor species activity, and K is amorphous silica
hydrolysis reaction’s solubility constant. The power value (0.33) in this
rate calculation equation depends on the silica retention amount in the
alteration gel, which varies with temperature. Daux et al. (1997) studied
the dissolution kinetics of basalt at 90 °C and considered hydrolysis of a
hydrated glass layer with composition Si, Al, Fe and Hy0 as a deter-
mining step. Although numerous attempts have been made to unveil the
mechanism of basalt dissolution and establish kinetics relations in an
open system, the fate of ions released in a closed system needs investi-
gation from the perspective of kinetics evolution, the effect of equilib-
rium on kinetics and pathways of secondary mineral formation.

Hence, the current study has investigated the pathways of basalt
glass alteration in alkaline conditions under a closed system as water
bodies in basaltic terrain become alkaline (Gislason et al., 1996; Reimers
et al., 1996; Dessert et al., 2001; Pokrovsky et al., 2005). We have used
basalt glass rather than a crystalline rock for two reasons: (1) each
crystallised basalt contains variable amounts of interstitial glass and
crystalline components. The dissolution rate of glass being faster than
crystalline controls the pathways of precipitation reaction, (2) to bridge
the knowledge gap of glass dissolution mechanism and kinetics, which is
crucial for reaction path modelling of normal basalt in which the crys-
talline components, e.g., pyroxene and plagioclase have been well
understood.

In the present contribution, we have evaluated the following two
problems associated with basalt glass alteration in closed-system that
hold importance from the perspective of a new strategy of CDR using
ERW of basalt glass: 1) Evolution of alteration kinetics, AG; and path-
ways of secondary mineral formation in a closed alkaline system and 2)
The disparity between dissolution rate estimation and total reaction
affinity in a closed system following TST, explained by coupled disso-
lution and precipitation reactions. We have also estimated the impact of
poor drainage conditions on CDR potential.

2. Material and Methods
2.1. Sample preparation

The basalt glass used in this study is a natural glass collected from
Hawaii Island. It was ground using agate mortar to increase the reactive
surface area. The ground sample was sieved to obtain 36-56 um and less
than 36 pm size fraction. The 36 -56 um fraction was cleaned with ul-
trasonic bath to remove the ultra-fine particles. First, cleaning was done
for 10 min in deionised water, followed by acetone. Five to six cleaning
cycles with water and acetone were sufficient to remove all fine particles
from 36-56 um fraction. Subsequently, the sample was dried overnight
at 60 °C.

2.2. Experiment Setup

The experiment was performed in a custom-made setup (Fig. 1). A
closed four-necked round bottom flask was equipped with a temperature
sensor probe connected to the solution and a PID controller. The flask
was kept on a heating mantle, having a rounded opening with woven
fabric in the surroundings, to heat homogeneously. The heater system
and PID controller were synced to maintain the system’s temperature
within the + 1°C range. A mechanical stirrer was employed in the re-
action setup to keep the reacting grains of basalt glass in suspension
throughout the reaction. There was a retractable outlet system and a
PTFE syringe of 5 ml connected with a flexible teflon pipe. 1.25 ml of the
solution was piped out at regular intervals. Each sample was filtered
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Fig. 1. Schematic diagram of reaction setup used to perform basalt water interaction.

using a 0.2 pm cellulose filter before analysis. After each sampling step,
outlet systems were cleaned and dried to avoid contamination from the
previous sample. The reaction was kept at 90 °C with a 1:500 rock-water
ratio (0.6 g rock in 300 ml solution). Graham condenser was attached to
flask with a sealed top to condense vapour and avoid increased pressure
in the reaction chamber. The pH of the reacting solution was measured
at regular intervals by inserting a pH-measuring electrode connected to
a digital meter. pH measurement was calibrated for 90 °C. The starting
fluid was slightly alkaline, with a pH of 8.3. Reacting alkaline fluid was
prepared using NaOH (Merck) in milli-Q water.

2.3. Analytical Methods

The surface area of the grains was measured using Brunauer-Emmett-
Teller Method (BET). The crystalline and amorphous nature of basalt
glass and the secondary clay products was evaluated with X-ray
diffraction (XRD). The crystal chemistry of raw glass and the secondary
product was studied using Fourier transform infrared (FTIR) spectros-
copy. Textural, morphological and analytical study of sub-micron-sized
secondary product was performed under scanning electron microscopy
(SEM) with energy dispersive X-ray spectroscopy (EDS). The chemical
composition of fluid and basalt glass was determined using inductive
coupled plasma atomic emission spectroscopy (ICP-AES) and mass
spectroscopy (MS).

The specific surface area of the samples was measured on Quan-
tachrome Nova 2000e at the University of Vienna, Austria, using the six-
point Brunauer-Emmett-Teller (BET) method. The sample with grain
size 36-56 um has a surface area of 4.51 + 0.01 m%g~" while sample
with grain size < 36 um has a surface area of 6.38 + 0.33 m%.g . The X-
ray diffraction (XRD) analysis was performed at the Department of Earth
Sciences, Indian Institute of Technology (IIT) Bombay, with Empyrean

Panalytical XRD. X-ray was generated with a Cu target. The X-ray
spectra were collected with 0.01° step increment and a count time of
58.395 s per step using Cu Ka radiation transmitted through 0.04 rad
soller slit opening and 1.52 mm anti-scatter slit. The diffracted beam was
detected using a PIXcel®" detector.

The Fourier transform infrared (FTIR) measurements were per-
formed on Thermo Nicolet 6700 and Bruker Vertex 80 FTIR systems at
the Department of Earth Sciences and Sophisticated Analytical Instru-
ment Facility (SAIF), IIT Bombay. Sample powder was mixed with KBr
(2 mg of sample and 200 mg of KBr), and a pressed disc was prepared.
Spectra were collected in the range of 400-4000 cm ™! with a resolution
of 2 em™!. The decomposition of OH-stretching bands into component
peaks was done using fityk 1.3.1 software (Wojdyr, 2010). It uses the
Levenberg-Marquardt method for curve fitting. Curve fitting parameters
were accepted based on a weighted sum of squared residuals (WSSR)
parameters and agreement between calculated and experimental
profiles.

