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Cold-region ecosystems are highly sensitive to climate change, yet the geochemical
processes shaping their future remain poorly understood. Here, we show that ice sys-
tematically enhances mineral dissolution through freeze concentration into microscale
reactive hot spots. Using goethite nanoparticles as a model iron oxide and environmen-
tally relevant inorganic anions common in soils, waters, and aerosols (chloride, fluoride,
sulfate), we demonstrate that ligand-promoted dissolution rates under mildly acidic
conditions scale with binding affinity in both ice and liquid water, with ice enhancing
rates across all reactive ligands. Fluoride, the strongest complexing agent, increased
dissolution more than fourfold in ice, while weakly binding perchlorate produced no
measurable dissolution in either phase. Reactions persisted well below the eutectic tem-
perature, mediated by minute volumes of liquid-like water stabilized within networks
of micron-sized mineral aggregates. Our findings highlight ice as a dynamic medium
driving iron release, with implications for nutrient availability, carbon cycling, and
biogeochemical feedbacks in rapidly warming polar and alpine regions.

ice | goethite | dissolution | iron | interfaces

Global warming fundamentally alters iron biogeochemical cycling in cold environments
through ice shelf melting, declining snow cover, and northward permafrost migration
(1, 2). Accumulating reports document iron release to arctic rivers (3), iron-driven carbon
mobilization (4), hazardous microbe blooms (5, 6), and greenhouse gas emissions (7).
These observations raise critical questions about the underlying geochemical pathways
(8, 9). Yet while iron mobilization driven by liquid water from melting ice is relatively
well characterized, reactions occurring within the ice matrix itself remain poorly under-
stood. Part of this shortcoming stems from the misconception outside the specialized
literature that ice is an inert medium (10).

However, a growing body of literature is demonstrating the important roles that ice
plays in the dissolution of minerals of the iron oxide family (Fig. 1) (11-13). This reactivity
can be understood by the presence of minute volumes of liquid water within the poly-
crystalline matrix of ice at temperatures above the eutectic (e.g., -21.1 °C in NaCl-bearing
ice) (12-14). At high salt concentrations, ice crystal lattices clearly expel solutes and
mineral nanoparticles during freezing, forming well-defined Liquid Intergrain Boundaries
(LIBs). Conversely, at low salt concentrations typical of freshwater, liquid water distribu-
tion can become more complex, with solutes dispersed in microscopic liquid films and
pockets rather than forming clearly delineated boundaries. Both scenarios create concen-
trated microenvironments that can trigger reactions not observed in bulk liquid water,
though through different spatial organizations.

Iron oxide minerals confined within these liquid zones could play critical roles in bio-
geochemical processes by supplying bioavailable iron through weathering (15), catalyzing
phosphorus transformations (16), and controlling organic carbon stabilization (17) and
degradation (18). Understanding these ice-mediated processes has profound implications
for multiple scientific disciplines, including geochemistry, hydrology, ecology, and climate
science. As it challenges fundamental assumptions about mineral reactivity in frozen
systems, it may also require revision of biogeochemical models for cold regions. Current
biogeochemical models assume minimal mineral-water interactions at subfreezing tem-
peratures, potentially underestimating nutrient fluxes, trace element cycling, and weath-
ering rates in polar and alpine environments. This knowledge gap becomes increasingly
critical as climate change alters the global distribution and stability of frozen systems,
affecting ~17% of Earth’s land surface underlain by permafrost and vast areas of seasonal
ice cover (19).

This study used goethite, a geochemically and atmospherically representative mineral
of the iron oxide family, to investigate how inorganic anions affect dissolution reactions
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Fig. 1. Schematic representation of freeze concentration effects on iron oxide dissolution in ice. During freezing, mineral nanoparticles (orange rods) and
dissolved anions (green circles) are expelled from the ice crystal lattice and concentrated into the liquid intergrain boundary (LIB) This process creates
microenvironments with significantly elevated reactant concentrations compared to the initial solution. Enhanced surface complexation between concentrated
ligands and mineral surfaces within these confined liquid zones drives accelerated iron dissolution, releasing Fe*" species into solution. The schematic illustrates
the fundamental mechanism by which ice functions as a geochemical reactor, transforming dilute mineral suspensions into reactive hot spots that sustain

mineral-water interfacial processes at subzero temperatures.

