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Quantifying chemomechanical weakening in
muscovite mica with a simple
micromechanical model

Jordan J. Sickle 1, WilliamM. Mook2, Frank W. DelRio 3, Anastasia G. Ilgen 4,
Wendelin J. Wright 5 & Karin A. Dahmen 1

In response to gradual nanoindentation, the surface of muscovite mica
deforms by sudden stochastic nanometer-scale displacement bursts. Here, the
statistics of these displacement events are interpreted using a statisticalmodel
previously used to model earthquakes to understand how chemically reactive
environments alter the surface properties of this material. We show that the
statistics of nanoindentation displacement bursts inmuscovitemica are tuned
by chemomechanical weakening in a manner similar to how the statistics of
model events are tuned by a mechanical weakening parameter that describes
how easily system-spanning cracks can be nucleated. Because the predictions
of this model are independent of any surface defects or structural details,
these results suggest this simple model can be universally used to describe
chemomechanical weakening in many systems prone to slip avalanches on a
wide range of spatio-temporal scales.

The interaction between the surface of a material and its environment
defines its behavior in engineering applications. This is because near-
surface structure determines local chemical bonding and non-bonding
interactions and surface energies, which control bond breaking during
material failure1. For example, the surface bonds in CaO, a critical
component in common cement, can be attacked by environmental
water thereby reducing its contact hardness by several orders of
magnitude2. Similarly, chemical reactions at the surface of sandstone
rocks can reduce its shear and failure strength3,4.

The effect that an environment has on a material is more pro-
nounced for materials with high surface area-to-volume ratios such as
those in the common naturally occurring minerals from the mica
group, which comprises cation-bounded crystalline phyllosilicate lay-
ers with near-perfect cleavage5–7. These interesting physical char-
acteristics make micas impact applications such as geological carbon
sequestration8, nuclear waste storage9, efficient gas filtration10 and
detection11, and monitoring pathogens in natural water sources12.

However, these characteristics also make micas prone to environ-
mental chemomechanical weakening13,14. While previous theoretical
work has quantified the effect of chemical interactions on surface
mechanical properties, thesemethods rely onmolecular dynamics and
as such are limited to small systemsizes and short durationand require
significant computational resources15,16. Understanding chemo-
mechanical effects in mica minerals is especially complicated
because thesematerials are layered, and hence are highly anisotropic5.
Simpler models that rely on chemical kinetics to describe the silica-
water interactions in quartz have been proposed, but they cannot be
generalized because doing so requires measuring kinetic parameters
unique to this interaction and, in contrast to mica, quartz is a nearly-
isotropic material with no pronounced cleavage planes17.

Previous work showed that muscovite mica is weakened when
exposed to a basic aqueous solution13. Specifically, the surface Si-O-Si
bonds are increasingly hydrolyzed in the presence of increasing
hydroxyl anion (OH−) concentration13. When these bonds are
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hydrolyzed, they leave the material weaker and thus less able to store
elastic energy from gradual indentation. In turn, the weakened mate-
rial is prone to larger fractures at lower load, as demonstrated sche-
matically in Fig. 1. This weakening was shown to influence the
occurrence, size, and energy released from observed nanoindentation
displacement bursts, suggesting that a physical model that makes
explicit predictions about these quantities may apply. Here, we com-
pare the statistics of displacement bursts measured as a function of
chemical environment to the predictions for the statistics of discrete
relaxation events from a simple, widely-applicable micromechanical
model that applies in systems that have the same symmetries and
dimensionality and similar interaction ranges18–20. Renormalization
group calculations predict that themodel should bewidely applicable.
This prediction has been verified – the model has been successfully
utilized in many scenarios ranging from the compression and
nanoindentation of bulk metallic glasses to the statistics of luminosity
bursts in stars18,21–25. In addition to its broad applicability, this model is
only tuned by a single “weakening” parameter20. This weakening
parameter is higher when a small initial failure can more easily lead to
runaway failures throughout the rest of the material20, as may be the
case depending on the environmental conditions. In this work, this
model for avalanche statistics is utilized as a framework to interpret
the effect of chemomechanical weakening on displacement bursts
found in nanoindented muscovite mica.