The solution’s Na, K, Ca, Mg, Al, and Si concentrations were
measured using Spectro Arcos Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) at SAIF, IIT Bombay. The instrument
was calibrated for 0.1 ppm to 100 ppm using a multielement standard
prepared by serial dilution. The precision and accuracy of the analysis
were better than 5 %, and the blanks were negligible. Accuracy and
precision were continuously monitored using standard as unknown. The
detection limit of the instrument was 0.01 ppm. Lithium concentration
in the basalt glass and reacting fluid was measured using Thermolcap
quadrupole Inductively coupled plasma mass spectroscopy (ICP-MS) at
the Department of Earth Sciences, IIT Bombay. BHVO-2 (Hawaiian
basalt), RGM-2 (Rhyolite from Glass Mountain), STM-2 (Syenite), SBC-1
(Brush Creek shale), and SCO-2 (Cody shale) rock standards were used
for calibration and accuracy during the Li concentration measurement of
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basalt glass. Rock standards and basalt glass were digested using mi-
crowave acid digestion technique. Reacting fluid chemical analysis was
calibrated using multielement standards of different concentrations,
prepared by serial dilution. Precision and accuracy in both analyses
were below 5 %.

Imaging of submicron to sub-nano meter sized secondary product of
basalt glass alteration reaction was done at Physical Research Labora-
tory (PRL) India, using a scanning electron microscope (SEM) (model
JEOL IT300). Insitu compositional measurement was done under an
energy dispersive spectrometer (EDS) attached to SEM. An ion sputter-
ing coater was used to create a conductive carbon layer before imaging
to avoid charging in SEM. In situ chemistry of basalt glass grains was
measured at the Department of Earth Sciences, IIT Bombay (India),
using a Cameca SX-50 electron microprobe analyser (EPMA) with five
wavelength dispersive spectrometers. Glass grains were mounted in
epoxy stubs and finely polished. Carbon coating was done before anal-
ysis under EPMA to avoid charging. Analysis was done using a pointed
probe (diameter 2 um) at an acceleration voltage of 15 kV and a fixed
probe current of 20nA.

2.4. Geochemical Modelling

PHREEQC computer program (C++ language) was used to perform
aqueous geochemical calculations at low temperatures (Parkhurst and
Appelo 1999). Speciation and solubility geochemical modelling was
done for each reaction step (sample) to calculate product minerals
saturation indices (SI). The molar concentration of elements in each
sampled solution, fluid temperature, pH, and volume were used as input
parameters to calculate the activity of chemical species. The Graham
condenser attached to the chamber maintained pressure at 1 atm in the
reaction chamber. Hence, the modelling parameter for pressure was set
by default as 1 atm. The simulated pH was also compared with the
experimentally measured pH (see Table S4 and Table S5). The activity of
chemical species was used to calculate the Gibbs free energy of each
reaction step (AGy,). The Carbfix and MINTEQ databases were used in the
modelling.

2.5. Dissolution rate determination

The kinetics of dissolution is a measure of rate of mass dissociation
from reactant. Element concentration continuously increases during
dissolution in a closed system, while an open system results in a me-
chanical steady state of elements defined by flow rate. The amount of
element released in the solution at any stage of the reaction can measure
the dissolved mass of basalt glass if the element does not fractionate in
any secondary product. Many researchers have considered Li as a tracer
element for dissolution studies (Vernaz et al., 2001; Techer et al., 2001;
Curti et al., 2006; Gin et al., 2013; Parruzot et al., 2015). Li concen-
tration and changed solution volume were used after fluid removal in
the previous sampling step to calculate the mass loss of basalt during
dissolution. Normalised mass loss (NML) measures mass loss per unit
surface area of reacting basalt. It can be calculated using the following
equation:

NormalisedMassLoss(NML) = ("C;x"V)/(Ry; X S) 2)

Cp; = concentration of Li in fluid at n™ hour
" = volume of fluid at n™ hour.

R;; = concentration of Li in rock.

S = total surface area (ng’l).

The alteration rate of basalt glass for each sampling step can be
measured using the difference between normalised mass loss in two
consecutive steps and the time gap between them. The formula to

measure alteration rate in “mole m~2 s~ can be written as follows:

Geochimica et Cosmochimica Acta xxx (Xxxx) xxx

Alterationratery. i1)2 = [(NML)I'+1 - (NML)i] /(e =)

x (molecularmass) 3)

2.6. Gibbs free energy calculation

In recent years, mineral dissolution kinetics has been investigated
using transition state theory. Nagy et al. (1991), Nagy and Lasaga
(1992), Lasaga et al. (1994) proposed a model to study kinetics by
incorporating “reaction affinity” term in AG; measurement (A = —AG;):

r=k"' (Haﬁ”f (AG;) ) )

r is the mineral dissolution rate, k + is the rate constant, [[,a}” shows
the activity product of species in the solution, f(AG,) is the Gibbs free
energy function, which can be expressed as follows (Aagaard and Hel-
geson, 1982; Nagy et al., 1991; Lasaga et al., 1994):

f(AG,) = 1 —exp(nAG,/RT) (5)

For the current experimental setup, we measured Gibbs free energy of
each incremental reaction with dissolution of basalt glass using the
following equation:-

Q/K. = exp(AG,/RT) 6)

Q is the ion activity product, K, is the solubility product, R is the ideal
gas constant, T is the temperature, and AG; is the reaction Gibbs free
energy. The final rate equation used was:

R=k"(1-Q/K.) )

Following Paul (1977), basalt glass solubility product (K.) was calcu-
lated by considering glass a mixture of oxide. x; (molar fraction) and K;
(solubility products) of each oxide are known. Hence, the solubility of
glass has been calculated using ideal solid solution relation (Bourcier
et al., 1992; Advocat et al., 1997; Leturcq et al., 1999):

logKe = Zi x'logK' + Zi x'logx (8)
3. Results
3.1. Basalt Glass Characterisation

The Hawaiian basalt glass powder X-ray diffraction (XRD) pattern
has no discernible peaks, indicating the absence of crystalline phases.
XRD spectra showed a broad low-intensity hump in the range of 25-30°
2 6 (Fig. 2A), characteristic of amorphous material (Dehouck et al.,
2014; Rowe and Brewer, 2018;). The specific surface area (SSA) of basalt
glass, in size range < 36 um, is 6.38 & 0.33 m2/ g; comparatively, 36-56
um size fraction has a lower, 4.51 + 0.01 m?/g, specific surface area
(measured using the BET method) (Tablel). SEM images of basalt grains
show several characteristic morphological features of amorphous glass,
e.g., conchoidal fractures, blocky irregular surfaces, etc. (Loocks et al.,
2010). Under an electron microscope, glass grains appear micro-pores or
pits-free. BSE images (Fig. 2C) of glass fragments under EPMA show
homogeneous grey shades across all grains, suggesting a lack of
compositional heterogeneity within and between the grains. The bulk
chemistry of basaltic glass measured with ICP-AES shows that almost all
element’s concentration lies within the 1o range of 25 grains chemistry
measured under EPMA (Table 2). This confirms the compositional ho-
mogeneity of basaltic glass fragments and discards the possibility of site-
specific variation in the glass dissolution reaction due to chemical het-
erogeneity of the reacting substrate within a system. The total alkali in
glass (K20 + NayO = 2.87 wt%) is less than 5 wt%, and SiO; (52.50 wt
%) lies between 45 and 54 wt%, which is in the range of basalt as per the
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Fig. 2. Basalt glass characterisation. (A) X-ray diffractogram of the Hawaiian basalt glass used in the experiment. (B) Secondary electron (SE) image of basalt glass
under scanning electron microscope (SEM) (scale bar in the image is 100 pm). (C) Backscattered electron (BSE) image of basalt glass grains under electron probe

micro analyser (EPMA) (scale bar is 500 pum).

