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Mineral formation proceeds through ultrafast structural transformations that are difficult to
resolve experimentally, leaving the earliest stages of crystallization poorly understood. Here,
operando synchrotron SAXS/WAXS combined with simultaneous pH monitoring resolves the real-
time structural and chemical evolution of calcium carbonate precipitation under rapidly evolving,
non-equilibrium supersaturation conditions. Four distinct stages are resolved: quasi-instantaneous
formation of amorphous calcium carbonate (ACC) nanoparticles, the development of long-range den-
sity correlations preceding crystallization, the emergence of calcite and vaterite while ACC persists,
and the progressive loss of amorphous coherence as calcite growth proceeds and vaterite disappears.
The non-monotonic evolution of the Porod invariant, together with concomitant pH changes, pro-
vides model-independent markers of these stages, directly linking structural evolution to solution
chemistry. These observations reveal a four-stage crystallization pathway and support a dissolu-
tion—reprecipitation mechanism involving a transient amorphous intermediate.

I. INTRODUCTION

The formation of crystalline solids from solution un-
derpins processes ranging from geological mineraliza-
tion to biomineralization and industrial scaling [I]. Yet,
the kinetics of mineral precipitation by which dissolved
species assemble into ordered structures—remains dif-
ficult to rationalize, as it reflects a complex interplay
between solution chemistry and structural evolution
across multiple length scales [2HG]. Calcium carbon-
ate (CaCOs) is a paradigmatic model system in this
context, spanning environments from the slow growth
of stalactites to biomineralization and rapid laboratory
precipitation [THIO]. Across these settings, the sequence
of phase transformations is highly sensitive to chemical
and physical conditions, precluding a general predictive
framework [T, 12].

A central challenge arises from the rapid onset of pre-
cipitation upon mixing precursor solutions, which can
occur on sub-second timescales even at moderate super-

saturation. Upon mixing Ca?* and CO?,)_ solutions, the
ionic activity product rapidly exceeds solubility limits,
generating a highly supersaturated state typically asso-
ciated with burst nucleation. However, this description
is incomplete: supersaturation is not a static control pa-
rameter but evolves dynamically during the reaction as
carbonate is consumed and solution chemistry changes.
Because carbonate speciation is strongly controlled by
pH, the effective supersaturation is continuously modu-
lated by its value, introducing a feedback loop between
precipitation and solution chemistry that is often ne-
glected. In many experimental approaches, this coupling
is further disrupted by constant-pH or buffered condi-
tions [4l, 13], which suppress natural chemical evolution
and may alter reaction pathways.

Natural aqueous systems such as seawater highlight
the importance of this feedback, remaining supersatu-
rated with respect to CaCOs without spontaneous pre-
cipitation, reflecting kinetic inhibition and strong de-
pendence on pH, ionic composition, and additives [13-



16]. These factors govern carbonate speciation and in-
terfacial interactions, thereby controlling nucleation and
growth pathways.

Interpretation is further complicated by the depen-
dence of observed mechanisms on the experimental
probe. Cryo-TEM, microfluidics, stopped-flow methods,
and spectroscopic approaches access different temporal
and spatial windows and often probe distinct regions of
the kinetic landscape [3| [I7H23]. Rather than providing
a unified view, these methods can yield different mecha-
nistic interpretations depending on whether the system
is observed under quenched, flowing, or chemically con-
strained conditions.

These limitations highlight a key requirement: a quan-
titative, time-resolved description of precipitation must
simultaneously capture both structural evolution and
the evolving chemical state of the solution under unper-
turbed feedback conditions. To date, these aspects have
largely been addressed separately. While synchrotron
SAXS/WAXS provides access to particle formation and
crystallization with millisecond resolution [13, [19] 24],
such measurements are typically interpreted through
model-dependent analyses and are rarely combined with
direct, time-resolved chemical monitoring.