Specifically, we show a rigorous statistical analysis of the nanoin-
dentation displacement bursts detected in nanoindented mica exposed
to different aqueous solutions. In order to increase OH− concentration¸
the three environments to which separate mica samples were exposed
are deionized (DI) water, a 0.1 M NaCl solution with pH adjusted to
pH 9.8 with NaOH , and a 0.1 M NaCl solution with pH adjusted to pH 12
with NaOH. Notably, themuscovite surface is not terminated by pure Si-
O-Si sites, but also hexagonal cavities which contain charge-balancing K+

or Na+ ions26,27. Indentations in a “dry” condition in ambient atmosphere

( ~ 30% relative humidity) were performed as a baseline test for each
sample prior to being introduced to their chemically reactive environ-
ments, shown in detail in Supplementary Discussion 7. Since the tetra-
hedral silica sheets that comprise mica surfaces are susceptible to
hydroxyl attack, we hypothesized that an increased pH will correspond
to an increased chemomechanical weakening that will manifest as a
decrease in the loads where displacement bursts begin to occur and
impact the statistics of displacement burst size and energy release28,29.

While previous work13 identified the weakening of mica and found
evidence for both chemically-assisted and purely mechanical displace-
ment burst events, our current analysis tests the hypotheses that these
bursts can be described by the statistics of sudden failures, or slips, in
response to gradual changes in stress. We report that the statistics of the
released energy from smaller bursts in each condition are ordered from
less- tomore-concentrated hydroxyl ions in solution, as predicted by the
model20,30.We see that the average sizeof lower energybursts follows the
same ordering according to the chemical forcing (OH− concentration)
and the corresponding chemomechanical weakening. We also show that
this ordering in burst size occurs primarily at low load conditions, sug-
gesting that this ordering is most prevalent at the near interfacial region
inmuscoviteand isdrivenby thebehaviorofdelaminationevents. Finally,
we show that burst event energy histograms at critical load levels follow
the expectedmean-field scaling form predicted by avalanche statistics20.
Here, we show that previously reported chemomechanical behavior of
muscovite mica13, namely the displacement bursts, can be interpreted as
slip events in the framework of avalanche statistics. These findings imply
that the model can be used to broadly quantify chemomechanical
weakening in highly anisotropic materials prone to displacement bursts.

Results
Example indents for each of the four conditions are shown in Fig. 2a,
with an inset showing the behavior of each indent during initial load-
ing. Load-displacement curves for all indents analyzed are shown in

Berkovich Tip

Dry Condition

Basic Solution

(b)(a) (c)

(d) (e)

Fig. 1 | Anoverviewof the experiment. aMuscovite is indented by a Berkovich tip,
and its structure is shown in the inset belowwhere Al is gray, O is red, Si is blue, and
K is purple. b In the dry condition, the elastic deformation of muscovite proceeds
farther prior to brittle failure, when compared tomuscovite submerged in aqueous
solution. c At failure, the muscovite releases its stored elastic energy via

delaminations, fractures, and spalling events, all recorded asdisplacementbursts in
nanoindentation traces.d, eWhenmica is exposed to a basic solution Si-O-Si bonds
are hydrolyzed which weakens the top layer and allows for less energy to be stored
elastically prior to brittle failure.
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Supplementary Discussion 6. An example tip velocity profile, with
displacement bursts highlighted, and anexample profilemagnification
are shown in Fig. 2b.

Displacement bursts are identified as parts of the loading curve
where pop-in displacement is greater than 1.0 nm, the thickness of a
single 2:1 layer of muscovite7,31,32. Event sizes are quantified in terms of
the displacement burst energy, E =PbΔx for event initiation load Pb

and pop-in displacement Δx, though similar results are obtained if the
event size is defined by the pop-in displacement alone, as shown in
Supplementary Discussion 2 and 3. These burst events occur over far
fewer than ten timesteps, the minimum required to obtain accurate
event duration statistics33. As such, only the event sizes are compared
to the avalanche model predictions, though detailed duration analysis
is shown in Supplementary Discussion 4. Namely, the model predicts
that the avalanche event size S should follow a power-law distributed
complementary cumulative distribution function (CCDF) C Sð Þ � S1�τ ,
where the value of the power-law scaling exponent τ depends solely on
system symmetries, interaction range, and dimensionality34–36. The
simplest mean-field model of slip statistics can be shown to apply in
three-dimensional systems where the slip has localized in shear bands
and the range of interaction is large compared to the system scale; in
this case, the model predicts τ = 3=220. The model also predicts that
C Sð Þ � S1�ðτ + σÞ where τ + σ = 2 if events are integrated over a large
range of stresses below the critical stress37,38. The width of the scaling
regime is tuned by the model weakening ε20. Namely, for small events
larger than the system noise, C Sð Þ obeys its power-law scaling up to a
cutoff Smax � 1=ε220,25. For sizes S>Smax, the avalanche size distribution
is predicted to decay exponentially20. Finally, the average size of large

events S3
D E

= S2
D E

is predicted to scale with the weakening ε

linearly20,30. The statistics of burst events are compared to a simulation
of mean-field avalanche statistics, described in detail in Methods.