Table 1
Experimental setup.

Setup Rock: water temperature  Grain Surface area

no. ratio size

1 1:100 90 °C 36-56 pm 4,51 + 0.01 m%/

8
2 1:100 90 °C <36 um 6.38 + 0.33 m%/
8
Table 2
Glass composition.

Element/ EPMA of 25 grains ICP AES (Anhydrous ICP-

Oxide (Anhydrous basis) basis) MS
Average dev Bulk chemistry (%) (ppm)
(%)

NaO 2.46 0.043 2.25 -

MgO 6.47 0.082 7.56 -

Al,03 13.6 0.068 12.6 -

SiOy 51.9 0.466 50.57 -

P05 0.25 0.026 0.22 -

K,0 0.37 0.025 0.36 -

CaO 9.92 0.133 11.47 -

TiO, 2.25 0.068 2.5 -

MnO 0.17 0.027 0.17 -

Fe,03 12.5 0.17 12.32 —

Li - - — 5.27

TAS diagram of rock classification (Bas et al., 1986). FeO (t), MgO,
Aly03, TiO3, and CaO also lies in the range of basalt. Li concentration in
the basalt glass is 5.27 ppm (Table 2).

3.2. Evolution of pH and elements in fluid

The experiment started with slightly alkaline fluid (pH = 8.7) under

a closed system. Unlike previous studies in open systems (far from
equilibrium), closed systems show a dynamic evolution in the fluid
composition (Crovisier, 1987, 1988a, 1988b; Daux, 1997; Techer et al.,
2001; Oelker and Gislason 2001; Gislason and Oelker, 2003; Wolff-
Boenisch, 2004; Declercq et al., 2013). The pH increases rapidly and
reaches a plateau at 9.35-9.40 within 48 h of the reaction. After 284 h,
pH drops to an initial value of ~ 8.5 and remains almost constant from
300 h onwards (Table 3). Lithium (Li) concentration in the basalt glass is
in trace amount (~5 ppm). As Li is highly mobile, it liberates from
reacting solid quickly and does not fractionate to any secondary phase.
The concentration of Li in both dissolution experiments shows an overall
trend of increase with time (Table 3), reaching a value of 4 ppb in 548 h.

The Fe concentration was below the detection limit of analysis. This
experimental setup has oxidation conditions similar to recent earth’s
surface. Under oxidising conditions, iron attains a ferric state (Fe*®) and
goes into solid phases, e.g., iron (oxy) hydroxide, resulting in very low
Fet3 (aq) (Fox, 1988). Other than Fe, all major cations present in basalt
(Na, K, Ca, Si, Mg and Al) have been measured in reacting fluid to
monitor the dissolution reaction and subsequent fluid evolution in both
experiments. Na, K increases rapidly compared to Ca, Mg, Al and Si in
the first few hours under both experimental setups (Fig. 3). Except for
Mg, other cations (Na, K, Ca, Al and Si) reach their local maximum
concentration after 54 h, followed by a sudden decrease within 6 h
(Fig. 3). After 60 h, cations (Na, K, Ca, Al and Si) concentration in so-
lution continuously increases with different trends. The elemental con-
centration evolution of Mg behaves differently. Mg reaches a plateau
value of ~ 1.70 ppm at 20 h and remains almost the same till 54 h. This
is followed by a continuous drop in concentration, which is contempo-
rary to other cations’ concentration drop stage until Mg concentration
exceeds the detection limit. The time of Mg disappearance from the
solution differs in both experiments, 164 h in < 36 um and 236 h in
36-56 um. Cations show a change in the concentration increment
behaviour from the Mg loss point in the solution. This concentration
evolution pattern is similar in both experimental conditions.



Table 3

Elemental Composition evolution in both experimental setup (<36 um and 36-56 um).

Reaction setup with < 36 pm grain size

Reaction setup with 36-56 pm grain size

time pH concentrations Normalised mass loss concentrations Normalised mass loss
(h) (g/m?) (g/m?)