Here, we  combine  operando  synchrotron
SAXS/WAXS with simultaneous pH monitoring
under controlled hydrodynamic conditions to resolve
the coupled structural and chemical evolution of cal-
cium carbonate precipitation. By exploiting the Porod
invariant together with time-resolved pH measure-
ments, we establish a model-independent link between
structural evolution and solution chemistry without
relying on assumptions about particle morphology or
size distribution. This approach resolves four distinct
stages of precipitation and crystallization, providing a
quantitative framework for interrogating rapid mineral
formation under non-equilibrium conditions.

II. RESULTS

A. SAXS and pH analysis

We first report experiments carried out at a precursor
concentration of 9 mM (CaCly and NayCOj3) under a
stirring rate of 250 rpm, corresponding to a highly su-
persaturated regime, with behavior consistent across all
conditions investigated. Upon mixing, the ionic activ-
ity product TAP = a(Ca®T)a(CO3%") largely exceeds
the solubility product of amorphous calcium carbonate
(ACCO), KS’;CC ~ 1079, leading to a supersaturation ra-

tio S = % > 1. Even when accounting for car-
sp

bonate speciation at pH ~ 10.5, this yields S on the
order of 10?2 ~ 103, placing the system deep in a high-
supersaturation regime.

Time-resolved SAXS measurements (Fig. [Th) reveal
the emergence and evolution of nanoscale structure dur-
ing calcium carbonate precipitation. Prior to mixing,
the CaCly solution shows no detectable scattering over
5s, remaining indistinguishable from pure water and
confirming the absence of pre-existing nanostructures.
The time origin (¢ = 0s) is defined as the onset of mix-
ing with the carbonate solution; the first SAXS pattern
is acquired at 0.5 s, and subsequent measurements ex-
tend up to 600s. All scattering patterns are corrected
for the water capillary contribution. Immediately after
mixing, well-defined oscillations appear in the scattering
profiles, consistent with polydisperse spherical particles,
indicating the rapid formation of calcium carbonate in-
dependent nanoparticles. Despite this early structuring,
the scattering signal evolves only gradually over the first
~ 38s. Notably, around ¢ = 40s, the forward scattering
I(0) begins to increase, indicating the development of
interparticle correlations and the onset of clustering. At
t ~ 48s (blue curve in Fig. [Ip), a pronounced change
in the scattering pattern is observed. While this may
suggest the emergence of larger structural features, the
increase in intensity at low q could also arise from en-
hanced interparticle correlations, reflected in an increase
of the structure factor S(q), rather than a true growth
in particle size. In the Kratky representation (Fig. )7
the principal maximum shifts from ¢ ~ 1.2 x 1072 nm~"
at t=1 s to ~ 4.5 x 103nm ™! at t > 52 s, correspond-
ing to an increase in characteristic size from R ~ 180nm
to beyond R ~ 400nm (see the dashed lines ). Quan-
titative analysis reveals an initial bimodal size distri-
bution (167 &+ 13nm and 128 £+ 26 nm at t=2s), which
subsequently evolves into a highly polydisperse popula-
tion. Following a rapid growth burst, the main contri-
bution to the scattering comes from particles reaching
(R = 445 + 80nm at t=67.5s, leading to strong attenu-
ation of interference fringes. Further details on the way
quantitative analysis is carried out are provided in Sup-
plementary Section S1. By coupling pH measurements
with SAXS through the Porod invariant, we directly
evidence the interplay between solution chemistry and
nanoscale structural transformation in real time. The
general expression for the Porod invariant is