Mean pop-in energy versus load
In the nanoindentation experiments, a total of 1283 bursts with dis-
placements greater than 1.0 nm are identified in the dry condition, 1872
in the DI water, 2499 in the pH 9.8 solution, and 2396 in the pH
12 solution. Figure 3 shows the average energy Eh i versus the load Pb,

where 95% confidence intervals generated by bias-corrected and accel-
erated bootstrapping are shown as shaded regions for each condition.
Each indent is split into 20 evenly-spaced bins in load, then all events in
each given load bin are collected together to calculate hEi for that bin.

Figure 3 shows that the average energy of events increases with
the load for muscovite in each condition, agreeing with our previous
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Fig. 2 | Representative nanoindentation load-depth and tip velocity curves.
aAnexample load-depth curve for the four conditions tested. In order of increasing
chemomechanical weakening, the dry condition, muscovite submerged in deio-
nized water (DI water), pH 9.8 water, and pH 12 water are shown, with an inset
showing the same at low loads. The largest events at intermediate load occur in the

dry condition, and the largest events at low load occur in the pH 12 condition. b An
example indent in the dry condition with detected bursts highlighted and the
profile of a single example burst in the inset. Source data are provided as a Source
Data file.
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Fig. 3 | Average burst energy 〈E〉 as a function of load (Pb). The shaded regions
show the 95% confidence intervals of hEi in each bin generated by bias-corrected
and accelerated bootstrapping. Data at low loads are highlighted in the inset for
each condition. The average burst energy spikes at intermediate load
3mN ≤Pb ≤ 5:5mN in the dry condition and 1:5mN ≤Pb ≤ 3mN in theDI conditions.
The average event energy is ordered by environmental pH within the load range
0≤Pb ≤ 1mN (inset) in the order predicted by increasing model weakening in
avalanche statistics20. Source data are provided as a Source Data file.
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findings13. The average energy of pop-ins tends to fall along the same
trendline for all conditions aside from several notable excursions at
intermediate load levels. For example, the dry condition average pop-
in energy is significantly higher than the trend line followed by the
other conditions for loads 3mN ≤ Pb ≤ 5:5mN, reaching a maximum of
Eh imax = 128:5pJ with a 95% confidence interval (95% CI) calculated via
bootstrapping between 95:1pJ and 168:5pJ at Pb =4:00±0:25mN.
This excursionwould be expected in the case that themuscovite under
a Berkovich probe tends to bend elastically until a large fracture in that
load range with an energy between 95:1pJ and 168:5pJ.

Similarly, the pop-in event energy formica submerged inDI water
peaks above the trendline shared by the other conditions for loads in
the range 1:5mN ≤Pb ≤ 3:0mN. This excursion reaches a maximum of
Eh imax = 29:3pJ, 95% CI = (23:4pJ, 36:5pJ) at Pb =2:00±0:25mN. The
peak appears at a lower load and has smaller energy for the sample
submerged in DI water because Si-O-Si bonds at themuscovite surface
(or at the interface between the Berkovich probe and muscovite) are
experiencing hydroxylation in water, while also becoming more solu-
ble due to stress17. As such, the muscovite exposed to the DI water
cannot store as much elastic energy on average before the surface
slips or cracks. The peak energy therefore occurs at a lower load in the
DI water condition than for the dry condition, similar to the buildup
followed by sudden failure that precedes large avalanches in other
contexts30. The pH 9.8 and pH 12 conditions do not have apparent
peaks, which would be expected if the material became too weakened
due to hydrolysis reactions to store more than a nominal amount of
elastic energy before the first plastic event. Because the events at low
loads are generally among the first plastic events in each indent (see
Supplementary Fig. 12), these pop-ins are likely to be themost sensitive
to environmental effects.

Load at largest event for each condition
This intuitive ordering in chemomechanical weakening is bolstered by
analysis of the average load at which the largest event occurs. Repre-
sentative example plots of contact pressure σc =Pb=Ac for contact area
Ac versus load are shown in Fig. 4, where the largest failure for the
sample indent in each condition is bolded. See Supplementary Fig. 18
for equivalent plots for the indents exposed to each condition.