Si Al Na Ca K Mg Li Si Al Na Ca K Mg Li

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppb) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppb)
2 8.7 7.11 0.77 11.32 1.13 0.89 0.73 1.34 - 1.31 0.38 15.14 0.5 29.04 0.09 0.94 19.79
4 9.02 0.88 7.28 1.77 0.79 1.12 0.51 7.56 2.35 0.36 6.43 0.95 11.66 0.35 0.44 9.22
6 10.02 0.49 8.56 2.19 0.85 1.29 3.33 — 4.41 0.37 6.79 1.29 11.59 0.41 0.82 17.12
8 10.87 0.73 6.51 2.39 0.78 1.33 0.71 10.43 6.11 0.33 7.11 1.51 12.15 0.71 1.46 30.35
10 14.54 0.95 24.37 0.37 0.64 bdl 0.84 12.29 7.24 0.49 6.93 1.69 11.96 0.83 0.39 8.07
12 11.28 0.51 7.27 2.51 0.74 1.38 2.96 — 8.49 0.64 7.4 1.79 12.13 0.96 1.67 34.43
14 12.29 1.61 6.72 2.73 0.92 1.36 0.55 7.98 9.29 0.68 7.02 2.37 11.78 1.11 0.47 9.65
16 12.7 1.48 6.12 2.89 0.66 1.43 0.46 6.65 9.3 0.5 7.03 2.13 11.96 1.06 0.59 12.06
18 9 13.67 2.13 6.1 3.21 1.49 1.53 0.61 8.78 13.32 1.98 6.12 3.15 1.54 1.44 0.66 13.43
20 17.23 1.4 11.42 5.98 3.7 1.75 0.5 7.16 14.25 1.34 13.76 5.33 27.83 1.67 0.8 16.21
22 20.01 1.31 11.56 6.28 3.53 1.77 0.59 8.41 17.09 1.56 13.69 5.1 27.67 1.71 0.6 12.11
24 23.13 2.21 11.65 6.47 3.43 1.68 0.61 8.66 21.98 1.9 14.11 5.59 28.39 1.69 0.73 14.66
28 24.18 1.57 13.62 7.16 4.73 1.69 0.78 11.03 21.71 1.68 12.97 6.26 26.4 1.7 0.86 17.2
32 23.13 1.72 13.83 6.85 27.65 1.91 0.65 9.15 23.4 2.1 12.12 7.28 3.45 1.68 0.89 17.72
36 25.77 2.02 12.27 7.3 3.73 1.62 0.77 10.79 25.16 1.33 16.26 6.47 31.09 1.79 1.44 28.55
40 28.82 2.08 12.4 7.1 3.78 1.59 0.83 11.58 27.51 2 14.76 6.08 29.33 1.71 0.61 12.04
44 32.36 2.07 12.86 7.75 4.01 1.52 0.75 10.42 28.3 1.57 14.23 6.64 28.57 1.69 0.81 15.92
48 9.3 32.4 1.5 13.76 8.09 4.2 1.46 0.98 13.55 31.96 2.68 14.85 7.32 29.34 1.83 1.19 23.28
54 33.59 291 13.47 8.83 4.39 1.38 1.69 23.26 28.99 2.79 15.44 8.3 32.34 1.95 1.14 22.2
60 16.42 1.61 7.62 3.84 2.26 0.94 1.26 17.27 15.71 1.44 8.96 3.33 19.31 1.4 0.78 15.12
66 17.33 1.13 7.95 4.07 2.12 0.83 1.2 16.37 14.78 1.31 9.1 3.13 19.07 1.24 0.82 15.82
72 16.94 1.25 7.59 4.12 2.34 0.67 1.44 19.56 16.8 1.39 9.31 3.48 19.74 1.12 1.93 37.08
78 9.37 18.55 1.25 8.17 4.54 8.6 0.68 1.38 18.65 16.89 1.4 9.05 3.64 20.49 1.07 1.78 34.04
84 18.73 1.3 8.22 4.5 8.65 0.69 1.89 25.43 17.71 1.57 10.05 3.97 21.66 1.11 1.26 23.98
90 19.42 1.16 8.61 4.37 9.03 0.48 1.8 24.11 17.94 1.88 9.81 3.55 21.42 0.84 1.57 29.75
96 20.09 1.25 8.47 4.59 8.81 0.45 1.28 17.06 18.76 1.57 10.39 3.82 22.62 0.92 1.58 29.8
102 31.52 1.01 10.07 5.77 9.94 0.48 1.43 18.98 26.49 1.3 10.82 4.47 24.44 0.87 1.57 29.47
108 27.71 1.01 9.63 5.39 9.41 0.39 1.65 21.79 24.22 1.14 10.86 4.4 23.9 0.7 1.42 26.53
114 27.1 1.55 9.3 5.57 9.3 0.24 - - 21.32 0.93 10.53 3.84 22.68 0.56 1.48 27.52
120 25.42 0.95 9.9 5.33 9.71 0.28 1.31 17.14 21.55 0.91 10.75 4.4 22.99 0.51 1.8 33.32
126 9.3 23.78 0.85 9.43 5.33 12.04 0.17 1.88 24.48 20.94 1.18 9.89 4.1 22.17 0.44 1.6 29.47
132 25.04 1.05 9.62 5.26 12.32 0.17 1.38 17.88 26.1 0.97 12.25 4.6 26.85 0.52 1.34 24.57
138 25.55 1.01 10.73 6.32 13.59 0.33 1.42 18.32 22.93 0.93 11.76 4.6 25.43 0.55 1.33 24.27
144 26.06 1.3 10.3 5.72 13.44 0.07 1.57 20.15 22.32 0.94 11.93 4.48 25.68 0.47 2.16 39.22
150 24.49 1.05 10.27 5.32 12.93 0.02 1.62 20.69 21.61 1.19 11.01 4.16 23.89 0.33 1.28 23.13
164 26.24 0.91 11.24 5.58 13.84 bdl 1.81 23.01 22.13 0.86 11.28 4.1 24.19 0.14 1.45 26.07
188 9.35  25.83 0.58 11.38 5.19 13.74 bdl 1.99 25.17 23.01 0.75 12.23 4.59 25.71 0.26 2.35 42.05
212 9.35 2831 0.81 11.88 5.87 14.21 bdl 2.18 27.44 23.75 0.8 12.28 4.37 25.6 0.1 2.12 37.75
236 30.67 0.96 12.48 5.58 15.17 bdl 2.1 26.30 27.95 1.42 13.03 4.63 26.81 bdl 2.72 48.2
260 33.15 1.21 12.73 6.27 15.51 bdl 1.95 24.30 30.15 0.64 14.5 4.58 29.2 bdl 2.07 36.5
284 9.41  35.08 0.45 14.14 5.84 16.54 bdl 2.31 28.65 28.43 0.37 14.7 4.38 31.01 bdl 2.26 39.65
308 36.92 0.4 14.85 5.85 17.37 bdl 2.45 30.23 36.94 1.02 17.17 2.66 32.77 bdl 2.14 37.36
332 8.85 37.3 0.61 16.08 2.16 16.82 bdl 2.2 27.01 37.1 0.97 17.98 1.88 34.23 bdl 1.7 29.53
356 38.3 0.71 14.35 2.73 16.31 bdl 2.1 25.65 38.79 0.98 17.09 3.2 36.72 bdl 2.97 51.32
404 8.85  43.56 0.6 17.19 3.27 18.35 bdl 3.86 - 41.43 0.69 19.15 2.71 37.28 bdl 7.45 -
452 8.85 50.05 0.56 19.93 4.55 19.89 bdl - 46.93 0.6 21.54 2.16 41.39 bdl 3.15 53.88
548 8.6 59.07 0.46 22.69 8.74 23.08 bdl 4.03 - 54.73 0.47 23.17 6.63 45.97 bdl 3.92 66.71

bdl = below detection limit
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Fig. 3. Evolution of element concentration in reacting fluid, with time. Each block in the diagram represents one element mentioned in the box. The green circle
indicates the reaction setup with < 36 ym and the red box indicates the reaction setup with 36-56 um basalt glass fraction.