Q, =272 ((p(x) — (1)) (1)

which shows that the Porod invariant is directly pro-
portional to the mean-square fluctuations of the electron
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Figure 1. Time evolution of scattering curves (curves are
vertically offset for clarity). a): intensity as a function of
g; b): Kratky representation highlighting a subset of curves
exhibiting the most pronounced changes. Colors are consis-
tent with those used later for the pH, Porod invariant, and
WAXS evolution, reflecting the key structural and chemical
transformations associated with the evolution of the SAXS
profiles. The arrow in Fig. [[p indicates a shift toward higher
q of the first fringe, corresponding to a slight decrease in par-
ticle size between t = 48.5s and ¢t = 53.5s. The dashed lines
mark the positions of the Kratky maxima at the beginning
and end of the process, while the disks indicate the position
of the maximum of the Kratky peak as a function of time.
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Figure 2. Simultaneous representation of pH and the Porod
invariant Qp as functions of time. The rainbow color scale
highlights the key evolution of these parameters, providing
essential insight into the different stages of the precipitation
process. This code of color will be used alongside this study.
The dashed lines delineates the boundaries of the four stages
I, II, IIT and IV

density within the sample.

For a two-phase system consisting of particles with
electron density p dispersed in a solvent of electron den-
sity ps, the Porod invariant simplifies to

Q=272 (r8p)*0(1 - 0) | (2)

where Ap = p — ps is the electron-density contrast
and ¢ is the particle volume fraction. This expres-
sion provides a model-independent measure of the to-
tal scattering contrast in the system and relates the
invariant directly to the volume fractions of the two
phases [20 25, 26]. Here, r, = 2.818 x 10~®nm de-
notes the classical electron radius. The temporal evolu-
tion of Qp , together with the pH (Fig. 2h), delineates
four distinct stages of the precipitation pathway and di-
rectly reveals the coupling between structural develop-
ment and solution chemistry. The derivatives of these
quantities are shown in supplementary information S2.
To our knowledge, such a time-resolved correlation be-
tween SAXS invariants and pH has not been previously
reported.

We now turn to a stage-by-stage analysis of the pre-
cipitation pathway:

Stage I — Initial nucleation (¢ < 38s). During
the first ~ 38s, @) p increases slightly while the pH rises
sharply from ~ 7 to ~ 10.5 following carbonate addition,
yet remains below the equilibrium value (pH = 10.9).
This deviation indicates rapid consumption of carbonate



ions through interaction with Ca®", consistent with the
formation of nanometric calcium carbonate species. The
finite values of Qp (0.0008-0.0011) confirm the immedi-
ate presence of scattering objects, in agreement with the
well-defined oscillations observed in the SAXS profiles,
indicating the formation of the amorphous phase. Dur-
ing this period the size of the particles does not change
much, while the scattered intensity at low q increases
reflecting an increase in the volume fraction. At such
high supersaturation (S ~ 102°10%), the nucleation bar-
rier becomes negligible, resulting in a burst nucleation
regime. The immediate appearance of a finite Porod in-
variant at 0.5 s provides direct experimental evidence of
this process, with @ p acting as a real-time proxy for the
rapid increase in particle volume fraction. The decrease
in the rate of increase of the Porod invariant occurs over
the same characteristic timescale as the evolution of the
pH (see Fig. . Specifically, dQp/dt decreases by a
factor of three over 30 s, while dpH/dt simultaneously
drops from ~ 0.14 to nearly zero (See Supplementary
information S2). Since dpH/dt reflects the rate of car-
bonate consumption and d@Qp/dt tracks the formation
of scattering objects, this close correspondence demon-
strates a direct coupling between reaction kinetics and
structural evolution. The simultaneous decay of both
quantities indicates that the slowdown in particle for-
mation is governed by the rapid depletion of supersatu-
ration, marking the end of the burst nucleation regime.
The characteristic time of 38 s corresponds to the simul-
taneous zero-crossing of dpH/dt and the sharp increase
in the Porod invariant Q) p, signaling the transition to a
regime of rapid phase transformation.