In each condition, the contact pressure remains at a high value until
a single large failure is nucleated. The load remains at a high value to the
largest load in the dry condition, and the largest event is nucleated at
lower load with increasing environmental hydroxyl concentration. For
the dry condition trials, the load at which the largest event occurs is
Pb

� �
=4:12mN, 95%CI = ð3:91mN, 4:36mNÞ calculated via boot-

strapping over all dry condition indents on Sample 1. The largest event
occurs at similar hPbi for the other samples’ dry conditions; see Supple-
mentary Fig. 14 and Supplementary Discussion 7 for detailed analysis of
these other dry conditions. The largest events in theDIwater occurred at
Pb

� �
=2:20mN, 95%CI = ð2:00mN, 2:47mNÞ, i.e. lower than for the dry

condition. Finally, the largest pH 9.8 condition events occurred at
Pb

� �
= 1:18mN, 95%CI = ð1:04mN, 1:45mNÞ and in the pH 12 condition

at 0:96mN, 95%CI = ð0:90mN, 1:08mNÞ. The load at the largest event
decreases because the surface is weaker in the environments with higher
OH− ion concentrations17; see Supplementary Discussion 8 and Supple-
mentary Fig. 18 for similar plots for all indents.

The Si-O-Si bonds in muscovite are most stressed (and, therefore
most prone to hydrolysis)when the contact pressure is highest and the
effect of the environment on the muscovite is most pronounced. As
seen in Fig. 4, the highest contact pressure is observed at low load in all
conditions. For the dry condition, the highest contact pressure is
observed at a median of 0:411mN, 95%CI = ð0:312mN, 0:483mNÞ
across all indents, where the 95% confidence intervals obtained by bias
corrected and accelerated bootstrapping. In the DI condition, the
maximum contact pressure is observed at 0:223mN, 95%CI =
ð0:207mN, 0:238mNÞ, lower than the dry condition. The load atwhich

maximum contact pressure is achieved is lower for the pH 9.8 and
pH 12 conditions at 0:212mN, 95%CI = ð0:209mN, 0:217mNÞ and
0:193mN, 95%CI = ð0:187mN, 0:205mNÞ, respectively. The highest
contact pressures are maintained for nearly all indents at loads less
than 1 mN; thus, the effect of environmental hydroxyl can be best
quantified in this lower load range. As further evidence for this claim,
the most significant impact on the event energy statistics is also
observed for pop-ins that initiate at displacements less than roughly
80 nm, as detailed in Supplementary Discussion 10.

In all conditions, the total indentation depth exceeds 70 nm (and
thus around that many 2:1 layers) at loads beyond roughly 1 mN; thus,
the expected effect from theweakening if only the surficial layers were
impacted should be minimal. However, our results suggest a sys-
tematic effect on the load at which the largest pop-in occurs. There are
two likely scenarios for where these first large fracture events are
occurring: either at the muscovite surface propagating from the cor-
ners of the Berkovich indent, or in the subsurface just under the probe.
Large fractures could emerge at the surface because, despite lower
stress at the surface, the chemomechanical weakening of the Si-O-Si
bonds could be significant enough to facilitate large fractures. In
contrast, these events could emerge in the sample subsurface as well,
becausewe anticipate that a liquid layer canbe trapped in-between the
tip and the surface (or liquid can diffuse with increasing indentation
depth), so the deeper indented layers can also experience chemical
attack by the hydroxyl ions.

Comparisons to avalanche scaling theory
The average size of events at low loads, 0mN ≤Pb ≤ 1mN, is ordered
according to chemomechanical weakening, as shown in Fig. 5. This
ordering is driven primarily by the size of the largest events, quantified
in the model by the ratio between the third moment of avalanche size
and its second moment20,30. The pH 12 environment has the largest

value of E3
D E

= E2
D E

in the load range0mN ≤ Pb ≤ 1mN at 16:03pJ, 95%
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Fig. 4 | Contact pressure versus load for example indents in each environment.
In each curve, the largest relaxation is shown bolded. The largest relaxation occurs
at the highest load in the dry condition and the load at the largest event decreases
monotonically with increasing environmental concentration of OH−. Furthermore,
the highest average contact pressure is attained at loads less than 1 mN for each
condition. Source data are provided as a Source Data file.
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CI = ð14:58pJ, 17:48pJÞ, followed by the pH 9.8 at 13:42pJ, 95% CI =
ð11:48pJ, 15:37pJÞ, the DI water at 4.87 pJ, 95% CI = ð3:24pJ, 6:49pJÞ,
then finally the dry condition at 1.42 pJ, 95% CI = ð1:32pJ, 1:53pJÞ. All
differences in the large event size are statistically significant with
p≤0:05, with further details shown in Supplementary Discussion 5. As
shown in Fig. 5a, the average size of events in themean-field simulation
is also ordered by model weakening, where the sizes of simulated
stress drop avalanches are reported in units of the single-cell failure
stress τf .