3.3. Secondary products

Pre-experimental characterisation of glass surfaces has been per-
formed in detail. Submicron features have been investigated under an
analytical electron microscope (SEM-EDS). SEM imaging of basalt glass
surface in both experiments shows secondary products in the form of
coating. The morphologies of secondary products can be categorised
into two major types: a) honeycomb-like structure grown on the glass
surface (Fig. 4 A, C) and b) equant and/or ellipsoid grains accumulated
on the surface (Fig. 4 B, D). In both experiment setups, these features are
present with varying chemical compositions and assemblages, encom-
passing the signature of reaction progress associated with their forma-
tion (Table 4).

In the experiment with < 36 um glass fraction, a secondary product
having honeycomb morphology is a dominant phase with a size of up to
a few microns (Fig. 4 A). In Fig. 4A, the sporadic presence of small
particles with honeycomb structures attached to the large grain surface
indicates a smaller fraction of the original basalt glass. Chemically, both

features have similar compositions and are slightly modified to the
initial basalt glass (Table 4). Cation ratios, Si/(Al + Mg + Fe) and Al/Si,
based on 11 oxygen, lie between 1-2 and 0-0.4, respectively, depicting a
close chemical affinity towards nontronite or saponite type of 2:1
phyllosilicate (Fig. 4 E) (Cuadros et al., 2013). Other secondary products
in this experiment setup are aggregates of phases with ellipsoidal
morphology and equant granular morphology (Fig. 4B). Chemically,
ellipsoid phases have Si/(Al + Mg + Fe) between 1-2 and Al/Si > 0.4,
which can be compositionally categorised as montmorillonite (2:1
phyllosilicate) (Fig. 4E). Ellipsoid phases are Mg depleted and K
enriched compared to honeycomb morphology (Table-4). Equant gran-
ular phases, co-existing with ellipsoidal morphotypes (Fig. 4B), are
smaller in size (<0.5 um) with relatively lower Fe, Mg and Ti with
increased anions (oxygen) wt%, suggesting calcium-aluminium hydrous
silicates (CAHS). The cation ratios, 2 < Si/(Al + Mg + Fe) < 1 and Al/Si
> 1, fall out of the 2:1 phyllosilicate range (Fig. 4E).

In the experiment with 36-56 pm glass grains, secondary products
having honeycomb morphology are dominant phases grown as glass

(Si/ Al+Mg+Fe)

3
1

2

Legends
Phyllosilicates
© Honeycomb phase, experiment <36 um
@ Ellipsoid phase. experiment <36 um
oneycomb phase, experiment 36-56 um
O H b ph P 6-56
‘quant Aggregate, experiment 36-36 um
Eq Aggi peri 36-56
Non-phyllosilicates
@ DBasalt glass
uant granular phase, experiment <36 um
@ Equant granular pl p 36
quant granular phase, ex; eriment 36- um
¥ Eq granular pl P 36-56

®

4
Se ]
Nont/Sapon O O,

Fig. 4. Analytical electron microscopic (SEM-EDS) investigation of secondary products formed in both experiments, (A), (B) are products in < 36 pm experiment
while (C), (D) indicate 36-56 pm experiment. Circular and diamond shapes indicate the spots for analytical measurement in < 36 um and 36-56 pum experiments,
respectively. Plain circles and diamonds indicate the features with phyllosilicate equivalent chemistry. Circles and diamonds with vertical bars indicate features with
non-phyllosilicate chemical signatures. (A) Honeycomb morphology of secondary product grown as coating of basalt glass surface (B) Aggregate of ellipsoid and
equant granular phases. (C) Honeycomb morphology of secondary product. (D) Equant aggregate and equant granular-shaped secondary product.



P. Sriwastava et al.

Table 4

Chemical composition of secondary products formed in both set up of experiments.

Secondary product in 36-56 pum grains experiment

Secondary products in < 36 um grains experiment

Element

Equant phase

Equant aggregate

Honey comb shape

Equant phase

Ellipsoid shape

Honey comb shape

Wt %

11.19
2.42

6.55

8.98
2.78
0.01
1.92

6.84

10.47
3.27
0.41

27.17

26.23

21.95
4.51
0.97
3.81
0.47

24.68
1.55
0.69
3.01
0.88

25.56
8.95
0.09
3.4

24.05
6.06
0.45
3.88
0.83
9.62

26.02
8.85
1.16
1.78
0.6

24.13

25.82

23.82
10.23
0.4
1.43
1.25
6.66
3.55
0.48

23.8
7.

25.49
7.16
1.82
4.16
0.37
7.73

23.05

23.49
8.02
1.46
4.46
0.35
6.8
7.66
0.74

Si

2.3

3.18
1.74
0.39

4.08
1.45
2.55
0.82
7.49

2.84
0.47
0.6

7.92
0.52
0.56
0.44
6.96
4.85

9.88

02

7.49
1.74

4.3

Al

2.63
0.27
0.49

1.87
4.87
0.62
6.24
8.93

Na

1.46
1.16

1.13
1.07

5.5

Mg

0.25
12

0.92
4.72

0.28
6.36
8.87
0.34

10.47
36.28

9.13

10.12
48.18

7.93
44.19

11.22
18.31
1.29

13.85

21.54

13.25
20.24
0.15

5.31
1.

Ca

42.71
1.6

48.58

15.46
0.75
37

27.85

17.94
1.22

99

4.85

11.95

Fe

1.62

1.53

Mn

24.81 25.71 35.61 25.6

27.65
3.46

30.71 36.2

21.95
3.24

24.14

31.96
3.6

51.74 54.6 54.13

51.45
0.72

44.99

39.43
1.89

46.02

45.57
1.44

2.88 3.78 4.24

3.22

3.24

0.17

2.41

4.21

0.15

1.66

1.55

Ti
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surface coating. Chemically, these phases are Fe (>17 wt%), Mg (>3 wt
%) and Ca (> 9 wt%) enriched, with Si/Al + Mg + Fe (between 1-2) and
Al/Si (< 0.4) values showing close affinity to nontronite/saponite, 2:1
phyllosilicate (Fig. 4E). Other secondary products are sub-nano-meter
phases with equant growth. Based on their morphology, they could be
categorised into two major types: (1) Equant aggregate phase and (2)
Equant granular phase (Fig. 4D). Although equant aggregate phases
show a compositional similarity with nontronite and saponite (Fig. 4E)
because Si/(Al + Mg + Fe) lies between 1-2 and Al/Si < 0.4, but Mg (<3
%) is lower than honeycomb-shaped phases (Table-4). Equant granular
phases are found at glass surfaces as isolated nano to micron-size
mounds. They do not show chemical affinity towards any 2:1 phyllosi-
licate, Si/(Al + Mg + Fe), and Al/Si lies out of the range for phyllosili-
cate (Fig. 4E). High Fe (average 43 wt%, n = 5), Ti and low Mg, Si are
distinct compositional identities of equant granular phases.