in ice (20). We selected anions with varying iron binding
strengths from diverse environmental sources, including chloride
(marine environments), fluoride (weathering, atmospheric pro-
cesses), perchlorate (atmospheric deposition, Mars surface pro-
cesses), and sulfate (natural waters, acid precipitation). This
study builds upon our previous work with oxalate (11), which
demonstrated enhanced goethite dissolution in ice through for-
mation of clearly defined LIBs. However, the present study
examines low salt conditions, raising the question of the nature
of the liquid microenvironments sustaining mineral dissolution
reactions in ice. Fluoride served as the primary experimental
focus as a strong iron-complexing ligand, enabling detailed
mechanistic investigation of surface processes under the mildly
acidic conditions common in cold-region soils and aerosols
(21, 22).

Through time-resolved dissolution experiments, surface com-
plexation modeling, and spatial mapping, we demonstrate that
freeze concentration creates micron-sized reaction hot spots
where ligand-promoted dissolution is systematically enhanced.
The enhancement magnitude correlates directly with ligand
binding affinity, confirming that ice amplifies surface reactions
regardless of ligand identity. These findings reveal that ice func-
tions as a geochemical reactor capable of sustaining and accel-
erating iron oxide dissolution, providing a thermodynamic
framework for predicting mineral reactivity across diverse frozen
environments.

Results

Ligand-Promoted Fe Release from Goethite in Ice. To explore the
production of soluble ferric iron in ice, we froze dilute aqueous
suspensions of goethite (@-FeOOH) nanoparticles with fluoride
(Fig. 2 and ST Appendix, Fig. S1). All time-resolved experiments
at pH 2.8 to 5 (Fig. 2 A and B and SI Appendix, Table S2)
showed that fluoride enhanced goethite dissolution rates in ice
compared to liquid water. Cumulative dissolution yields were
consistently 4.3 + 0.3 times greater in ice than in liquid water
across all conditions (Fig. 2C). This enhancement in yield persisted
throughout the course of 8-d experiments, regardless of fluoride
concentration or pH. Supporting the concept that goethite
underwent dissolution in ice, transmission electron microscopy
revealed a 22% reduction in particle width after 8 continual
days of reaction in ice (SI Appendix, Fig. S2). X-ray diffraction
also showed extensive structural disorder (SI Appendix, Fig. S3),
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reflecting lattice disruption and crystallite size reduction resulting
from iron dissolution in ice (23, 24).

Time-resolved dissolution data exhibited zero-order kinetics in
both phases, with total rates (Ry) scaling with decreasing pH and
increasing NH,F concentrations (Fig. 2 D and E). Rates also cor-
related linearly with fluoride surface loadings (I'y) determined
from adsorption experiments in liquid water (Figs. 2 E'and Fand
3A). This behavior indicates a surface-controlled mechanism
where fluoride-bound iron site detachment controls overall dis-
solution rates.

These kinetic patterns demonstrate that ice preserves funda-
mental surface chemical mechanisms while systematically
enhancing their efficiency. The consistent zero-order behavior
and constant enhancement factors across conditions show that
mineral-water interfacial processes maintain identical thermo-
dynamic relationships in both phases. The direct correlation
between dissolution rates and surface fluoride loadings con-
firms that enhanced reactivity stems from increased ligand
adsorption rather than activation of fundamentally different
pathways.

Fluoride Precursor Surface Complexes Leading to Dissolution.
To explain the enhanced uptake of fluoride in ice, a surface
complexation model was developed from adsorption data in liquid
water (Fig. 34 and ST Appendix, Fig. S4 and Table S1). The model
was based on a priori knowledge of the 2D spatial disposition of
reactive goethite surface Fe-bound hydroxyls (Fig. 3 B-D), derived
from the crystal habit of the synthetic goethite nanoparticles (25),
surface structural considerations (Fig. 3 B-D), and previous
spectroscopic work (22, 26). Based on these considerations,
the model accounts for reactive OH sites distinguished by their
coordination number with underlying Fe atoms. These include
singly (=FeOH™; 3.13 nm ™), doubly (=Fe,OH; 3.13 nm),
and triply coordinated (EFCSO’O‘S; 5.93 nm ™) sites (S/ Appendix,
Table S1) (21, 22). Ligand exchangeability, forming Fe-anion
surface complexes, correlates directly with this coordination
environment, with singly coordinated groups being most readily
exchanged, and higher coordination sites less so.