Stage II — Omnset of crystallization (38 < t <
48.3s). In this regime, Qp increases from 0.0011 to
0.0018 while pH decreases slightly, indicating limited
net carbonate consumption. SAXS shows the progres-
sive increase of scattering at small q (q < 10~2nm™1)
together with a reduction in the smallest detectable fea-
tures, consistent with structural reorganization of ACC
rather than classical growth of individual particles. The
simultaneous increase in @p and Iy at nearly constant
particle radius indicates enhanced scattering, redistri-
bution of matter within the amorphous phase with the
onset of crystallization (Please refer here to Supplemen-
tary Information S3). While loose aggregation of pri-
mary particles could contribute to the increase in Iy,
it cannot account for the concurrent evolution of Qp,
which instead reflects increase in the volume fraction of
crystalline phase. This regime therefore corresponds to
a transition from initial ACC formation to a reorganized
amorphous state under continued high supersaturation
and onset of crystallization.

Stage III — Amorphous destabilization and loss
of structural identity (48.3 < t < 52.5s). During this
transient regime, pH remains nearly constant, indicat-
ing negligible net carbonate consumption. In contrast,
Qp decreases from 0.0018 to 0.0015, while SAXS reveals
a bimodal size distribution dominated by an increase of
the structure factor S(q) (see S.I. 3). The disappearance
of form-factor oscillations indicates a loss of well-defined
particle identity. It is accompanied by a sudden collapse
of the structure factor at t = 52 s. This behavior is
consistent with a dissolution—reorganization process in
which partial breakdown of ACC leads to redistribution
of material and reduction in scattering contrast. Stage
IIT thus represents a transient loss of structural coher-
ence that coincide with crystallization, rather than a
direct topotactic solid-state transformation.

Stage IV — Complete crystallization (¢ > 52.5s).
Following this destabilization, @Qp, Iy, and particle vol-
ume increase with identical kinetics before saturating,
while pH decreases strongly. This coupling demonstrates
that crystalline growth is sustained by continuous con-
sumption of dissolved carbonate species rather than by
redistribution at fixed mass. The concurrent increase in
scattering intensity, Porod invariant, and particle size
is consistent with the formation and growth of crys-
talline domains from a reconfigured amorphous precur-
sor population. WAXS confirms the emergence of va-
terite and calcite, establishing that crystallization pro-
ceeds through nucleation and growth from a chemically
evolving solution—particle system under progressive su-
persaturation depletion. The eventual saturation of all
observables marks exhaustion of reactive species and ap-
proach to equilibrium.

B. WAXS analysis

To elucidate the origin of these transient features,
WAXS measurements provide complementary insight
(see Fig. . In early stages I (t < 38 s), the absence
of Bragg peaks confirms the amorphous nature of the
particles detected by SAXS (see Fig. [3h). In the middle
of the transient regime (stage 1), the pH departs from
its quasi-plateau and exhibits a marked decrease (green
region in Fig. ), providing a clear chemical signature
of a change in reaction pathway.

Interestingly, this drop coincides with the abrupt
emergence of crystalline reflections from vaterite and
calcite (Fig. )7 together with a pronounced non-
monotonic evolution of the Porod invariant QQp, char-
acterized by an initial increase, a sharp minimum, and a
subsequent recovery. The synchronous evolution of pH,
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Figure 3. a) WAXS diffraction patterns integrated over 10
consecutive frames to resolve the crystalline phases of va-
terite and calcite. The vaterite reflections, indexed accord-
ing to the hexagonal structure [27], are indicated by black
dashed lines with their corresponding Miller indices, while
calcite reflections |28] are marked by blue dashed lines. The
coexistence of both polymorphs is evident, with calcite peaks
progressively dominating over those of vaterite. The square
root of the intensity is plotted to enhance the visibility of
peak evolution. The onset of crystallinity is clearly observed
around t = 50s (transition between the light blue curve to
the green one) for which Bragg peaks are clearly visible. b)
this panel shows the temporal evolution of the Bragg peak
intensities for the (112) vaterite and (104) calcite reflections.
It should be noted that each WAXS pattern represents an
average over 10 frames, corresponding for example at t = 50
s, to a time window from 47.5 s to 52.5 s.

