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ARTICLE INFO ABSTRACT

Keywords: The alteration of two trioctahedral micas, biotite and phlogopite, was investigated at the meso, micro, and
Laser confocal microscopy nanoscale using three complementary microscopy techniques to better understand mica surface reactivity. In situ
Interferometry and ex situ experiments were performed to monitor the mineral interface during dissolution in acidic solutions
gli:sl\s/f)lution (nitric and oxalic acid, pH ~ 1-2), over a temperature range of 25-100°C. The inorganic acid was used as a

Organic acid benchmark condition to elucidate the effect of the organic acid on the dissolution behavior. The observed
Mica topographical changes that arose during mineral alteration revealed the simultaneous occurrence of different
processes that heterogeneously shaped the mica surface: 1) the retreat of pre-existing and newly formed steps
(edge surface reactivity). In the case of biotite, layer curling and peeling-off occurred in the presence of nitric
acid whereas dendritic-shaped step edges resulted from the effect of oxalic acid; 2) the nucleation of etch pits and
the formation of dissolution channels on the (001) surface. Oxalic acid promoted the growth of the pits to such an
extent that they were discernible at each scale and resolution investigated; and 3) precipitation of secondary
phases. Overall, a multi-scale approach offers new insights into the dissolution behavior of biotite versus
phlogopite and provides and enhances understanding of the effect that oxalic acid has on the surface reactivity of

Biotite
Phlogopite

mica.

1. Introduction

Micas are ubiquitous phyllosilicate minerals in the Earth's crust,
present in metamorphic, sedimentary, and igneous rocks (Ottolini et al.,
2010). Their low-temperature surface alteration through dissolution
and/or vermiculization has important implications for a variety of
fields, from soil and agro-environmental sciences (Aoudjit et al., 1996;
McMaster et al., 2008; Bonneville et al., 2011; Arocena et al., 2012;
Voinot et al., 2013; Li et al., 2015; Pinzari et al., 2016; Said et al., 2018)
to geological CO, sequestration and the carbon cycle (Hu et al., 2011;
Shao et al., 2011a, 2011b; Garcia et al., 2012; Zhang et al., 2017; Min
et al., 2018; Balland-Bolou-Bi et al., 2019), treatment of mine tailings
and remediation of nuclear-fuel contaminated soil and groundwater
(Wuet al., 2018; Niu et al., 2020). The dependence of trioctahedral mica
surface reactivity as a function of environmental variables (pH, tem-
perature, solution composition) has been extensively studied. It has been
shown that dissolution of (hk0) mineral edge surfaces dominates over
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less reactive (001) basal surfaces, for micas altered with inorganic acids
and over a wide range of pH and temperature (pH ~ 1-9.5, T ~
11-105°C; Acker and Bricker, 1992; Kaviratna and Pinnavaia, 1994;
Turpault and Trotignon, 1994; Rufe and Hochella, 1999; Hodson, 2006;
Cappelli et al., 2013; Cappelli et al., 2015). Other studies, however,
reported a significant contribution of the (001) surface to the overall
mineral dissolution, especially in the presence of oxalic acid and/or
under critical conditions (e.g., pH = 1.3-3.2, T ~ 10-200°C and su-
percritical COo; Aldushin et al., 2006; Haward et al., 2011; Garcia et al.,
2012; Pachana et al., 2012; Lamarca-Irisarri et al., 2019; Cappelli et al.,
2020). The reason for this apparent difference between laboratory ob-
servations remains elusive, and as such a consensus about the reactivity
of micas has not been reached, although it has been claimed that etch
pits generated from screw dislocations play a dominant role in phyllo-
silicate dissolution (Kurganskaya and Luttge, 2013).

In this study, the reactivity of biotite and phlogopite (trioctahedral
micas) was investigated at pH ~1-2 in the presence of inorganic (HNO3)
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and organic (HyC304) acids over a temperature range between 25 and
100°C. Under these conditions, laser confocal differential interference
microscopy (LCM-DIM), vertical scanning and phase shifting interfer-
ometry (VSI-PSI), and atomic force microscopy (AFM) were used to
monitor the evolution of the mica surface morphology and topography.
This combination of meso- to nanoscale observations of the reacting
water-mineral interface allows us to achieve a global vision of the
variability of the weathering processes for the same mineral, between
different mica members, and most importantly between two different
acids. The inorganic acid was used here as a benchmark system to
elucidate the effects and variations due to the presence of an organic
acid on mica dissolution. This is important because organic acids, such
as small carboxylic acids, are ubiquitous in soils and sediments. Partic-
ularly, oxalic acid that predominantly originates from root exudation,
plant decomposition, and fungi or bacteria activity, plays an important
catalyzing role in mineral weathering (Studenroth et al., 2013).