The model (87 Appendix, Table S1) favored fluoride adsorption
through ligand-exchange with singly coordinated sites on domi-
nant goethite faces (22, 26):

=FeOH™™ + H" +F~ = =FeF " +H,0. [q]

Doubly coordinated site involvement
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Fig. 2. Fluoride-promoted goethite dissolution correlates with surface complexation and follows thermodynamic control. Time-resolved dissolution of 0.2 g ™
goethite in ice (=20 °C) vs. liquid water (25 °C). (A), pH dependence (2.8 to 5.0) with T mM NH,F showing enhanced reactivity in ice (Top) compared to liquid
water (Bottom). (B) Fluoride concentration effects (0 to 1.0 mM NH,F added to pH 3.0 HF-buffered suspensions) in ice (blue) and liquid water (red). Total
fluoride concentrations were determined by alkaline desorption. Dashed lines in panels A and B represent zero-order kinetic model fits. (C) Linear correlation
demonstrates consistent 4.3-fold enhancement of iron dissolution in ice across all conditions (R? = 0.99). (D) Dissolution rates with NH,F (total rates Ry in ice
and liquid water, filled circles) vs. NH,CIO, (proton-promoted rate R,, only, open circles) across pH 2.8 to 5.0, demonstrating ligand-specific enhancement.
(E) Concentration dependence of total dissolution rates (R;) at pH 3.0 (Left axis, closed circles), with corresponding fluoride surface loadings (I's; right axis,
open circles) after 1-h equilibration. (F) Linear relationship between dissolution rates and fluoride surface loadings (I'f) in liquid water establishes mechanistic
coupling (R? = 0.91, 95% CI shown). The slope yields k; = Ry/I': = 7.29 x 107 fluoride-complexed Fe per second (intercept is R; = =2.59 x 10~ umol m™2s™").
Negligible proton-promoted dissolution (R.;= 0; S/ Appendlix, Fig. S8 and Table S2), justifies R; = R + R, = R;. Results demonstrate that enhanced dissolution in ice
results from increased fluoride surface complexation, with dissolution rates directly correlating with surface ligand density across both phases.

=Fe,OH + H*+ F~ = =Fe,F + H,0, 2]

was also required to account for adsorption at high fluoride con-
centrations and low pH (Fig. 3A4). This aligns with previous work
(21) demonstrating the ability of fluoride to undergo ligand
exchange with =Fe,OH sites. In contrast, the higher surface
coordination number of OH in =Fe;OH prevented any
reaction.

Vibrational spectroscopy (Fig. 3 £ and F and S/ Appendix,
Fig. S5) substantiated this model by tracking fluoride surface com-
plexes. We monitored O-H stretching band intensities (3,661 cm™)
of =FeOH ™ sites, which are most susceptible to ligand exchange
forming =FeF "> complexes (Eq. 1). Time-resolved experiments
revealed faster =FeOH 7 site exchange in ice compared to liquid
water (Fig. 3F). This finding aligned with higher iron dissolution
rates and yields in ice. The results support =FeF " formation as
the initial step leading to iron detachment from goethite in
liquid-like microenvironments within ice. Although =Fe,OH sites
could not be resolved spectroscopically on goethite due to insuf-
ficient band resolution (21, 22), additional experiments with
lepidocrocite nanoparticles, a y-FeOOH polymorph with a face
dominated by these sites, clearly showed preferential =Fe,OH site
exchange in ice at high fluoride concentrations (S/ Appendix,
Fig. S5). Accordingly, the model was calibrated to account for the
coexistence of =FeF " and =Fe,F complexes (Fig. 3G). In liquid
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water, only =FeF" forms, whereas ice additionally promotes
=Fe,F formation at low pH and high loadings (Fig. 34). This
model provided a mechanistic basis for precursor complex forma-
tion that facilitated lattice Fe-O bond weakening and subsequent
iron detachment (27), which from aqueous speciation modeling
(SI Appendix, Fig. S6), should occur predominantly as the FeF(aq)
complex. These predictions also exclude the possibility of FeF;(s)
precipitation (S/ Appendix, Fig. S7 and Text).