Qp, and WAXS signals demonstrates that crystalliza-
tion is both structurally and chemically driven. In this
context, the delayed decrease in pH, which does not oc-
cur before t = 38 s, together with the growth of @Qp,
provides a sensitive kinetic marker for the onset of crys-
tallization from the amorphous precursor. The concomi-
tant emergence of calcite and vaterite indicates kinetic
pathway competition, challenging a strict interpretation
of Ostwald’s rule of stages [29].

At longer times (stage IV t > 60 s), the relative in-
tensities of the crystalline peaks evolve, with vaterite
decreasing and calcite increasing, consistent with a dis-

solution—reprecipitation mechanism. These observations
reveal a two-step transformation pathway: rapid crystal-
lization of amorphous precursors into crystalline phases
(vaterite and calcite), followed by a slower conversion
of vaterite into the thermodynamically stable calcite
phase (See Figure 3b). These processes occur on distinct
timescales. The initial appearance of crystallinity takes
place within seconds and reflects local atomic rearrange-
ments within or in the immediate vicinity of pre-formed
amorphous nanoparticles under high supersaturation. In
contrast, the subsequent vaterite-to-calcite transforma-
tion proceeds over longer timescales and involves long-
range ionic transport. This separation highlights the
coexistence of a fast, locally controlled crystallization
step and a slower, transport limited phase transforma-
tion. The non-monotonic evolution of Q) p, together with
the WAXS signatures, thus provides direct experimen-
tal evidence for this transition. More broadly, these re-
sults demonstrate that calcium carbonate precipitation
proceeds through a cascade of kinetically distinct steps,
with the transient variation in @p emerging as a sen-
sitive, model-free marker of the onset of crystallization.
The combined evolution of the Porod invariant with the
pH, the Porod plot of the data and the WAXS analysis
are presented in the S4 supplementary information.

C. Influence of the stirring rate

Varying the stirring rate primarily modulates aggre-
gation kinetics without altering the underlying transfor-
mation pathway. Increasing the stirring rate to 1000
rpm results in a systematic reduction in the charac-
teristic particle size (from 169 + 12,nm at 250 rpm
to 106 &+ 35,nm, Fig. [fh and Supplementary Informa-
tion S2), accompanied by a progressive shortening of
Phase II, from 37.5 s to 35 s and 31 s at 250, 500,
and 1000 rpm, respectively (Figs. ,c). These trends
indicate that hydrodynamic forcing accelerates the ki-
netics of particle formation while preserving the same
sequence of mechanistic stages. This acceleration is
attributed to enhanced collision frequencies under in-
creased shear, which promotes faster aggregation. Con-
currently, stronger hydrodynamic stresses inhibit the
growth of larger aggregates, biasing the system toward
smaller transient assemblies. Despite these early-time
differences, all conditions converge toward similar final
particle sizes (~ 420,nm, Fig. ), consistent with ex-
tensive coalescence and ripening that ultimately erase
the initial size differences. The high polydispersity at
later stages suppresses interference features, preventing
detailed form-factor analysis in this regime. Overall,
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Figure 4. a) Kratky representation of the scattering inten-
sity at t = 1 s for samples stirred at 500 rpm (blue) and
1000 rpm (red). The shift of oscillations to higher q and
their stronger damping at 1000 rpm indicate the formation
of smaller, more polydisperse nanoparticles. At t =100 s, the
two profiles overlap, demonstrating convergence to a common
final state. (b,c) Temporal evolution of the Porod invariant
Qp and pH at 500 (b) and 1000 rpm (c). Despite marked
differences in initial particle size, the precipitation pathway
is invariant, evidencing a self-similar kinetic evolution across
hydrodynamic conditions.

these observations support a scenario in which hydrody-
namic conditions tune kinetic rates accelerating aggre-
gation and limiting transient growth without modifying
the intrinsic non-classical aggregation driven mechanism
governing particle formation (See S4 as well).