Therefore, to more comprehensively assess the role that micas play in
(bio)geochemical processes, it is essential to improve our understanding
of the reactions that take place at the mineral interface. In addition, the
investigation of the reactivity of micas, whose flake size allows the ac-
curate examination of the surface-solution interface, provides informa-
tion on the dissolution mechanisms of other nano and microscopic
phyllosilicates belonging to clays and clay minerals. Recent studies
aimed to elucidate the reactions driving the dissolution of clay minerals
at a molecular and atomic level (Schabernack et al., 2021; Schliemann
and Churakov, 2021). Notably, the predicted heterogeneity of a min-
eral's reactivity through space and time has been successfully compared
with nano-topographical observations of the interface of mica minerals
obtained by high-resolution microscopy techniques (Luttge et al., 2019;
Kurganskaya and Luttge, 2021). In this study, the reactivity of biotite
and phlogopite was compared using a multi-scale observational
approach. The influence of oxalic acid on the dissolution of both (hk0)
and (001) mica faces was investigated, and an attempt to describe the
complexity of the processes involved in mica alteration is provided. This
knowledge is critical to appropriately interpreting the phyllosilicate
reactivity under different environmental conditions and provides crit-
ical data for the future implementation of predictive numerical
modelling.

2. Materials and methods
2.1. Sample characterization

Samples of phlogopite from Templeton (Ontario, Canada) and biotite
from Bancroft (Ontario, Canada) were obtained through Ward's Natural
Science Establishment. A detailed chemical and mineralogical charac-
terization (Fig. SI1) of both samples was included as Supplementary
Information. Samples consist of pure mica with trace inclusions of
accompanying mineral phases (e.g., rutile, zircon, Figs. SI2-SI3), that
should not affect the mica surface during alteration experiments (note
that their presence was not detected by XRD). The chemical composition
of mica crystals free of inclusions of accessory minerals was determined
by transmission and analytical electron microscopy (TEM-AEM) (see
Supplementary Information). Considering that all iron was in the form of
Fe'l, the structural formula can be calculated as follows:

Phlogopite : Ko.o3 (Mg2_63Fe().]5A10.16) (A11.1J33i2.97)010(0H)2

Biotite : Kog7(Mg, 49Fe120Al.04 Tio.0eMno,09) (Al.97Si3.03)O10(OH),

Flakes of biotite and phlogopite with a cleaved (001) surface of
approximately 100 mm? and 0.08-0.15 mm thick were placed in batch
reactors and retrieved at different reaction times for ex situ VSI/PSI
measurements.

Biotite flakes with (001) cleavage surfaces of approximately 16 mm?
and 0.08-0.15 mm thick were used in flow-through experiments for in
situ LCM-DIM monitoring. In addition, ex situ AFM observations (Bruker
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Nanoscope III) were performed on freshly cleaved and reacted biotite
and phlogopite flakes of 0.25 mm? and 0.08-0.15 mm thick. Measure-
ments were performed at room temperature (23 & 1°C), in contact mode
using nonconductive silicon nitride uncoated tips (Bruker).

2.2. Experimental setup

2.2.1. Ex situ observations

Batch experiments were performed to study phlogopite and biotite
dissolution in the presence of inorganic (HNO3) and organic (oxalic acid;
H3C204) acids over a temperature range of 25-100°C (Table 1). Higher
temperatures were used for the phlogopite (Px experiment series) to
obtain faster phlogopite dissolution rates ensuring surface topographical
changes comparable with those on biotite (Bx series). Similarly, some
experiments at lower temperatures for both the Px and Bx, were allowed
to react longer in order to attain observable surface changes. All solu-
tions were prepared from ultrapure-grade chemicals and Milli-Q water.
A 0.01 mol L™! NaNOjs solution was used as the background electrolyte.
Sample flakes were placed in polyethylene bottles filled with 250 mL of
solution. A freshly cleaved flake was used for each experiment. The
temperature was held constant by means of a thermostatic bath or oven
with high accuracy control (+ 1°C). At the end of each experiment, the
samples were retrieved, washed with Milli-Q water, and dried at room
temperature. Ex situ observations of morphological and topographical
changes in phlogopite and biotite [001]-oriented flakes were performed
using interferometric techniques (vertical scanning (VSI) and phase
shifting (PSI) interferometry) and AFM (Table 1).

2.2.2. In situ observations

Biotite flakes were placed in a custom-built flow-through cell
attached to the LCM-DIM system so that the surface reactivity of the
(001) surface could be effectively monitored in situ (see Cappelli et al.,
2013 and Van Driessche and Sleutel, 2013 for specifics about the tech-
nique and the experimental set-up) during dissolution with 0.1 mol L™?