4. Discussion
4.1. Dissolution behaviour and kinetics

Dissolution reaction under an open system attains a steady state far
from equilibrium, resulting in no precipitation. Hence, mobile cations, e.
g. Na and K, were used as a proxy to measure the extent of dissolution in
open systems (Daux et al., 1997; Techer et al., 2001). Closed systems
reach equilibrium due to a continuous increase in the elemental con-
centration, resulting in the precipitation of saturated phases and causing
the fractionation of elements in the solid against the release in the so-
lution. After an extent of reaction progress, closed systems experience a
combination of dissolution and precipitation, requiring a highly mobile
element (Li) as a proxy to calculate the dissolution extent, behaviour and
kinetics. Although Li is highly mobile, it can substitute Mg in the octa-
hedral clay sites due to similarity in ionic radii (Shannon, 1976). Li
fractionation in the current experimental condition, calculated based on
expression of partition coefficient (logDy;) proposed by Decarreau et al.
(2012), is within the error of Li concentration measurement for quad-
rupole (Q)-ICPMS (see Table S9 and Table S10). Note that this calcula-
tion is based on expression proposed for hectorite (Li-Mg clay). The
current experimental product’s Mg concentration (~4%) is lower,
leading to a lower partition coefficient.

The Li concentration measured at each step of dissolution reaction
gives the extent to which basalt glass was dissolved (using eqn (1). Both
size fractions of basalt glass show a similar trend of normalised mass loss
variation during the entire extent of dissolution reaction (Fig. 6).
Smaller fraction (<36 um) has higher values of normalised mass loss in
comparison to larger fractions (36-56 um) at any extent of time (Fig. 6),
due to larger surface area (Table-1). Starting at 100 h, normalised mass
loss increases rapidly for both the fraction and slows down afterwards.
Mass loss evolution with time is exponential (r? = 0.74-0.77) (Fi g. 6).
Basalt glass dissolution rate for a smaller fraction (<36 pm), calculated
in the initial days of reaction, is (rp) 1.7 x 10 mOl.mfz.s’l, which lowers
by 100 times by the end of 24 days to (r) 5.7 x 101 ™. m~25~1 The
initial dissolution rate of a larger fraction is 2.5 x 10 ™. m~2 s"'and the
final rate (after 24 days) is 6.5 x 1011 mol py—2 -1

In both experimental setups, elemental evolution patterns with time
are similar (Fig. 3). Elemental ratios (Li/Si, Al/Si, Mg/Si, Ca/Si) in
reacting fluid show higher values in the initial 20 h (Fig. 5) for basalt
glass, suggesting a preferential removal of modifier cations in silicate
structure due to proton-metal exchange reaction (Ghiara et al., 1993,
Gin et al., 2013). Such dissolution behaviour indicates an incongruent
nature. The protonation of silicate structure causes an increase in pH
(Fig. S3). The ratio of Li/Si in fluid and basalt glass reaches similar
values after 20 h (Fig. 5). It remains almost constant later, indicating the
congruent nature of the dissolution reaction afterwards, with minor
fluctuations signifying the equilibrium with saturated phases. Other
cations (Al, Mg, Ca) ratio with Si in the fluid decreases below the glass
values (Fig. 5). It reaches a plateau, indicating preferential
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Fig. 5. Evolution of elemental ratios with time, showing congruency and incongruency stages during dissolution. (A) Variation of Al, Mg, and Ca ratio with respect to
Si during the entire extent of reaction. Circular dots indicate elemental ratio in fluid, and lines indicate ratio in basalt rock. The colours of the symbols are specific to
the elements. (B) Li and Si ratio evolution with time. The blue dot indicates the ratio in reacting solution, while the orange dot indicates the constant value in

basalt glass.

incorporation of these cations in the precipitation of secondary phases.

4.2. Secondary product formation mechanism: Implication towards
phyllosilicate nucleation

Basalt glass dissolution reaction in a closed system has resulted in a
continuously evolving fluid chemistry (Fig. 3). Aqueous geochemical
modelling of this dynamic system shows the possible mineral phases
undergoing supersaturation (see Table S1 for saturation index) at each
stage of reaction progress (Fig. 7). Despite the continuous dissolution of
glass, Mg concentration in the reacting solution reached a plateau within
20 h, corresponding with brucite [Mg(OH),] supersaturation (Fig. 7).
Although brucite was an oversaturated phase from the 4th hour on-
wards, according to thermodynamics, its precipitation started with a lag
of 14—16 h due to nucleation delay associated with lower degree of
supersaturation, called induction period (Spanos and Koutsoukos, 1998;
Brown, 2011). At 54th hour, a decrease of elemental concentration, e.g.
Al, Si, Ca along with Mg in the reacting solution signifies the start of

another solid phase, Ca-montmorillonite (smectite), indicating over-
saturation (Fig. 7) at this stage of the system. After 6 h of brucite and
smectite coprecipitation, Mg concentration reaches below ~ 1 ppm,
resulting in a brucite undersaturation state at 60th hour, leaving smec-
tite (Ca- montmorillonite) as the only saturated phase afterwards. The
sudden disappearance of montmorillonite (smectite) from an over-
saturation state at the 160th hour corresponds to Mg concentration
below the detection limit (0.01 ppm). Record of element concentration
evolution and theoretical estimation of mineral supersaturation sug-
gested two significant stages of smectite precipitation in this system: (1)
smectite (2:1 phyllosilicate) coprecipitation with brucite and (2) only
smectite precipitation.