IIT. DISCUSSION

The formation of crystalline calcium carbonate from
aqueous solution is commonly described either within
classical nucleation theory (CNT) [30} BI] or via non-
classical pathways involving pre-nucleation -clusters,
dense liquid intermediates, and amorphous precursor
phases [3HB, 22]. Under the extreme supersaturation
conditions investigated here, particle formation occurs
on timescales too rapid to resolve any intermediate
species. Instead, amorphous calcium carbonate (ACC)
nanoparticles form quasi-instantaneously with a char-
acteristic radius of R ~ 160 nm. The experimentally
accessible pathway therefore corresponds to the subse-
quent evolution of this dense amorphous dispersion to-
ward crystallization. The coupling between the experi-
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Figure 5. Time-resolved evolution of calcium carbonate pre-
cipitation for a representative stirring condition (250 rpm),
illustrating the four stages identified from the Porod invari-
ant together with the evolution of the ACC particle radius.
Crystallization begins with a sharp increase in the Porod in-
variant accompanied by a decrease in pH (Fig. 2), following a
transient reduction in particle radius associated with the de-
hydration of amorphous calcium carbonate (ACC) nanopar-
ticles. The fast disappearance of the ACC phase is marked
by a sharp decrease in the Porod invariant and a further re-
duction in the ACC particle radius. This is followed by a
renewed increase in the Porod invariant, coincident with the
growth of large crystalline particles.

mental observables is summarized in Fig. [5] where panel
(a) reports the time evolution of pH and the Porod in-
variant, while panel (b) shows the corresponding evolu-
tion of the particle radius. This combined representation
shows direct correlation between chemical driving forces
and structural response throughout the reaction.

Operando SAXS-WAXS combined with pH monitor-
ing reveals that the transformation proceeds through
four distinct stages during which density fluctuations
and crystallization remain strongly coupled. Imme-
diately after mixing, the system consists of a dense
but weakly correlated ACC dispersion characterized by
nearly constant particle size, only minor variations of
the Porod invariant, and S(0) ~ 1.08 (Supplementary
Fig. S3). The SAXS profiles display a low-¢ upturn to-
gether with a shallow minimum in S(g), consistent with
the progressive amplification of long-wavelength density
correlations, while no crystalline Bragg reflections are
yet detected by WAXS. Importantly, the absence of a
well-defined finite-¢ maximum rules out classical spin-
odal decomposition and instead indicates a fluctuation-
dominated metastable regime characterized by increas-
ing compressibility and continuously evolving correla-
tion lengths.



During stages II and III, the system enters a
fluctuation-amplified regime in which crystallization de-
velops within the correlated ACC network itself most
likely at the surface of ACC nanoparticles as demon-
strated in previous studies [32]. The forward scatter-
ing intensity increases dramatically, with S(0) rising by
more than one order of magnitude while the ACC parti-
cle radius remains nearly constant or decreases slightly.
The increase in low-q scattering therefore does not orig-
inate from ACC particle growth, but from amplification
of collective density correlations related to the emer-
gence of crystalline particles. The slight reduction in
ACC particle size can be interpreted as dehydration, as
commonly reported in the literature [0].

Simultaneously, weak calcite and vaterite Bragg re-
flections emerge and progressively increase in intensity
while the ACC SAXS contribution remains dominant.
Crystalline order is therefore already established before
disappearance of the amorphous scaffold, indicating that
nucleation occurs in contact with a dynamically corre-
lated ACC matrix rather than through the independent
appearance of a separate crystalline population. This
interpretation is reinforced by the coupled evolution of
the Porod invariant, S(0), and the ACC effective radius.
During phase II, the Porod invariant increases markedly
while both pH and Ca?* activity decrease slightly, indi-
cating the progressive development of crystalline order
together with limited but measurable ion consumption
from solution. Simultaneously, the Kratky maximum
shifts progressively toward lower ¢, revealing the emer-
gence of increasingly long-range mesoscale correlations
within the fluctuation-amplified ACC network.