Table 1
Conditions of ex situ (VSI/PSI, AFM) and in situ (LCM-DIM) dissolution exper-
iments for phlogopite (P) and biotite (B); ox = oxalic acid.

pH experiment Temperature duration HNO;3 H,C204
Q) (h) (mol L7Y) (mol L™

VSI/PSI

1.0 P1 40 1056 0.1
P2 70 168 0.1
P3 100 48 0.1
P4 100 96 0.1
Bl 70 248 0.1

2.0 P5 70 144 0.01
P6 100 24 0.01
P6 100 48 0.01

1.3 Plox 70 168 0.1
P2ox 80 48 0.1
Blox 25 1656 0.1
B2ox 40 72 0.1
B3ox 40 120 0.1
B4ox 50 72 0.1

2.1 P3ox 70 168 0.01
P4ox 80 48 0.01
B50x 25 816 0.01
B6ox 40 72 0.01
B70x 40 192 0.01
B8ox 50 192 0.01
B9ox 70 72 0.01

AFM

1.0 Blafm 70 72 0.1

1.3 Plafm-ox 40 72 0.1
Blafm-ox 40 72 0.1
B2afm-ox 70 24 0.1

LCM-DIM

1.3 B1LD 25 93 0.1
B2LD 50 18 0.1
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oxalic acid (pH 1.3) solution and 0.01 mol L! NaNOj as background 3. Results
electrolyte. All solutions were prepared from ultrapure-grade chemicals

and Milli-Q water. Two experiments were performed at 25°C and 50°C, 3.1. Phlogopite dissolution in the presence of nitric acid

over a total time of 93 and 18 h, respectively (Table 1). Images of the

(001) cleavage surface were taken every 20 s with a capture time of 9.6 The freshly cleaved surface of the phlogopite sample appeared het-
s. erogeneous, with several bulges and cracks covering part of the surface

Fig. 1. VSI images of phlogopite (001): (a) unreacted surface and (b-f) surfaces reacted with 0.1 mol Lt HNO3 (pH 1). In (a), terraces (the brighter the color the
higher the terrace) with bulges and cracks were observed. After reaction at 100°C for 96 h (b), the main edge (dotted line) retreated from t, to t; moving right (black
arrows); additional reaction fronts formed on the main terrace (white arrows). At 70°C for 168 h (c-e) etch pits developed either dispersed on the surface, or intensely
etching specific areas or aligned forming trenches (white arrow in (c)). Retreat of reaction fronts (step edges) always occurred (black arrows in (d)). The coalescence
of small etch pits leads to hexagonal shaped structures (white arrow in (d)) or formed six-tip stars (e). At 100°C for 48 h (f) the dissolution is intense (larger etch pit
size and higher density). Long trenches of aligned and coalesced etch pits formed (white arrow). Same x-y scale in (a) and (b). z scale in pm (a,b,d,f) and nm (c,e).
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(VSI image, Fig. 1a). During the dissolution experiments within the
HNOs; solution, these structures enhanced the reactivity of the basal
surface, leading to a surface roughening and generation of new reaction
fronts (Fig. 1b). On the other hand, the mineral inclusions identified by
scanning electron microscopy and optical microscopy (Supplementary
Information) did not observably contribute to the phlogopite dissolution
processes.

Step retreat (Fig. 1a,b and Fig. SI4) and triangular etch pits (Fig. 1c-f)
were identified as the main dissolution features of phlogopite alteration.
The etch pits were heterogeneously distributed over the phlogopite
(001) surface (c.f., Fig. 1c) showing variable size and density and the
same orientation. In some areas, they were highly dispersed (i.e., low pit
density), while in other areas etch pit coalescence was observed (side
from 0.7 to 6 pm, after reaction with 0.1 mol L' HNOj at 70°C for 168
h; Fig. 1c) yielding intensively etched areas. Moreover, etch pits of
similar size and alignment tend to coalesce forming relatively long
trenches (56 to 80 pm long) (Fig. 1c,f). In some instances, the coales-
cence of these etch pits resulted in hexagonal-shaped structures (white
arrow in Fig. 1d). Similarly, the apparent overlapping of triangular etch
pits with opposite orientations (Fig. 1e) likely formed as the result of the
coalescence of smaller etch pits. Etch pit nucleation and growth
increased with temperature, resulting in a higher pit density (Fig. 1f)
and larger etch pits (average size of up to ~4.5 pm). New generations of
etch pits formed continuously as preexisting ones grew during the
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experimental time-lapse.

In the P4 experiment (HNOs solution at pH 1 and 100°C; Table 1), a
step-retreat rate (dissolution of (hkO) surfaces; Rgep in pm s 1) was
obtained by comparing VSI images of unreacted and reacted surfaces
(Fig. 1a,b) and a horizontal step retreat at a given location of the surface
was calculated as:

AL

Ryep = m (2)

where AL is the change in the surface horizontal length between t; and t;
at a given location. A calculated average Rgep value of 2.35 x 10~* ym
s~ was 3 orders of magnitude slower than the estimated value of 5 x
107! ym s~! for the biotite dissolution rate at pH 1 and 100°C, derived
by applying the Arrhenius law using the LCM-DIM retreat rate measured
at 25°C and the apparent energy value (E, = 62 kJ mol~!) as reported by
Cappelli et al. (2013, 2020)

At pH 2 and 100°C, small rectangular (< 5 pm) and big rounded (<
30 pm)) precipitates formed on the phlogopite surface (Fig. SI5). The
composition of these secondary phases is unknown.