Kinetic Modeling of Goethite Dissolution in Ice. Total dissolution
rates comprise contributions from fluoride-promoted (&y) and,
under acidic conditions, proton-promoted (&) pathways: Ry =
R: + Ry. A kinetic model expressed Ry through fluoride surface
speciation:

RF = kF(FEFcF_O‘5+FEFeZF)’ [3]

where kj. is the rate constant (s")andD represents surface loadings
(umol m %) of =FeF " and =Fe,F predicted by surface complex-
ation modeling. This formulation assumes equivalent reactivity
for both surface species. This simplification is justified by the
dominance of =FeF " under most conditions (>70% of surface
fluoride; Fig. 3G) and the similar Fe-O bond-breaking steps
required for detachment from either precursor. The linear rela-
tionship between fluoride surface loadings and dissolution rates
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Fig. 3. Surface complexation controls fluoride-promoted dissolution through ligand exchange mechanisms. (A) pH-dependent fluoride surface loadings (I'; 1 mM
NH,F, 1 h, black circles) compared with surface complexation model predictions for varying fluoride concentrations (dashed lines). Shaded regions indicate
dominant surface species. (B) Crystal structure of acicular goethite nanoparticle (average length of 141 nm from S/ Appendix, Fig. S2) showing distribution
of surface hydroxyl groups: singly coordinated =Fe-OH and doubly coordinated =Fe,-OH. (C) Surface structure before fluoride adsorption showing various
hydroxyl coordination environments. (D) Surface structure after fluoride complexation showing formation of =Fe-F and =Fe,-F surface complexes through ligand
exchange. (£) Time-resolved vibrational spectra monitoring depletion of singly-coordinated surface hydroxyl groups (3,661 cm™" band) during 8-d dissolution in
liquid water (red, Top) and ice (blue, Bottom). (F) Quantitative analysis of band absorbance (A) of =Fe-OH shows faster decay kinetics in ice (dA/dt=-13.8 x 107d™
than in liquid water (dA/dt = -5.4 x 10 d™', R? > 0.98). (G) Predicted fluoride surface loadings (I'y) showing that enhanced complexation in ice correlates
with available =Fe-OH and =Fe,-OH site densities. Results demonstrate that surface complexation modeling accurately predicts fluoride adsorption and that
enhanced dissolution corresponds to accelerated consumption of reactive surface sites, providing direct spectroscopic evidence for increased mineral-water

interfacial reactivity during freezing.

in liquid water (Fig. 2F) yields an overall detachment rate constant
ke = 7.29 x 10°° fluoride-complexed Fe per second.

We neglected contributions from Ry; because iron detachment
depends primarily on anion binding capability (Fig. 2D and
SI Appendix, Table S2). Control experiments with ligands of
contrasting iron-binding strengths confirmed this approach
(Figs. 2D and 4A and SI Appendix, Fig. S8). Dissolution rates
scaled with Fe(IlI)-ligand complexation strength (12, 28-30),
while proton-promoted rates using perchlorate as a noncom-
plexing agent produced no measurable iron release (S/ Appendix,
Figs. S7 and S8 and Table S2). This justifies the approximation
Ry~ Ry