In order of increasing simulation weakening, the average large

event size is S3
D E

= S2
D E

= 142:2 τf with 95% CI = ð118:6 τf , 179:6 τf Þ,
693:9 τf with 95% CI = ð595:4 τf , 784:8 τf Þ, 963:2 τf with 95% CI =
ð910:7 τf , 1025 τf Þ, and 1066 τf with 95% CI = ð1025 τf , 1119 τf Þ,
respectively, generated via bias-corrected and accelerated boot-
strapping. This ordering in average energy is explicitly expected to be
the case if themuscovite displacement bursts follow avalanche scaling
theory and the chemomechanical weakening experienced by the
muscovite is directly comparable to the weakening in the avalanche
model13,20.

The theory also predicts that the CCDF of event sizes CðSÞ should
follow a power-law until a cutoff size Smax that depends on the system
weakening. For sizes larger than this cutoff, the CCDF drops off
faster20. Figure 6 shows the size CCDFs of released energy from the
nanoindentation bursts compared to the tails of size CCDFs from the
simulation.

In the mean-field simulation, the size CCDF follows C Sð Þ � S�1=2

until a cutoff size Smax, which decreases for increased model
weakening20 and is determined by inspection as the value of S at which
a decay faster than a power law dominates. In order of increasing
simulation weakening, Smax = 107:3 τf , 41:7 τf , 27:8 τf , and 1:36 τf
respectively. Furthermore, the tails of the distribution in the

simulation occur at increasing values of S with increasing weakening.
In other words, the largest avalanches get larger as weakening
increases20,30. Similar behavior is noted in the nanoindentation energy
CCDF CðEÞ for events in the load range 0≤ Pb ≤ 1mN, but instead
orderedby thehydroxyl ion concentration. Thedry condition follows a
sharp exponential drop with primarily very small events. This sharp
exponential decay would be expected for a model avalanche system
far from its critical stress20,38,39. That is, because there is no power law
behavior for the system far from its critical point, Smax in the full load
range must be much larger than the pop-ins that occur in this load
range; this is denoted in Fig. 6 with a right-facing arrow. Furthermore,
these events are very small with event energy E<3pJ and indenter
displacements x<1:2nm (see Supplementary Discussion 2 and Sup-
plementary Discussion 3), suggesting these events are primarily
caused by delaminations from the first surface layer of the muscovite,
assuming that layers of muscovite are roughly 1 nm thick7,31,32.

The muscovite submerged in DI water CðEÞ has a larger tail than
for the dry condition and follows closely toC Eð Þ � E�1 with noobvious
exponential tail. The graph would not be expected by the model to
have a cutoff size Smax if this size wasmuch larger than those observed
in the load range, and would be expected to have an exponent of –1 if
the events are integrated over stress20,40. In other words, because there
appears to be no exponential tail, the true value of Smax must be larger
than the largest pop-in detected in the sample set20,36; this is denoted in
Fig. 6 with a right-facing triangle. The events that scale with exponent
–1 are primarily larger than ~1 pJ, but smaller than 10 pJ, which fall in
the range of energies expected for delamination or kinking
events13,31,32,41. The associated tip displacements for these events are
between 1 nm and 6 nm, suggesting that these low-energy events push
through one and up to six muscovite layers at once7,31. The energies of
most scaling events in the DI condition are too small to represent
surface fracture events, though they propagate throughmore layers of
muscovite than indicated for the dry condition13.