3.2. Phlogopite dissolution in the presence of oxalic acid

In the presence of oxalic acid and similarly to the alteration observed

Fig. 2. VSI images of phlogopite (001): (a,c) unreacted surface and (b,d) after reaction with 0.01 mol L~ oxalic acid at 70°C for 168 h. Several reaction fronts moved
inwards (black arrows in (b) and (d)) mostly perpendicularly to the step edge although irregular dissolution fronts moved underneath the uppermost layers (white
arrows in (b)) in some areas. Intense dissolution of the uppermost terraces led to their almost disappearance from the field of view (white dotted box in (d)).
Dissolution channels formed almost parallel to the step direction of the main (central) terrace and etch pits nucleated heterogeneously (d). x-y scale in (b) and (d)

same as (a) and (c), respectively. z scale in pm (a,b) and nm (c,d).
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in nitric acid solution, the phlogopite edge surface retreat and basal
surface etching were the main processes detected during dissolution
(Figs. 2 and 3). Moreover, several dissolution channels were formed in
the alteration process (Fig. 2d). It should also be noted that in several
instances etch pits formed within the channels, where reactivity is likely
higher (Fig. SI6).

As in nitric acid, the basal surface etching was heterogeneous,
yielding areas with intense etch pit nucleation (etch pit sides from ~1 to
6 pm; Fig. 3). An increase in the concentration of oxalic acid from 0.01 to
0.1 mol L ™! enhanced the etch pit nucleation and growth (Fig. 3¢,d).

AFM imaging showed an incipient formation of the triangular etch
pits (size from 20 to 100 nm) that formed in the presence of 0.1 mol L™}
oxalic acid at 40°C after 72 h (Fig. SI7).

3.3. Biotite dissolution in the presence of nitric acid

Ex situ VSI observations of reacted biotite (001) surface in the
presence of 0.1 mol L™! of nitric acid (pH ~ 1) at 70°C showed that
swelling and peeling of the edges of high steps and retreat of the edge
surface were the main processes driving biotite dissolution (Fig. SI8; see
also Cappelli et al., 2013, 2020). Likewise, several dissolution channels
formed in some areas resulting in a cracked basal surface (Fig. SI8b-c).
Despite a severe degradation of the biotite (001) surface, etch pits were
not identified.
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AFM images of the basal surface reacted in 0.1 mol L™} HNO; solu-
tion and 70°C showed the formation of small etch pits (20-100 nm wide
and ~ 3 nm deep) (Fig. 4). This finding complements the VSI data of this
study and previous studies by Cappelli et al. (2013, 2020), who did not
observe etching of biotite basal surface monitored by interferometry and
LCM-DIM during dissolution at pH 1-3 (HNO3) and 11-80°C.

3.4. Biotite dissolution in the presence of oxalic acid

In situ experiments performed in the presence of 0.1 mol L™ oxalic
acid (pH ~ 1.3) at 25 and 50°C showed the formation of irregular
dendritic dissolution structures that spread from the step edges, and the
development of large hexagonal structures (e.g., side of ~35 and 62 pm
after reaction in 0.1 mol L.} oxalic acid solution at 25°C (93 h) and 50°C
(18 h) respectively) (Figs. 5, 6a,b and Fig. SI9). Some areas of the biotite
surface exhibited evidence of dissolution at 50°C whereby dendritic
structures started to grow rapidly from the edge surface and eventually
developed a hexagonal shaped structure (Fig. 5). At this point, dissolu-
tion from the hexagonal etch pits edges nearly stopped, while it
continued from preexisting step edges (see Supplementary material
LCM-DIM-Moviel and LCM-DIM-Movie2).

A few small rounded etch pits were observed by LCM-DIM. However,
PSI ex situ observations of the sample after the flow-through experiment
showed the presence of etch pits over the entire surface (Fig. 6a,b).

Fig. 3. VSI images of phlogopite (001): (a) unreacted surface and surface after reaction with (b) 0.01 mol L' and (c,d) 0.1 mol L™! oxalic acid at 70°C for 168 h.
Intense etching altered extensive areas of the surface (b). The size range of the etch pits increased with increasing oxalic acid concentration (from ~1-3 pm at 0.01
molL ! to ~1-6 pm at 0.1 mol L~! oxalic acid). Etch pits often aligned and coalesced forming trenches (c,d). Same x-y scale in (a) and (b). z scale in nm (c) and pm

(a,b,d).
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500nm

Fig. 4. AFM image of the biotite (001) surface reacted at pH 1 (HNO3) and
70 °C for 72 h. Etch pits (dark spots ~20-100 nm wide and ~ 3 nm deep)
formed uniformly over the surface. z scale in nm.