These experiments also confirmed that enhanced dissolution in
ice extends to other environmentally important anions, including
chloride and sulfate. Dissolution rates scaled directly with the
Gibbs free energy of Fe(IlI)-ligand complex formation (Fig. 4B),
demonstrating thermodynamic control over ice-enhanced disso-
lution. The parallel slopes for ice and liquid water, offset by ~0.4
log unit, confirm consistent enhancement across all reactive lig-
ands. Fluoride, the strongest iron-complexing ligand tested (log
Ko p = 13.6), exhibited the highest dissolution rates in both liquid
water and ice. Sulfate, with intermediate binding strength (log
K504 = 4.05), showed moderate enhancement in ice, while chlo-
ride (log Ky ¢y = 2.13) exhibited measurable but smaller effects.
Perchlorate (log Kr..cio4 = 0.62), which forms only outer-sphere
complexes with Fe(III), produced no measurable dissolution. This
hierarchy, maintained in both liquid water and ice, matches the
formation constants of their respective iron complexes, indicating

https://doi.org/10.1073/pnas.2532599123

that freeze concentration amplifies existing ligand-mineral affin-
ities rather than creating other reaction pathways. More broadly,
the relationship between Gibbs free energy of complex formation
and dissolution rates (Fig. 4B) provides a framework for assessing
mineral reactivity in frozen environments. Although a rigorous
linear free energy relationship would require normalization to
surface ligand loadings, which is not possible for weakly binding
anions (8] Appendix), the observed correlation under identical
solution conditions (pH 3.0, 1 mM total ligand) is consistent with
established correlations for organic ligand-promoted dissolution

(15, 31).

Spatial Distribution of Goethite Dissolution Hot Spots in Ice.
To elucidate the environments in which dissolution rates were
enhanced in ice, we mapped the spatial distribution of goethite
nanoparticles and adsorbed fluoride using confocal Raman
microscopy (Fig. 5 A-D and SI Appendix, Figs. S9 and S10).
Lorentzian deconvolution of spectra over a 60 x 60 pm? area
in a frozen dilute goethite suslpension resolved Fe-O vibrations
from bulk goethite (386 cm™) and fluoride surface complexes
(altered Fe-O bands at 400 and 418 cm™") (Fig. 54) (27, 32).
The Fe-F band components scaled directly with fluoride loadings
(Fig. 5B).

Spatial mapping revealed that freezing transformed the initially
dispersed goethite suspension into discrete micrometer-sized
aggregates in ice (Fig. 5 Cand D). This aligns with previous find-
ings that freezing creates goethite aggregates with open nanopores
that maintain reactivity comparable to dispersed nanoparticles
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Fig. 4. Anion binding affinity controls goethite dissolution enhancement in ice. (A) Time-resolved iron release for different anions (HF, H,SO,, HCl) at pH 3.0,
showing enhanced dissolution in ice (filled symbols) compared to liquid water (open symbols), with the strongest effects for fluoride. (B) Correlation between
dissolution rates (R;) and Gibbs free energy of complex formation (AG®) demonstrates thermodynamic control of ligand-promoted dissolution. Formation
constants (log K) for predominant 1:1 aqueous complexes are shown in parentheses. The linear relationship (R? > 0.94) indicates that stronger binding affinity
drives faster dissolution rates in both ice and liquid water. The parallel slopes with a ~0.4 log unit offset (A = 0.4) confirm consistent enhancement across ligand
types. Conditions: 0.2 g L™' goethite at pH 3.0 in ice (-20 °C) and liquid water (25 °C). Results reveal that freeze concentration amplifies thermodynamically
controlled dissolution processes.

(33, 34). Most significantly, the Fe-F component distribution ~ formed concentrated LIBs at grain boundaries. The present study

(Fig. 5D) colocalized precisely with these goethite aggregates.  thus extends ice-enhanced dissolution to environmentally repre-
Unlike high-salt systems where well-defined LIBs form distinct ~ sentative low-salt conditions while establishing a thermodynamic
channels between ice crystals, the low ionic strength conditions ~ framework (Fig. 4B) that predicts dissolution enhancement for
examined here prevented formation of clearly delineated liquid ~ any ligand based on its iron binding affinity.