Continuing the expected trend with increasing chemomechanical
weakening, the pH 9.8 condition CðEÞ has a larger tail than both the DI
and dry conditions. The scaling portion of the pH 9.8 condition CCDF
follows C Eð Þ � E�1 similar to the DI water condition, though unlike the
DI water condition, it appears to have a cutoff at around E � 12:3pJ,
denoted inFig. 6with a star. In addition, the events alsodisplace the tip
more than in the DI condition, with the largest scaling events displa-
cing up to about 12 nmofmaterial, i.e., more than ten layers. As such, it
is reasonable to label the average events here as surface fracture
events13,32,42. Finally, themuscovite exposed to the pH 12 water appears
to have a CðEÞ almost entirely dominated by an exponential tail that
rests above all the other conditions. This behavior is expected by the
model when the weakening is large and the cutoff size is expected to
be much smaller than for lower weakenings20,30. That is, Emax = 3pJ for
this condition is only slightly larger than the noise floor at ~0.6 pJ20,36

and is denoted in Fig. 6 with a star. The events also correspond to
larger tip displacements, up to 30 layers, whichwould be expected for
fracture events13,42. Because the Emax is on the order of the energy
expected for the movement of a single layer13, it is reasonable to sug-
gest that pH 12 saturates the weakening effect in this system20. That is,
increasing the pH to values more than 12 would likely result in similar
pop-in behaviors because the bonds are already mostly weakened
when combined with the mechanical forcing from the indenter tip.
This effect may also be reflected in Fig. 5, where it appears that the

difference in E3
D E

= E2
D E

is more significant between the DI water and

pH 9.8 conditions than between pH 9.8 and pH 12.

Figure 3 shows that when large fracture events dominate the
muscovite mica dynamics as is the case for the dry and DI water con-
ditions, events leading up to those failures are expected to follow
mean field avalanche statistics. The dry condition critical load range is
3mN ≤ Pb ≤ 5:5mN, observed as the portion of its hEi versus Pb curve

Fig. 5 | Large avalanche behavior in the model and experiment. The large ava-
lanche size is represented by the thirdmoment of event size divided by the second
moment of event size for (a) the simulations with increasing model weakening
compared to (b) the experiments for the dry, DI water, pH 9.8 and pH 12 experi-
mental conditions for events that occur at Pb ≤ 1mN. The average displacement
burst energy trends with environmental hydroxyl concentration in the same way
that the average avalanche size does with model weakening. Confidence intervals
are generated using bias-corrected and accelerated bootstrapping. See Supple-
mentary Discussion 5 for more details on the statistical significance of these dif-
ferences. Source data are provided as a Source Data file.
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that trends above the other conditions in Fig. 3. The DI condition hEi
versus Pb similarly trends above other conditions for its critical load
range of 1:5mN ≤Pb ≤ 3mN. A graph of the event size CCDFs for all
four conditions in their respective load ranges are shown in Fig. 7.

Figure 7 shows CðEÞ for all conditions in their respective critical
load ranges. In the load range 3:00mN ≤Pb ≤ 5:50mN, the dry condi-
tion follows the mean-field expected C Eð Þ � E�1=2 for events with
energies between 10.9 pJ and 201 pJ. In the lower load range
1:50mN ≤ Pb ≤ 3:00mN, the DI water now instead follows C Eð Þ � E�1=2

for event energies between 5.9 pJ and 31.6 pJ. The event energy scaling
regime occurs for smaller events in the DI water, which would be
expected since the surface was weakened by hydroxyl ion attack
compared to the dry condition. Scaling close to the mean-field pre-
diction at decreased event energies is observed at lower load ranges
for the pH 9.8 and pH 12 conditions, despite no obvious maxima
appearing for those conditions in Fig. 3. Scaling emerges for events in
the pH 9.8 condition in the load range 0:40mN ≤Pb ≤ 1:30mN for
event energies between 2.52 pJ and 12.5 pJ. For pH 12, the critical load
range is 0:05mN ≤ Pb ≤0:8mN and scaling is observed for events
between 0.93 pJ and 3.33 pJ. Analysis of the other conditions in each
of these load ranges is shown in Supplementary Discussion 9.

Discussion
For completeness, alternative hypotheses are first discussed. One
reasonable alternative hypothesis that could explain our results would

Fig. 6 | Pop-in burst energy CCDF at load 0 ≤ Pb ≤ 1 mN compared to simulated
event size CCDFs at various model weakening levels. a The tails of the simulated
avalanche size CCDF CðSÞ are ordered by model weakening. Smaller events follow
themean-fieldC Sð Þ � S�1=2 scaling20.bThedry condition has primarily small events
and is far from its critical point in this load range. The DI condition has pop-in
energy CCDFC Eð Þ � E�1 scaling in this load range, aswould be expected in a stress-
integrated version of the avalanche model37,38. The pH 9.8 condition has the same