Similarly, ex situ VSI observations of the biotite (001) surface
(Fig. 6¢-f and Figs. 7 and SI10) reacted with oxalic acid (0.01-0.1 mol
L) at 25-70°C revealed dendritic dissolution patterns at the step edges
and formation of a heterogeneous population of etch pits. Small,
rounded pits (diameter < 2 pm) formed over the entire basal surface
while large etch pits (22-135 pm; Fig. 7) only originated in some areas.
These large etch pits exhibited circular or pseudo-hexagonal shaped

Hexagonal dis

swelling and
creasing layers
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structures for biotite reacted with 0.01 mol L™! oxalic acid at different
temperatures (Figs. 6e and 7a-d), whereas an increase in oxalic acid
concentration to 0.1 mol L™ led to the formation of well-defined hex-
agonal etch pits (Figs. 7f and SI10; see also Fig. 6a,b). It should also be
noted that the dendritic features became more evident as the tempera-
ture and the oxalic acid concentration decreased (Fig. 6¢-f), displaying
an apparent preferred propagation orientation in some cases (Fig. 6e).
Regardless of the shape and step edge morphology of large etch pits
(Fig. 7b-f), in some cases steps propagate from the pit walls as proposed
in the stepwave model where trains of steps periodically generate from
an etch pit originated by a screw dislocation (Lasaga and Luttge, 2001).
In agreement with the VSI and LCM-DIM observations, AFM images
of biotite reacting with 0.1 mol L~! oxalic acid (Fig. 8) showed dendritic
step edge dissolution, small ~rounded etch pits (~ 5-15 nm) and pseudo
hexagonal etch pits with stepwave patterns. Moreover, precipitates
coated some areas of the surface after 24 h of reaction at 70°C (Fig. 8c).

4. Discussion
4.1. Phlogopite vs biotite dissolution

Although similar processes drive the dissolution of biotite and
phlogopite in acidic conditions, i.e., step retreat (lateral (hkO) dissolu-
tion) and etch pit formation on the basal (001) surface, important dif-
ferences were observed between the topographical changes of the two
micas. The first noticeable difference is related to the phenomena
associated with the step edge retreat. Swelling and peeling of the up-
permost mineral layers described for biotite (Fig. SI8 and Fig. 1 in
Cappelli et al., 2020), was never observed during phlogopite dissolution
under the experimental conditions of the present study. Secondly, the
basal plane reactivity of phlogopite was similar under all the studied
alteration conditions (i.e., triangular etch pits formed and developed

A z Fig. 5. LCM-DIM images of biotite
DEhdilc Uesalutioy (001) (a) unreacted surface and same
A\. surface after reaction in 0.1 mol L™t

= " oxalic acid solution (pH 1.3) at 25°C for
(b) ~ 68 h; (¢) ~ 72 h and (d) ~ 93 h.
Terraces are delimited by steps

e —

lution structures

| (observed as lines); the higher the
. contrast the higher the steps between
terraces. Dissolution started along the

' step edges (black arrows in (b)) result-

ing in dendritic features. Hexagonal
shaped structures formed at the apex of
those structures after specific reaction
times (b-d). Scale in (b) and (d) same as
(a) and (c), respectively.

Fresh surface
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Fig. 6. Images of biotite (001) surface reacted with oxalic acid at different temperatures. (a) LCM-DIM image after reaction with 0.1 mol L~ ! oxalic acid at 50°C for
18 h and (b) same surface displayed by PSI after sample retrieving. Large hexagonal (~40-50 pm) and smaller rounded (~6 pm) etch pits formed. Step retreat (white
arrows in (b)) took place after edge roughening (high contrast areas in (a)). White boxes in (a) and (b) delimit the area depicted in the inset in (b). (c) VSI image of an
unreacted surface and (d) same surface after reaction with 0.01 mol L' oxalic acid at 40 °C for 72 h. Small islands of material formed after dendritic dissolution
(black arrows in (d)). (e) VSI image after reaction with 0.01 mol L~! oxalic acid at 25°C for 816 h. Black arrow indicates possible crystallographic orientation of the
branches. (f) VSI image after reaction with 0.1 mol L~! oxalic at 25°C for 1656 h. Jugged shaped dissolution edges formed as the oxalic acid concentration increased
(pH decrease). x-y scale in (d) same as (c). z scale in nm (e) and pm in the rest of the images.



C. Cappelli et al. Applied Clay Science 238 (2023) 106923

Fig. 7. VSI images of biotite (001) surface reacted with (a-e) 0.01 and (f) 0.1 mol L' oxalic acid at different temperatures. (a) Intense etching after 72 h at 70°C.
Large rounded (~ 22-65 pm) and smaller (from hundreds of nm to ~3 pm) etch pits formed. At 50 °C during 192 h (b-d) the large etch pits (~50-115 pm) display a
pseudo-hexagonal shaped structure, small etch pits of diameter < 3 pm covered the surface and dendritic dissolution patterns are visible. The white box in (b)
delimits the etch pit depicted in (c) and (d) (3D view), where the stepwave process is evident (see text for details). At lower temperature ((e), 40 °C for 192 h), larger
etch pits formed (~ 135 pm) followed by stepwaves, the small etch pits had a diameter < 2 pm and dendritic dissolution from the step edges created deeper branches.
An increase of the oxalic acid concentration (f) led to the formation of hexagonal etch pits after reaction at 40°C for 72 h. Stepwave patterns are again visible. z scale
in nm.
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Fig. 8. AFM image of biotite (001) surface after reaction with a-b) 0.1 mol Lt
oxalic acid at 40°C for 72 h; ¢) 0.1 mol L' oxalic acid at 70°C for 24 h.
Dendritic dissolution features (a), pseudo-hexagonal pit displaying a dissolution
stepwave configuration (b) and nanoparticle precipitation (c) were observed. z
scale in nm.