boundaries. Instead, liquid water distributed as microscopic films To quantify fluoride concentrations within liquid microenviron-
and pockets associated with mineral aggregates. This spatial organ-  ments during freezing, we used 'H and '’F NMR on goethite-free
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Fig. 5. Freeze concentration creates reactive liquid hot spots for enhanced mineral-ligand interactions. Spatial distribution by Raman microscopy (panels A-D)
demonstrates colocalization of goethite nanoparticles and fluoride surface complexes, while NMR quantification (panels E-H) reveals residual liquid water and
dissolved fluoride. (A) Representative Raman spectrum of goethite with fluoride surface complexes. Lorentzian deconvolution resolved bands from goethite
(Fe-0 vibrations at 330 to 450 cm™) and fluoride surface complexes (altered Fe-O vibrations at 400 and 418 cm™). (B) Linear correlation between Raman band
area ratio (A,g/Asge) and fluoride surface loading provides a quantitative measure of surface complexation (R* = 0.97, slope = 0.29). (C and D) Confocal Raman
mapping of frozen goethite suspension (1 g L™, 5 mM NH,F, pH 2.5, =20 °C) reveals spatial correlation between goethite aggregates (386 cm™" band area, panel
() and fluoride surface complexes (A4 o/Asgs ratio, panel D). Heat maps are overlaid on optical images of ice (50x magnification). () "H NMR spectra during
progressive freezing to —9.4 °C. (F) Temperature-dependent liquid water volume demonstrating progressive freeze concentration from liquid (red region) to ice
(blue region). Open and closed circles are from two separate experiments. (G) '°F NMR spectra quantifying fluoride in remaining liquid phases during freezing.
(H) Estimated fluoride concentration within residual liquid water during progressive freezing, calculated from the fraction of unfrozen water and mass balance.
As temperature decreases and ice fraction increases, fluoride concentrations in the diminishing liquid phase increase from 4 mM (liquid; Right axis, closed
circles) to ~2,000 mM (ice; Left axis, open circles) just before complete freezing at =9.4 °C. Lines in Fand H are guidelines only. Results demonstrate that freeze
concentration creates discrete microreaction zones where enhanced mineral-ligand interactions drive accelerated dissolution kinetics through formation of
concentrated chemical microenvironments.
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carlier work (35) showing the ability of "H NMR to probe the
behavior of confined liquid water. Although goethite was excluded
mainly to prevent magnetic interference from iron, these measure-
ments provide essential baseline data for understanding the chemical
environments where mineral dissolution occurs. Progressive freezing
revealed systematic changes in both water and fluoride distribution.
"H NMR spectra showed progressive liquid water exclusion, with
only ~0.2% remaining at -9.4 °C (Fig. 5 E'and F). Complete loss
of the 'H signal intensity below -9.4 °C indicates this temperature
as the practical lower limit for freeze concentration effects.
Concurrently, "’F NMR demonstrated that aqueous fluoride signal
disappeared upon complete freezing (Fig. 5G). These complemen-
tary measurements enabled calculation of extreme chemical condi-
tions within the remaining liquid phase. From the residual liquid
water volume, we estimate that the LIB contained up to ~2,000 mM
fluoride just before complete freezing (Fig. 5H), representing a
~500-fold concentration enhancement over the initial 4 mM solu-
tion. This freeze concentration should also drive significant acidifica-
tion, with pH shifting from the initial value of 3 to values potentially
as low as 0.3.

Although NMR measurements on goethite-free solutions
showed complete disappearance of the liquid water signal below
-9.4 °C, dissolution experiments at 20 °C clearly demonstrated
continued reactivity (Figs. 2 and 4). The observed reactivity
strongly suggests that trace amounts of liquid-like water remained
associated with goethite aggregates. Mineral surface interactions
likely stabilized metastable liquid films, sustaining dissolution
under the extreme chemical conditions established during freeze
concentration. Additionally, the successful prediction of dissolu-
tion kinetics using surface complexation modeling suggests that
the concentration factors we quantified are representative of the
chemical environment experienced by mineral surfaces during
freezing. Specifically, the measured concentration enhancement
explains our prediction for activation of the =Fe,F dissolution
pathway only when fluoride concentrations are increased by freez-
ing (Fig. 3G). These results demonstrate that freeze concentration
creates geochemically distinct microenvironments that amplify
mineral-water interactions even below the eutectic temperature

(21, 36-42).