scaling, but a cutoff at 13pJ. The pH 12 condition trends exponentially, as would be
expected in an avalanching system far beyond the scaling regime. In (a) and (b), the
maximum size or energy, respectively, at which scaling is observed is shown with a
star (✰), and a right-facing triangle (▷) if the CCDF represents a condition far from
the critical point. See the Supplementary Discussion9 formore details. Source data
are provided as a Source Data file.
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Fig. 7 | Event size CCDFs constructed from the critical loads for each condition.
The events that scale closest to the mean-field prediction are shown bolded for
each condition. Increasing the environmental pH leads to mean-field scaling in the
size CCDF at lower loads. These findings are consistent with the interpretation that
the large events that make up the local maxima in hEi versus Pb can be interpreted
as critical system-spanning avalanche events and the mean-field scaling emerges
because there is a broad range of events that occur close to criticality. Source data
are provided as a Source Data file.
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be that a significant portion of the muscovite surface was dissolved
during the preparation of each sample. In ambient conditions, the
dissolution rate of muscovite is on the order of
2:4× 10�17mol cm�2 s�1; assuming each sample was exposed for the
maximum of 12 hours, at most 2:6× 10�12 moles, or 5:9× 10�8 % of the
sample mass, could have dissolved while each sample was
submerged28. Because such an insignificant volume of the sample was
dissolved during our testing, it is unlikely that ambient dissolution
could explain the results. Rather, our results may be interpreted as the
consequence of a pressure solution phenomenon – that is, the che-
mical bonds in the mica are stressed by mechanical forces from the
indenter tip, making them more susceptible to hydroxyl attack as the
pH increases. This phenomenon has been shown to increase the dis-
solution rate of silica by over 5 orders of magnitude when its surface is
under pressure from a diamond tip43. Our results show a statistically
significant and monotonic effect on the pop-ins as a function of
increasing [OH−], consistent with the expected behavior for the pres-
sure solution effect.

Another possibility that should be discussed is if these results
could be explained by sample-to-sample variability. Our previous work
on these samples showed that the energy distributions for events
dominated by purely mechanical effects were drawn from the same
distribution for all samples while energy distributions for chemically-
assisted eventswere significantlydifferent and changedmonotonically
with increasing pH13. If these deviations were caused by sample surface
differences, tip misalignment, or some other experimental effect,
these differences would not have correlated with environmental pH.
While detailed analysis of the control dry tests for each condition
indeed show a small ( < 15%) statistically significant sample-to-sample
variability (see Supplementary Discussion 7), these differences are not
large enough to account for the effects observed here.

An additional potential confounding factor would be if the load-
ing rate was fast enough that each detected displacement burst
reflected the behavior of more than one physical pop-in event. Nota-
bly, the model would expect different scaling and event behavior in
these cases21,30,33,38,44. Detailed analysis of the pop-in duration and inter-
event time performed in Supplementary Discussion 4 suggests a one-
to-one correspondence between detected bursts and physical pop-in
events for over 98% of both large and small pop-in events.

Taken together, these results suggest that the displacement
bursts identified during muscovite nanoindentation follow avalanche
scaling theory. Using simulations, we show that the average avalanche
size increases with the system weakening in the same way that in
experiments the aqueous hydroxyl changes the size of the largest
displacement burst events at low load20,45. Namely, these results show
that higher chemomechanical weakening leads to increased occur-
rence of larger displacement bursts similar to how avalanche model
weakening increases the size of avalanche events from a simple mean-
field simulation of avalanche statistics. These results also show power-
law scaling of displacement burst energy at lower loads can be
explained within the context of this avalanche model. The statistics of
muscovite bursts at critical load levels affected by the aqueous
hydroxyl concentrations are then shown to follow mean-field ava-
lanche scaling.

These results also suggest avalanche slip statistics may be a pro-
mising tool for quantifying and predicting the effects that chemically
reactive environments have on the deformation behavior of aniso-
tropic layered materials. While nanoindentation bursts have tradi-
tionally been discarded as noise in nanoindentation studies, recent
works have used them to identify dynamical properties of the
material46–48. Because avalanche slip statistics is a scale-free theory and
it is expected to apply in all systems that belong to this universality
class20, these results may be applicable to understanding how other
layered material systems behave when exposed to uncontrolled,
potentially chemically hostile environments. As an additional

consequence of the model’s scale-free nature, it can extend the tool-
box available to analyze displacement bursts in nanoindentation by
using insights obtained fromother length scales. Furthermore, though
previous studies haveutilized chemical kinetics to examine fractures in
silicates, the analysis methodology of avalanche slip statistics offers a
physical, detail-independent framework for examining similar phe-
nomena in layered, anisotropic materials17,28. As such, the results here
should be applicable to a wide range of systems, for example in
identifying the mechanical properties of a thin-film coating.