A critical transition then occurs in phase III. The
ACC form-factor oscillations progressively disappear,
the effective ACC radius decreases, and S(0) collapses
sharply while calcite Bragg intensities continue to in-
crease. Simultaneously, the Porod invariant and Qp
decrease markedly, demonstrating a progressive loss of
ACC scattering mass and structural coherence.

Together, these observations indicate that the crys-
talline phase grows at the expense of the ACC phase,
which is continuously consumed during the transforma-
tion. In this regime, ACC does not persist as a stable
coexisting population but is progressively depleted as
crystalline domains develop and expand throughout the
system.

Importantly, this transformation occurs with no mea-
surable net change in Ca?* or CO? activity, indi-
cating that crystal growth proceeds without significant
exchange with the bulk solution (see Supplementray
Information S5). This behavior is consistent with a
tightly coupled transformation in which ACC is con-

verted into crystalline material (calcite + vaterite)
through concomitant dissolution and reprecipitation at
the nanoscale. Although the transient appearance of
ACC is broadly consistent with Ostwald’s rule of stages,
the concomitant nucleation of calcite and vaterite points
to kinetic pathway competition rather than a strictly se-
quential progression through metastable phases.

Our combined SAXS-WAXS results support a mech-
anism in which crystalline domains progressively emerge
within the metastable ACC network, grow at its ex-
pense, and ultimately replace it as the dominant struc-
tural component. The disappearance of the ACC SAXS
contribution therefore reflects both the loss of amor-
phous structural coherence and the collapse of the hy-
drated fluctuation network that initially stabilizes the
amorphous phase.

Notably, the ACC to crystal transformation is ex-
tremely rapid, occurring on a timescale of only a few
seconds. This rapid evolution is accompanied by a con-
certed decrease in the Porod invariant and ACC form-
factor contribution, together with a simultaneous in-
crease in calcite Bragg intensities, indicating that the
loss of ACC scattering mass is directly coupled to the
growth of crystalline order.

Our observations are consistent with previous reports
of ACC transformation into crystalline phases based on
TEM (e.g. Nielsen et al. [32]), but extend these find-
ings to a fully quantitative, operando description over
a vastly larger ensemble of particles. In particular, all
scattering observables—including the model-free Porod
invariant—coherently track the transformation across
length scales and time, providing a unified view of the
coupled amorphous-to-crystalline conversion.

Taken together, these observations indicate that crys-
tallization proceeds through a dynamically coupled
fluctuation—ordering pathway in which the crystalline
phase develops coherently in contact with the metastable
ACC network and progressively consumes it during
growth.

CONCLUSION

In summary, operando SAXS-WAXS combined with
pH monitoring reveals a fully time-resolved pathway for
calcium carbonate formation under extreme supersat-
uration. Rather than proceeding through direct crys-
tal nucleation or through a sequence of structurally
preserved intermediates, the system evolves through a
coupled fluctuation—crystallization process in which a
dense amorphous nanoparticle dispersion undergoes hi-
erarchical restructuring, strong amplification of long-



wavelength density correlations, and progressive emer-
gence of crystalline order.