Discussion

Mineral-water interfacial processes control biogeochemical cycling
across Earth’s surface environments, regulating nutrient fluxes that
influence ecosystem dynamics and human health (15-18, 43-45).
As climate change accelerates ice loss in polar and alpine regions,
understanding mineral reactivity in frozen systems becomes
increasingly critical for predicting iron mobilization (3). Recent
observations of enhanced Fe/Mn mineral reactivity in frozen
media (46, 47) suggest that ice may function as an active geo-
chemical medium rather than an inert storage phase.

This study demonstrates that ice acts as a geochemical reactor
that alters mineral dissolution processes. Our mechanistic inves-
tigation reveals three key features of enhanced mineral dissolution
in ice. First, freeze concentration expels dissolved species and
mineral particles into residual liquid, creating discrete hot spots
of elevated concentration. Second, enhanced surface complexation
within these microenvironments accelerates ligand-promoted dis-
solution relative to ambient conditions. Third, interfacial reactivity
persists even below the eutectic temperature, sustained by minute
volumes of liquid-like water associated with mineral surfaces.
Importantly, unlike our previous work with oxalate (11), where
dissolution occurred in well-defined LIBs at grain boundaries, the
low salt conditions examined here demonstrate that ice-enhanced

https://doi.org/10.1073/pnas.2532599123

reactivity persists even when liquid water is distributed as micro-
scopic films rather than distinct channels.

The thermodynamic control of dissolution by ligand binding
affinity extends beyond fluoride to other environmentally impor-
tant anions including sulfate and chloride. The consistent ~0.4
log unit enhancement across all reactive ligands demonstrates that
ice-enhanced dissolution is a general phenomenon, with implica-
tions ranging from marine aerosol interactions to soil mineral
transformations in permafrost regions. Although fluoride served
here primarily as a mechanistic probe due to its strong iron-binding
afhinity, elevated fluoride concentrations do occur in cold envi-
ronments through volcanic ash deposition and gas emissions
(48, 49), weathering of fluorapatite in glacial sediments (50), and
atmospheric deposition from industrial sources (51).

This framework proves particularly valuable for acidic systems
where our experiments demonstrated maximum dissolution
enhancement. Freeze concentration transforms moderately acidic
solutions into highly acidic microenvironments, meaning disso-
lution enhancement can occur even when bulk conditions are only
mildly acidic. Such starting conditions are widespread across
diverse cold-region settings. At the soil-permafrost interface,
active layer soils commonly exhibit pH 3.5 to 5.5 due to organic
acid accumulation, with pH decreasing further during freezing
(52, 53). Acid sulfate soils, formed when sulfide-bearing sediments
are exposed by permafrost thaw, generate pH values as low as 2
to 3 through sulfide oxidation (54, 55). Sulfide-rich mine tailings
and natural acid rock drainage maintain year-round acidity (pH
2 to 4) in contact with seasonal ice (56, 57). At the atmospheric
scale, Arctic haze events deliver acidified aerosols (pH 2 to 4) to
snow and ice surfaces, while volcanic emissions create locally
extreme acidity in polar environments (58). The predictive capa-
bility of our thermodynamic framework becomes especially rele-
vant as climate change increases freeze-thaw frequency and
permafrost degradation, potentially amplifying mineral weather-
ing rates and associated biogeochemical impacts.

These findings challenge the traditional view of ice as geochem-
ically inert and reveal ice as an active participant in biogeochemical
processes. By enhancing mineral dissolution, ice emerges as a
driver of iron supply to polar ecosystems, with potential down-
stream effects on nutrient cycling and carbon dynamics. As warm-
ing temperatures reshape the extent and persistence of frozen
landscapes worldwide, integrating ice-mediated chemistry into
Earth system models will be critical for anticipating biogeochem-

ical feedbacks to global change.