Applied Clay Science 238 (2023) 106923

with organic and inorganic solutions) whereas biotite basal surface was
strongly affected by etch pit nucleation, growth, and coalescence when
only reacting with oxalic acid. In the nitric acid solution, biotite surface
etching was revealed by AFM at 70°C. The size of the etch pits was
between 20 and 50 nm with a depth of ~3 nm, i.e., about 3 mica layers
(Fig. 4). Hence, the etch pits became undetectable at the meso- and
micro-scale (see also Cappelli et al., 2013, 2020).

There were two main differences observed for the tested micas dis-
solving in oxalic acid solution: (1) a diverse population of rounded and
(pseudo)hexagonal etch pits of different sizes were observed on the
biotite (001) surface and, dependent upon the experimental conditions,
whereas triangular shaped etch pits predominantly developed on the
phlogopite surface (sometimes combining into a pseudo hexagonal
shaped structure); and (2) the biotite edge surfaces exhibit highly het-
erogeneous dissolution features whereas the phlogopite generally
exhibited step edge surface retreat consistent with morphology observed
for dissolution in oxalic-free solutions.

The low Fe amount in the phlogopite chemical composition is likely a
factor that determines the differences observed in this study between
biotite and phlogopite (biotite Mg-endmember) dissolution patterns.
According to previous studies (Hoda and Hood, 1972; Murakami et al.,
2003), phlogopite undergoes a vermiculization process in the early
stages of the weathering process (loss of K). Preferential leaching of
interlayer K and hydration occur without a significant alteration of the
chemical and structural composition of the 2:1 layers (Kalinowski and
Schweda, 1996). This makes phlogopite more stable compared to biotite
due to the lower dissolution rate associated with vermiculite layers
(Murakami et al., 2003). The oxidation of the structural Fe(II) in biotite
probably takes place concomitantly to the mineral exfoliation. The
ejection of octahedral cations (Mg and Fe) and the loss of interlayer K
have been identified as the main processes balancing the charge excess
(Jeong and Kim, 2003). At the same time, oxidized biotite gains a K-
retention capability that prevents significant vermiculization which, to
the contrary, is favored by K exchange with hydrated cations during
phlogopite alteration (Velde and Meunier, 2008).

In general, phlogopite bulk dissolution rates have been found to be
one to two orders of magnitude lower than those of biotite in acidic pH
(Clemency and Lin, 1981; Acker and Bricker, 1992; Kalinowski and
Schweda, 1996; Malmstrom and Banwart, 1997; Taylor et al., 2000). In
this study, the calculated step-retreat rate of phlogopite was three orders
of magnitude lower than the derived value for biotite at pH 1 (HNO3 and
100°C) (see section 3.1 in Results). Hence, the slower phlogopite
dissolution rate and the absence of layer swelling and peeling may be
related to the lower Fe content per unit cell of this mica, and thereby
resulting in lower reactivity. It should be noted that under this condition
the mica vermiculization does not necessarily lead to an overall
expansion of the crystal (Velde and Meunier, 2008).

For the set of biotite dissolution tests, it is interesting to note that the
high reactivity of the biotite edge surface in the presence of nitric acid
may explain the apparent incongruency between the observations at
meso, micro and nanoscale. The relative rapid dissolution kinetics of the
iron-rich mica leads to an enhanced retreat of pre-existing steps, pre-
venting the nucleated etch pits from growing and being detected by
interferometry or LCM-DIM. Moreover, layer curling might also be
hindering the etch pit development (Turpault and Trotignon, 1994).

Faster retreat of pre-existing steps than etch pit formation (at specific
experimental conditions), and the different observation scales used in
previous experimental studies may explain why mica basal surface
reactivity is reported by a relatively small number of studies (e.g.
Adushin et al. (2006), phlogopite dissolution at 125°C and pH 1.5
(HNOg); Kurganskaya et al. (2012), muscovite dissolution at 155°C and
pH 9.4 (NaOH); Pachana et al. (2012), biotite and muscovite dissolution
at 200°C and pH 3.3 (HCl); Haward et al. (2011), 10-35°C and pH
1.3-2.1 (oxalic acid); Cappelli et al. (2020) biotite dissolution at
25-70°C and pH 1.3-2.1 (oxalic acid)).
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4.2. Dissolution features

During mica dissolution under acidic pH conditions, three main
morphological changes were identified: 1) the swelling, peeling, and/or
creasing of layers — only for biotite; 2) the increase of the (001) surface
roughness due to: a) the nucleation and growth of etch pits — for biotite
in oxalic acid solution and phlogopite — and b) the formation of disso-
lution channels — for both micas; and 3) the retreat of pre-existing steps —
for both micas.