Future studies will examine whether the results obtained in this
work can be universally applied to other anisotropic layered
materials48,49. Additionally, in-situ AFM measurements performed in
conjunction with similar tests may reveal how the kinetic parameters
of pressurized muscovite dissolution may change with environmental
pH and stress under the tip.

Methods
Mica preparation
Lab-manufactured muscovite mica with a lateral area of 1.5 cm2 and a
thickness of 270 μm from MTI Corporation was used in these experi-
ments. Indentationswere completedwith aHysitronTriboIndenter 900
equipped with a Berkovich tip. Indentation load P, depth h, and time t
were tracked at a data acquisition rate of 200Hz. The surface of the
samplewasdefined as thepositionof the tip atwhich the load increased
beyond the software-defined setpoint; for our measurements, this load
level was 2 μN. We also assume that the surface is defined by the first 2:1
Si-O-Si layer exposed to the environment. All indentation data
were manually inspected for false engagements from surface con-
taminants or hydrodynamic effects. As discussed previously13, the
contact area function depends purely on the contact depth as
Ac hc

� �
=Coh

2
c +C1h

1
c +C2h

1=2
c +C3h

1=4
C +C4h

1=8
c +C5h

1=16
c , where Co

through C5 are coefficients related to tip shape and are calibrated using
fused silica as a referencematerial. The values ofCo throughC5 used are
shared in Source Data. Notably, because the contact area function only
depends on contact depth and not tip velocity, the size or frequency of
pop-ins are not expected to influence its accuracy. Indentation was
performedat afixednanoindentation strain rate of 0.1 s�1 by setting the
loading rate dP=dt = _P to follow ð _P=PÞ=0:2 s�1 50 to amaximum load of
10 mN. The indenter was then held for 5 seconds at maximum load
before a 5 second unload. Different samples were used for each of the
three environmental conditions, with dry indents performed on each
sample as a control where the environment is controlled to have less
than 30% humidity to minimize the effect of environmental moisture29.
Analysis of the control tests are shown in Supplementary Discussion 7.
Indentations were performed at least 4mmaway from the sample edge
to avoid any material edge effects. As discussed in ref. 13, the z-axis tip
calibration for the wet condition tests were performedwhile 99% of the
tip was submerged to account for buoyancy and surface tension
effects51. Wet condition indentations were all performed within 12 h of
submersing the mica into aqueous solutions and were otherwise iden-
tical to the dry condition tests. The DI water sample was exposed to
deionized water, the pH 9.8 sample to a 0.1 M NaCl solution with pH
adjusted to pH 9.8 with NaOH, and the pH 12 sample to a 0.1 M NaCl
solution with pH adjusted to pH 12 with NaOH. The results in the main
text are generated from 115 indents in the dry condition, 114 in the DI
condition, 118 in the pH 9.8, and 117 in the pH 12. Load-displacement
traces for all indents used for our analysis are shown in Supplementary
Discussion 5.

Avalanche simulation details
The simulation system comprises many cells gradually loaded at a
fixed loading rate. Cells build stress until they reach a critical stress
level, atwhichpoint that cell’s stress is uniformly distributed to the rest
of the system. A fraction of each relaxed stress is distributed to the
boundaries of the system to account for stress relaxation via system
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deformation20,52. The distributed stress can cause other cells to fail on
the next timestep, resulting in avalanches. The system weakening ε is
varied between 0 and 1 and controls how easily a failed cell fails again
during the same avalanche20,52. As such, systems with high weakening
are more prone to runaway avalanches that span the entirety of the
system20,45. The total stress in the system is tracked and saved to a time
trace. Avalanches begin when a single cell fails and end when no fur-
ther failures occur. Further details of the simulation can be found in
Supplementary Discussion 1.

Statistical analysis and plot generation
Unless otherwise specified in the text, all reported confidence intervals
are 95% confidence intervals generated using bias-corrected and
accelerated bootstrapping from SciPy’s built-in bootstrapping
function53. All plots are generated in Python using Matplotlib54. Data
vectors are manipulated using Numpy55.

Data availability
The nanoindentation data used to generate these results can be found
at https://foundry.openei.org/268. The source data necessary to gen-
erate these plots and those in the Supplementary Information are
included in Source Data.
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