SEM-EDS study of secondary products shows honeycomb-shaped
features in both experimental conditions with high Mg (>3 wt%).
Many researchers have reported the honeycomb-shaped morphology as
a characteristic feature of smectite (Keller et al., 1986; Fiore et al., 2000;
De La Fuente et al., 2000; Christidis, 2006). Compositionally, the hon-
eycomb structure is closely related to the nontronite and saponite
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smectite (Fig. 4E). Other secondary products with smectite chemical
affinity, e.g., the ellipsoidal and equant aggregate phases, have low Mg
and high Fe. None of the secondary phases observed has brucite chem-
istry (Fig. 4), although fluid composition and thermodynamic modelling
have shown a strong signature of precipitation (Fig. 3,7). This suggests
either the transformation/incorporation of brucite structure into other
stable phases or its dissolution, which should have shown an increased
Mg concentration. After the first appearance of brucite in the system,
there was no signature of Mg concentration increment, neglecting the
dissolution hypothesis for the absence of brucite. Several studies have
shown that brucite-like structure is an intermediate stage of smectite
formation or transformation (Banfield et al., 1991; Bettison-Varga and
Mackinnon, 1997; Meunier et al., 2010; Meng et al., 2018) since brucite
has structural similarity with octahedral sheet of clay (Tsipursky and
Drits, 1984; Chakoumakos et al., 1997). Hence, brucite constitutes the
perfect template for smectite epitaxial growth. Brucite oversaturation
before montmorillonite (smectite) saturation (Fig. 7) might facilitate
high Mg smectite growth viz. honeycomb shaped in both experimental
conditions (Table-4). The smectite oversaturation without brucite
(Fig. 7) might indicate the secondary product formation stage with low
Mg, e.g. ellipsoid phase and equant aggregate (Fig. 4E). Powder x-ray
diffractogram collected at the end of the experiment shows an absence of
diffraction peaks (Fig. S1), suggesting secondary products as amorphous
precursors for crystalline mineral varieties. The FTIR spectra of both the
experimental products in the stretching region of OH vibration show
metal-OH bonds overlayed by glass spectra (Fig. S2). The experimental
criteria for good crystallinity of the secondary product have been
investigated through a separate experiment at elevated temperature and
time, which will be part of another paper.

Equant granular phases of non-phyllosilicate chemistry (Fig. 4E), in
both experimental setups, have low Mg and high Fe (Table 4). Such
features are observed at the advanced stage of reaction progress after the
expanse of Mg from the solution. Crovisier et al. (1992) performed
thermodynamics calculations for basalt alteration in a closed system.
They showed that the advanced state of smectite formation ([SiOy/
MgOlglass / [Si02/MgOlsecondary product = 1) is coupled with Ca-Al
phases.

4.3. Chemical affinity and kinetics evolution with coupled dissolution-
precipitation reaction

Numerous studies have been performed to propose appropriate
models of minerals and glass dissolution (Daux et al., 1997; Techner
et al., 1998; Techer et al., 2001; Hermanska et al., 2023). An accurate
model to describe kinetics of dissolution requires intrinsic thermody-
namic properties of mineral/rock, which depends on composition and
internal structure, making any model challenging to fit for glass disso-
lution study as degree of polymerisation (internal structure) is specific to
each glass. Although Hermanska et al. (2023) proposed a kinetic model
for dissolution rate estimation of basalt glass in open systems, which are
from equilibrium, a closed system still requires deeper insights. As
closed system evolves, the cations released from dissolution reach
equilibrium and start fractionating into solid, resulting in a quasi-steady
state for certain cations. Alekseyev et al. (1997); Zhu et al. (2009) and
Zhu et al. (2010) explained the change in the dissolution rate (r-AG,
relationship) of feldspar in closed system by coupled dissolution and
precipitation. A dissolution reaction starts as far from equilibrium sys-
tem and may reach to equilibrium. According to the transition state
theory, as dissolution reaction progresses towards equilibrium, the rate
decreases (r), and AG; approaches zero. However, this theoretical trend
has not been experimentally observed by Techer et al. (2001) for basalt
glass dissolution in a closed system. We measured AG; for each reaction
step and correlated it with the dissolution rate.

The reaction of basalt dissolution in alkaline conditions can be
written as:

11
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(Si1Alg 29Tig 04Feq.17Mgo.22C20.24Nag,09K0.0103.24) + 2.12H20 + 1.12H*
+ 0.28¢” — H4Si03 + 0.29A1 (OH)3 + 0.09Na™ + 0.24Ca*2 + 0.01 K* +
0.17Fe™® + 0.04Ti (OH); 9

The ion activity at each sampling step was calculated using
PHREEQC. The AG; of each reaction step has been calculated following
Techer et al. (2001) (see Appendix A Supplementary material, Section
S3, Chemical Affinity Calculation, Tables S2 — S8). The dissolution rate
and AG; relation is similar (Fig. 8) to Techer et al. (2001) observation.

The speciation and solubility modelling for each reaction step
(Fig. 7) shows that brucite remains in equilibrium from the beginning of
the reaction. Based on the elemental evolution study in the current
experiment (Fig. 3), brucite can be considered a solid that precipitates
from the beginning and remains saturated or incorporated for a more
extended reaction period. We modified the total reaction affinity
calculation by keeping the brucite, basalt, and reacting solution in
equilibrium (see Appendix A Supplementary material, Section S3,
Chemical Affinity Calculation). The AG; at the advanced stage of reac-
tion reaches a value of —37.4 kcal/mole (36-56 pm) and —34.8 kcal/mol
(<36 um). The AG; for brucite precipitation is 33.8 kcal/mole, and the
total Gibbs free energy of the system (total reaction affinity) reaches
0.8-3 kcal/mol. This suggests that incorporating thermodynamical pa-
rameters for precipitating phases explains the earlier shift of chemical
affinity curve with rate, in accordance with TST. Hence, fit refinement
can be done by incorporating the thermodynamic parameters of amor-
phous phases (Fig. 8). The complete reaction, which can explain the
basalt and water interaction energetics and kinetics according to TST in
a closed system can be expressed as a coupled dissolution and dissolu-
tion reaction:

(Si1Alg 29Tig.04Fe0.17Mg0.22Ca0.24Na0,00K0.0103.24) + 2.12H20 + 1.12H"
+ 0.28¢” — H,4Si0F + 0.29A1 (OH)3 + 0.09Na™t + 0.24Ca™2 + 0.01 K +
0.17Fe*3 + 0.04Ti (OH)5 + brucite (10)

4.4. Comparison between open and closed system kinetics and limitations
of extrapolation

Numerous studies have investigated the kinetics of open systems,
which are far from equilibrium. Daux et al. (1997) showed that open
systems reach equilibrium with decrease in the flow rate, subsequently
dissolution rate also decliness. A closed system can numerically be
extrapolated as an open system with an infinitesimally slow flow rate.
The kinetics of closed systems are orders of slower than open systems,
which are far from equilibrium. Near equilibrium, coupled dissolution
and precipitation is responsible for slow kinetics, which also explains the
large difference in field and laboratory rates of dissolution (Zhu et al.,
2004, 2009, 2010). Zhu et al. (2010) attempted to extrapolate a closed
system (Ganor et al., 2007) to an open system through reactive transport
modelling in 1D, assuming single clay precipitation along with primary
mineral dissolution and reported time and space variability of saturation
index (SI) of phases with constant dissolution and precipitation rate. The
current study experimentally shows the possibility of multiple phases
precipitation from single primary rock dissolution. The precipitation of
multiple amorphous precursors and chemical evolution with increasing
extent of dissolution poses substantial limitations for establishing r- AG;
relationship.