The primary results for each point are discussed as follows:

1) As described above and in previous works (Turpault and Tro-
tignon, 1994; Cappelli et al., 2013; Cappelli et al., 2020), biotite layers
may experience a swelling process from the step edge leading to a
subsequent layer peel-off when dissolving in acidic solution. The pro-
cesses that likely induce the observed swelling and peeling-off of altered
biotite layers are: the hydration of the layer, the preferential leaching of
K, Mg, Fe, and Al, and the formation of a condensed Si-rich (possibly
amorphous) phase smaller in volume with respect to the unreacted
material (Turpault and Trotignon, 1994). In contrast, the LCM-DIM
observations of biotite alteration in oxalic acid solutions reveal that
layer peeling-off does not tend to take place along the dendritic features
emanating from the step edges. Interestingly, however, when relatively
large hexagonal etch pits formed, a general creasing of the biotite sur-
face delimited by the etch pit edges was visible (Fig. 5). The altered layer
dissolves leaving a pristine surface and a well-defined hexagonal-shaped
structure (see Supplementary material, LCM-DIM-Moviel, and LCM-
DIM-Movie2).

2) Etch pit populations with different sizes formed on the (001)
surface of phlogopite and biotite during dissolution with both (organic
and inorganic) acids. In this regard, the formation of ligand-surface
complexes (Welch and Ullman, 1993; Pokrovsky et al., 2005; Cama
and Ganor, 2006; Olsen and Rimstidt, 2008; Haward et al., 2011; Shao
et al.,, 2011a) and ligand-cation complexes in solution (Barman et al.,
1992; Oelkers and Schott, 1998; Oelkers and Gislason, 2001; Wang
et al., 2005; Golubev et al., 2006; Tu et al., 2007; Ramos et al., 2014)
may be affecting the kinetics of the etch pits formation and growth.
Atomistic and molecular modelling is needed to describe the possible
elementary reactions taking place on the mica interface and to better
understand the role that ligand-cation complexion has on the etch pit
formation processes.

Triangular-shaped etch pits on the phlogopite basal surfaces some-
times followed trench patterns (Fig. 3c,d). An arrangement of etch pits
was observed on the (001) surface of muscovite under different exper-
imental conditions (i.e., pH 9.4 and T 155°C) (Shao et al., 2010; Kur-
ganskaya et al., 2012). Channel-like features were also observed on
biotite surfaces during dissolution in nitric acidic conditions (see
Fig. SI8b,c). Brandt et al. (2003) observed comparable dissolution
structures during chlorite dissolution at 25°C in acidic pH (HCI) and
ascribed its formation to the initial existence of cracks in the sample top
layers. Moreover, defects and zones of prevalent isomorphic substitution
could generate areas with a higher reactivity promoting the etching of
the surface. However, a crystallographic control over the development
of channels (and etch pit trenches) cannot be excluded (see for example
Fig. 2d). In addition, in some areas, dissolution took place underneath
the upper layers (darker regions in Fig. 2b) pointing to the existence of
localized and particularly reactive fronts, from which dissolution
channels opened and spread under less reactive layers.

Crystal lattice distortion and dislocation stress energy can cause
mineral surface defects from which etch pits can easily develop (Blum
et al.,, 1990). The different-sized etch pits that formed on the (001)
surface of biotite in response to reactions in the presence of oxalic acid
solution (Fig. 6-8) may be attributed to different defects and to direction
and velocity of the steps generated from these features (Kurganskaya
and Rohlfs, 2020). For example, point defects and screw dislocations are
sources of monolayer and deep waves of steps, respectively (Kurgan-
skaya et al., 2012; Kurganskaya and Luttge, 2021). Likewise, the overall
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configuration of the biotite surface depicted at a certain point of the
dissolution reaction is the combination of the pre-existing step retreat,
etch pit nucleation, and stepwaves spreading and coalescence, which
shape the surface at any given moment.

3) The layer edge reactivity of biotite in nitric acid solution is site-
specific at the beginning of dissolution, but as the reaction progresses
steps start to retreat almost uniformly (Cappelli et al., 2013). Similar
behavior was observed for phlogopite in both organic and inorganic
solutions. This observed dissolution behavior and resulting character-
istics agree well with the general kinetic theoretical model proposed by
Lasaga and Liittge (2004a, 2004b). However, when biotite reacts with
oxalic acid, edge dissolution showed more complex branching and
dendritic features.

One possible explanation that could account for the biotite edge
surface branching dissolution is based on the interaction between min-
eral surface and solution ligands (Axe and Persson, 2001; Johnson et al.,
2004; Kang and Xing, 2007; Ramos et al., 2014; Ward and Brady, 1998).
At pH < 3, ionic species of the organic ligand (single protonated (HOx )
and fully deprotonated (Ox>")) can form inner-sphere surface complexes
with tetrahedral (>AlOH and > AIOH3) and octahedral (>Mg-FeOH
and > Mg-FeOH3) edge surface groups (Ganor et al., 2009). The possible
different kinetics associated with proton (H™ adsorption)-induced or
ligand (oxalic adsorption)-induced dissolution could lead to irregular
step edge features.