Materials and Methods

Dissolution Experiments. Dissolution experiments were performed using syn-
thetic goethite nanoparticles (81 = 4 m® g™"; S Appendix) suspended in liquid
waterat 25 °Cand in polycrystalline ice at =20 °C. Each sample contained 10 mL
of goethite suspension (0.2 g L™") in 15 mL polyethylene tubes, diluted from
concentrated stock (30 g L™"in Milli-Q water. Three experimental series involved
i) various acids (HF, H,SO,, HCI, HCIO,) at pH 3.0, ii) NH,F concentration effects
(0to 1.0 mM) at pH 3.0, and iii) pH dependence (2.8 to 5.0) with 1.0 mM NH,F
or NH,ClO,. Comparative experiments were also carried out with suspensions
(0.2 gL™") of synthetic lepidocrocite (82 + 2 m” g "; S Appendix)in 1.0 mM NH,F
at pH 3.0. Solution pH was controlled in all suspensions using 1 M solutions of
the corresponding acids of the ligands under study.

All samples were degassed with N,(g) for 30 min and sealed to prevent CO,(g)
contamination prior to the reactions. Liquid samples were agitated on an end-
over-end rotatorin aroom at 25 = 1°C, while ice samples were prepared by rapid
(~5min)freezing in a precooled ethanol bath (—20 = 0.01 °C). The uniform color
distribution in frozen samples indicated homogeneous particle dispersion in ice.
To prevent photochemical reactions, all experiments were conducted in the dark.
Time-resolved sampling involved thawing in lukewarm water (~40 °C, 10 min),
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after which particles were separated by centrifugation (8,000 rpm, 10 min), then
filtration (0.2 um). Melting time was insufficiently long to produce significantly
more soluble iron (Fig. 2 A and B). Ferrous [Fe(ll)] and total dissolved iron (Fe,,,)
in the particle-free supernatants were analyzed by UV-Vis spectrophotometry
(Cary-50, Varian) using the modified 1,10-phenanthroline method (59). These
analyses were performed directly after centrifugation and filtration (S/Appendix).
Reproducibility was ~5%, with a detection limit of ~1 pM. No reductive dissolu-
tion was observed, as all measured dissolved Fe was only Fe(Ill).

Fluoride Adsorption Experiments and Surface Complexation Modeling.
Fluoride adsorption was measured using mineral suspensions (0.2 g L' goethite
orlepidocrocite) equilibrated with T mM NH,F solutions at pH 2.8 to 9.0. After pH
adjustmentwith T M HF and 1 h equilibration (cf. kinetic results of S/ Appendix,
Fig. S1), phases were separated by centrifugation. To account for additional flu-
oride introduced by HF at low pH, total fluoride was quantified by alkaline des-
orption (1 M NaOH, pH 12). Surface loading was calculated from the difference
between total fluoride and equilibrium solution concentrations. All fluoride con-
centration measurements were performed at 25 °C using a fluoride-selective elec-
trode (Orion) with TISAB IV ionic strength buffer. Predictions of fluoride adsorption
on goethite were made using the multisite complexation model with PHREEQC
(v.2.)(60). See SI Appendix for details.

Infrared Spectroscopy. Fourier-transform infrared (FTIR) spectroscopy moni-
tored surface chemical changes following fluoride adsorption and mineral dis-
solution. Spectra were acquired using a Bruker Vertex 70/V spectrometer with
a DLaTGS detector in the mid-infrared region (600 to 4,500 m at1em™
spectral resolution.

Ligand exchange reactions were monitored through the vibrational signatures
of surface OH groups. Spectra were acquired using N,(g)-dried pastes of minerals
reacted in the adsorption and dissolution experiments. FTIR spectra were acquired
by attenuated total reflectance (Golden Gate, Specac) at 25 °C, using a previously
established protocol (25).

Raman Spectroscopy and Mapping. Raman microscopy was used to i) evaluate
the influence of fluoride adsorption on goethite vibrations at ambient tempera-
ture, and i) map the spatial distribution of goethite nanoparticles and fluoride
ions in polycrystalline ice. Spectra were acquired in the 200 to 1,400 cm ™ range
using a Renishaw InVia Qontor Raman spectrometer equipped with a 532 nm
continuous-wave laser and 50 long working distance objective. Wet mineral
pastes from fluoride adsorption experiments (pH 2.8 to 5.0) were analyzed first.
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