4.5. Geochemical implications

Basalt dissolution kinetics measured in laboratory experiments under
open-system conditions have shown a few orders of faster rates for
natural conditions, where the rate is measured using palagonite thick-
ness (Gislason and Arnorsson, 1993; Gislason and Eugster, 1987b;
Techer et al., 2001). This discrepancy in rate has been explained by long-
time interaction in natural conditions (Parruzot et al., 2015). However,
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the current study adds another possibility of basalt dissolution in a
closed system within the natural terrain, as the rate lowers by two orders
within 24 days. This study holds importance given many recent studies
highlighting enhanced rock weathering of basalt as a potential strategy

for CDR (Beearling et al., 2020, 2024; Goll et al., 2021; Viene
et al.,2022).

4.5.1. Impact of poor drainage on CDR potential by ERW of basalt
Basalt dissolution rate in open systems with flow-rate high enough to
maintain system far from equilibrium at steady state, remains higher. In
contrast, the dissolution rate attains lower values with a decreasing flow
rate. A closed system experiences an evolution in dissolution rates
starting at a higher rate when the system approaches equilibrium or
quasi-steady state, due to coupled dissolution and precipitation, the
kinetics of dissolution lowers by two orders in 24 days. The total cations
released by basalt glass dissolution increase at the same rate as glass
dissolution until equilibrium is achieved and cations start fractionating
in the precipitating phases. Any estimation based on total released cat-
ions due to basalt glass dissolution may give erroneous results if the
equilibrium condition has not been investigated and precipitation-
related correction is not incorporated. Large-scale estimation of CDR
potential by ERW needs incorporation of factors that can affect amount
of bivalent cations released by weathering. Beerling et al. (2024) esti-
mated the CDR potential through field-based experiments, where total
cation lost from basalt was considered available for bicarbonate for-
mation. Although Beerling and others’ calculation method accounts the
effect of closed system kinetics evolution, as mass loss has been calcu-
lated from parent material, the fractionation of bivalent cation has not
been considered. The current study shows within 20 h, magnesium starts
fractionating in the secondary product, and after 54 h, calcium starts
fractionating from the solution. We have calculated the projected
amount of bivalent cations at each step of reaction if basalt dissolution is
considered with evolving kinetics according to closed system, ignoring
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precipitation. We compared it with measured values of bivalent cations
(see Appendix A. Supplementary material Section S6), which accounts
both kinetics evolution as well as precipitation. The total amount of
bivalent cations, after 400 h, remains 10 times lower than calculations-
based estimation (see Fig. 9). Although this study signifies the impor-
tance of closed system-based calculations, it still cannot be strictly
applied to any cropland, without soil textural information. The natural
weathering regimes vary between an ideal closed system, poor drainage
(full water storage) and an ideal open system, good drainage (full
discharge). Hence, a realistic calculation of CDR potential by ERW of

basalt glass in any cropland requires information about drainage system,
which implies water residence time.

4.5.2. Other implications of basalt glass alteration study in closed system
The current study provides crucial laboratory evidence to the theo-
retical model proposed by Crovisier et al. (1992) for basalt alteration in
a closed system in volcanic terrains like Iceland. Although the reaction
advance did not reach the extent of zeolite formation, the mineralisation
sequence supports the continuously evolving nature of 2:1 clay chem-
istry. This observation could explain the heterogeneity in the clay
chemistry in soils having multiple dry and wet cycles in poor drainage,
as the reaction will be reset to a new extent due to dilution each time. In
volcanic terrains, a significant proportion of precipitation remains
trapped as it percolates into fissures and joints or is confined to volcanic
craters, calderas, and local depressions, resulting in lakes. Results of this
study explain the nucleation pathways of neo-formation of clay in active
volcanic fields where the basalt surface remains heated enough so that
water does not evaporate, but interacts with basalt in the joints and
fissures, paving the paths of secondary mineralisation, e.g. bole beds
formed in Deccan provinces (Sriwastava et al., 2023). The experimental
condition also helps understand the mineralisation pathways in alkaline
lakes, which are reported as sites for prebiotic life (Toner and Catling,
2019, 2020). The information on element sequestration in secondary
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Fig. 9. Amount of bivalent cations (Ca + Mg) in fluid interacting with basalt glass in a closed system. Measured values are sum of the concentrations of Ca and Mg at
each reaction step. The calculated amount of bivalent cations results when secondary precipitation is not considered, and total cations released from basalt are
estimated from a normalised mass loss rate. The calculated values automatically incorporate effect of precipitation on rates of dissolution in closed system.

mineral nucleation over time greatly impacts the biogeochemistry of
alkaline lake environment, especially microbialites formation, during
the geochemical evolution of early earth. This study also holds impor-
tance for understanding the origin of clay rich beds in the volcanic
terrains of Mars due to alteration of basaltic fragments (Treiman et al.,
2015; Thorpe et al., 2022).

5. Conclusions

This study investigated basalt and water interaction at high time
resolution (hour scale) under poor drainage conditions; our results show
that nucleation of secondary products starts within 20 h of the onset of
the reaction, thus paving the way for the initial surface nucleation.
Brucite nucleation at an early stage indicates a strong control on the
chemistry of honeycomb-shaped smectites that precipitated later. At
geological time scale, such observation highlights the crucial impor-
tance of closed system (shorter duration) studies demonstrating the first
step towards alteration reaction before the system continues as closed,
open or mixed later. The cations released as a result of basalt glass
dissolution may or may not be available for further utilisation in bi-
carbonate formation due to interruption by precipitation, affecting the
potential of CDR by basalt dissolution in natural weathering regime. The
major findings of this study are summarised as follows:

1) Within 20 h, brucite-like structures are the first secondary product
that reaches precipitation during basalt glass alteration in a closed
system, followed by 2:1 clay structure precursor, grown epitaxially
over the sheet-like structure of brucite. This implies that the time
required in a closed system to affect the pathway of any alteration
reaction is very small at a geological time scale, suggesting the
important role of a closed system at each site for alteration studies.
The initial dissolution rate in a closed system drops by 100 times in
24 days.

The total amount of measured bivalent cations, after 400 h of basalt
glass dissolution in a closed system, remains 10 times lower than
estimated values without considering precipitation, suggesting an
overestimation of CRD potential by ERW of basalt.
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