A key mechanistic feature is the transient coexistence
of amplified amorphous fluctuations with growing crys-
talline Bragg reflections, demonstrating that crystalliza-
tion initiates within a correlated amorphous environ-
ment rather than after disappearance of the precursor
phase. The subsequent loss of ACC form-factor coher-
ence together with the collapse of the low-q scattering
signal indicates that continued crystalline growth desta-
bilizes the metastable amorphous network, ultimately
leading to loss of its structural persistence. These find-
ings suggest that neither classical nucleation,interpreted
as direct crystallization from solution [30, [3T] nor a strict
interpretation of the Ostwald rule of stages [29] [33] [34]
fully captures the crystallization dynamics observed un-
der extreme supersaturation. Rather than a sequence
of discrete phase transformations, the data reveal a far-
from-equilibrium pathway in which a correlated amor-
phous precursor destabilizes into competing crystalliza-
tion channels, governed by coupled structural density
fluctuations and mesoscale correlations. The concomi-
tant nucleation of calcite and vaterite from the amor-
phous precursor highlights parallel crystallization path-
ways, inconsistent with a strictly sequential Ostwald
progression. Their subsequent evolution is controlled by
differences in growth kinetics and thermodynamic sta-
bility, resulting in the eventual predominance of calcite.

More broadly, this work establishes an experimen-
tal framework for investigating crystallization under
strongly non-equilibrium conditions, where phase selec-
tion is governed not only by nucleation barriers but also
by the collective dynamics, stability, and restructuring
of transient amorphous states. The results highlight
fluctuation-amplified precursor networks as central ac-
tors in multistage mineralization pathways and demon-
strate that crystallization can emerge through coopera-
tive restructuring of correlated amorphous matter rather
than through independent nucleation and growth events.

IV. MATERIALS AND METHODS

Calcium chloride dihydrate CaCls, sH2O, sodium car-
bonate monohydrate Na;COg3-HyO were used as re-
ceived from Aldrich. Precursor solutions were pre-
pared in Milli-Q water (18.2 MQcm) at a concentra-
tion of 9 mM. In situ SAXS experiments were con-
ducted at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) on the ID02 beamline. The
incident energy was 12.23 keV (A = 0.101nm), and a
sample-to-detector distance of 15 m provided a g-range

of 0.003-0.5 nm~!. The beam size at the sample was
150pum x 150um. All measurements were performed us-
ing a flow-through setup, with the flow rate set to the
maximum attainable value of 370 uls~! (See Supplemen-
tary Information S6 for the set-up). Prior to each ex-
periment, 50 ml of a CaCl; - 2 H,O solution was inserted
in a beaker equipped with a digitally controlled stirrer
operating between 250 and 1000 rpm. The dimensions
of the beaker (diameter = 6 cm and height = 8 cm)
and the stirrer (length = 2.5 cm) were kept constant
throughout the experiments to prevent any unwanted
effects from these parameters. After preparation of the
CaCls - 2H5O solution, the inlet and outlet tubing of the
flow system were immersed in the beaker. A computer-
controlled Vevor dispensing system was used to inject 50
ml of a NagCO3-HsO solution into the beaker within
2 s. Note that the injection method plays a crucial
role. In this case, a tube connected to the Vevor sys-
tem was immersed to the bottom of the beaker, ensur-
ing that mixing occurred near the stirrer. This setup
also helped reduce the formation of air bubbles during
injection. The same procedure was consistently followed
throughout all experiments. Data acquisition started 5
s prior to the sodium carbonate injection and continued
for 400 s thereafter in order to capture the precipitation
kinetics. The typical exposure time was 0.1 s per frame,
with frames collected at 0.5 s intervals. After each ex-
periment, the tubing was cleaned by flushing with 0.1
M citric acid, followed by rinsing with distilled water.
Throughout the experiments, the pH was continuously
monitored using a Mettler Toledo pH meter, allowing
the pH evolution to be correlated with each recorded
scattering frame. All experiments were carried out at
room temperature 7" = 25°C. Two-dimensional SAXS
patterns were recorded using an Eiger2 4M detector and
normalized to absolute intensity. Azimuthal averaging
yielded one-dimensional profiles, and water background
scattering was subtracted. Simultaneous WAXS mea-
surements were performed with a Rayonix LX170-HS
CCD detector (sample-to-detector distance 0.126 m),
covering a g-range of 5.9 to 44.3 nm~!. Continuous
pH monitoring (Mettler Toledo) enabled frame-by-frame
correlation between structural and chemical evolution.
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