Importantly, the ligand-cation complexation is site-specific (organic
ligands preferentially adsorb on specific reactive sites) and, for alumi-
nosilicate, Al surface sites are probably more prone to form complexes
with the oxalate (Ganor et al., 2009). In addition, in iron-rich minerals,
such as biotite, the Fe-ligand complexes may play an important role in
the dissolution process. The oxidized structural iron of biotite forms
stable Fe(III)-ligand surface complexes with a high desorption activation
energy (low dissolution rate) (Panias et al., 1996). This could lead to a
temporal reactive surface site blocking (from an HT attack) that prevents
further mineral dissolution. The difference in the complex kinetics
release becomes less pronounced at higher temperatures (Panias et al.,
1996), and could explain why the branching edge feature (dendritic
shape) at low temperature (25°C) turned to jugged shape (shorter
branches) at higher temperature (>40°C) (data not shown) (i.e., higher
temperatures promote cation-oxalate complex desorption and thus more
homogeneous edge face dissolution). A similar effect was observed with
the variation of oxalic acid whereby higher concentration induces a
jugged-shaped edge dissolution pattern (Fig. 7f). However, this behavior
is attributed to the higher contribution of the ligand-promoted dissolu-
tion given the increase of the surface complexes per reactive sites (Ganor
et al., 2009).

A second phenomenon that may lead to the heterogeneous biotite
edge surface dissolution, in the presence of oxalic acid, is related to the
local saturation state, especially near the layer edges (Murakami et al.,
2003; Shao et al., 2010; Hu et al., 2011). In agreement with Murakami
et al. (2003), when supersaturation is achieved, released cations will
precipitate before diffusing into the bulk solution. In the case of biotite
alteration, the initial K*-H" exchange, the edge and interlayer surface
protonation, and the resulting structure hydrolysis could lead to a high
solution concentration of ligand-cation complexes (Al, Mg, Fe-Ox)
thereby promoting local supersaturation in spite of bulk solution
undersaturation. In saturated micro-environments, oxalate salts could
form under acidic conditions (Pérez et al., 2009; Rozalen and Huertas,
2013). Mg-oxalate and Fe-oxalate could precipitate on step edges and
the basal surface thereby blocking surface reaction sites. Hence, disso-
lution can only take place at unblocked reaction site regions, leading to
step retreat around the coated areas and the formation of branching
features. In some instances, AFM and VSI images show secondary phase
precipitates on the (001) surface or along layer edges (Fig. 8c and
Fig. SI11), supporting this model for heterogeneous dissolution.

The fact that phlogopite dissolution does not show branched-type
features may be ascribed to its more stable structure and the kinetics
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mostly associated with the prevalent Mg-ligand surface complex.
Moreover, local supersaturation is not expected to result from the slower
dissolution rates associated with the biotite Mg-endmember. Consistent
with reasoning, precipitates were only observed sporadically on the
phlogopite (001) surface during the reaction with nitric acid (pH 2) at
100°C (Fig. SI5), whereas secondary phases were never observed on the
edge surfaces, always dissolving parallel to the step line.

5. Conclusions

The changes in the morphological and topographical features of
biotite and phlogopite basal surfaces reacting with nitric and oxalic acid
solutions (pH ~ 1-2) were monitored using three complementary mi-
croscopy techniques. Mesoscale in situ observations of mica basal sur-
faces using LCM-DIM provided topographic data to elucidate the overall
dissolution process. Interferometry and AFM were used to study and
characterize the dissolution features in detail, at both the micro and
nano-scales. A combination of data obtained from these techniques
provides an integrated and comprehensive description of the dissolution
dynamics of mica surfaces, as well as allows for a more robust differ-
entiation of the effects of (in)organic acids on mica reactivity. The main
findings of this study are summarized as follows:

- Mica dissolution is driven by the alteration of preexisting steps and
the nucleation of etch pits. Within the acidic range tested, oxalic acid
induces etch pit development and nitric acid contributes to edge face
dissolution and the formation of altered layer rims. The evolution of
these processes likely depends upon the Fe/Mg ratio, which may be
responsible for the different mica reactivities.

In general, the lower the pH and higher the temperature, the faster
the mica dissolution. In oxalic acid solutions, an increase in the
concentration of the acid in the solution and in the temperature leads
to an increase in etch pit density on both mica surfaces, but more
drastically affects the surface morphology of biotite.

Dissolution features observed during mica dissolution (e.g., hexag-
onal etch pits, dendritic structures) depend on the kinetics and
thermodynamics of the overall reactions and on the local chemistry
and structure of the mineral-solution interface. Molecular modelling
of the mineral-interface dynamics observed in this study will help
deduce the mechanisms and kinetic parameters that control mica
reactivity.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.clay.2023.106923.
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