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Organic matter is a common component of environmental snow and ice. A few studies have shown that 
it can greatly affect reactivity there, for example by acting as a photosensitizer or by creating nonpolar 
micro-environments. We used Raman microscopy to investigate the distribution of three types of 
organic matter within ice and at air-ice interfaces. Our results show that different types of organic 
matter have different distributions and local concentrations at air-ice interfaces, as well as different 
effects on the underlying ice surface. Different types of organic matter may therefore have very 
different effects on reaction rates at air-ice interfaces.
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Abstract: 

Dissolved organic matter (DOM) is a common solute in snow and ice at Earth’s surface. Its effects on 

reaction kinetics in ice and at air-ice interfaces can be large, but are currently difficult to quantify. We used 

Raman microscopy to characterize the surface and bulk of frozen aqueous solutions containing humic acid, 

sodium dodecyl sulfate (SDS), and citric acid at a range of concentrations and temperatures. The surface-

active species (humic acid and SDS) were distributed differently than citric acid. Humic acid and SDS are 

almost completely excluded to the air-ice interface during freezing, where they form a film that coats the 

surface nearly completely. A liquid layer that coats the entire surface was observed at all humic acid and 

SDS concentrations. Citric acid, which is smaller and less surface active, is excluded to liquid channels at 

the air-ice interface and within the ice bulk, as has previously been reported for ionic solutes such as sodium 

chloride. Incomplete surface wetting was observed at all citric acid concentrations and at all temperatures 

(up to 5 oC). Citric acid appears to be solvated in frozen samples, but SDS and humic acid do not. These 

results will improve our understanding of the effects of organic solutes on environmental and atmospheric 

chemistry within ice and at air-ice interfaces.

Keywords: Dissolved organic carbon (DOC), surfactant, quasi-liquid layer, freeze exclusion, cryosphere, 

spectroscopy

Introduction

Ice surfaces have long been recognized as important environmental reaction media.1, 2 Kinetics of several 

atmospherically-relevant photolytic3-12 and heterogeneous5, 13-17 reactions have been reported to be very 

different at ice surfaces than in liquid water or at liquid water surfaces. Solutes in water are generally 

excluded from the ice matrix upon freezing due to strong, directional hydrogen bonding in water. Different 

solutes, upon freezing, experience different degrees of exclusion and modify the surface properties of the 
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frozen solution accordingly. Several studies have reported the effects of environmentally-relevant ionic and 

small organic solute impurities on the surficial properties of ice.18-27 Ionic impurities, for example, are 

known to increase the activity and water fraction on the surface of frozen solutions, as verified by 

theoretical19, 20 and experimental27-30 studies. Several ionic solutes are known to form deep channels or 

isolated patches of concentrated liquid brine on the ice-surface.22-25, 31 Our previous study showed, for 

example, formation of 10’s of µm deep and 5 – 20 µm wide brine-channels in frozen seawater and aqueous 

0.6 M sodium chloride (NaCl) solutions.23 Freeze exclusion of ionic species appears to lead to liquid water 

that is distributed throughout the ice sample, including at the air-ice interface. The resultant changes in local 

solute concentration and fractional surface liquid coverage can affect reaction kinetics at ice surfaces.11 To 

quantitatively predict the effects of solutes on chemistry at air-ice interfaces, the distribution of solutes and 

of liquid water must be known, but to date they often are not.

Most studies that have investigated the effects of solutes on properties of air-ice interfaces have 

focused on inorganic ionic species. Organic matter (OM) is a common solute in ice. In liquid atmospheric 

aqueous phases it can greatly impact gas-surface partitioning and reaction kinetics by forming films at the 

interface.32-36 Organic matter has been reported to suppress photolysis of some pollutants in ice and at ice 

surfaces by reducing local polarity9 and via competitive photon absorption (the “inner filter effect”),10 and 

to enhance photolysis of other pollutants via production of reactive oxygen species.37, 38  Irradiation of OM-

containing snow and ice has been reported to release gas-phase products including formaldehyde, acetone, 

and nitrous acid.39, 40 A few studies have reported distributions of OM within and at the surface of ice 

samples. Some fluorescent dyes have been suggested to reside within liquid compartments inside of ice,41-

43 and molecular dynamics (MD) simulations suggest that organic molecules such as octanol and octanal 

form films at ice surfaces,25 while glyoxal forms heterogeneous clusters at ice surfaces.18 The distributions 

of common environmental OM such as fulvic and humic acids in ice have not been reported. We used 

Raman spectroscopy and mapping to probe the surface and sub-surface presence of three organic solutes in 

frozen aqueous solutions. We report the distributions of humic acid, sodium dodecyl sulfate (SDS), and 

citric acid across the ice surface and throughout the bulk of the sample, and investigate their effects on the 

liquid water fraction of the ice. Our results may improve our ability to model chemistry in organic-

containing snow and ice.

 Materials and methods

Sample preparation: 
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Solid humic acid (HA, International Humic Substances Society), sodium dodecyl sulfate (SDS, Sigma-

Aldrich, ≥ 98.5%), or citric acid (CA, Sigma-Aldrich, ≥ 99.5%) was dissolved in deionized (DI) water of 

resistivity 18.2 MΩ.cm. The concentrations used are shown in Table 1.

Table 1: Solute concentrations in liquid and frozen samples
Concentration (g/L)

Sample Liquid Icea

Suwannee River 
humic acid (HA) 
Std. III

1× 103  3×102 3×106  3×102

Sodium dodecyl 
sulphate (SDS) 1  200 1  10

Citric acid (CA) 1  300 6×102  60 

a) Concentrations in ice refer to the pre-frozen concentrations in the liquid solutions.

Chromophoric dissolved organic matter (CDOM), of which humic acid (HA) is a major component, 

is present at concentrations up to a few 10’s of mg/L of carbon in surface waters.44, 45 Concentrations in 

polar snow and ice are somewhat lower (often less than 1 mg/L), but concentrations greater than 10 mg/L 

have been reported.37-39, 46, 47 The humic acid concentrations used in this study span this range. Detergent 

surfactants, from household or industrial use, are often present in surface waters, and concentrations of 

100’s of mg/L have been reported in laundry wastewater.48 Sodium dodecyl sulphate (SDS) is used as a 

reference surfactant in this work. Due to sensitivity constraints, the concentrations used were higher than 

reported environmental levels. Two concentrations were chosen: one above and one below the critical 

micelle concentration (~2.3 g/L).49 Citric acid was used to represent smaller oxidized OM at concentrations 

spanning 3 orders of magnitude.

Samples were frozen in a previously-described23 custom-built cold chamber with a stainless steel 

baseplate and an air-tight cover containing a 1 mm thick quartz window. A ~100 µL drop of liquid sample 

was placed on the baseplate and the temperature was controlled with a single-stage Peltier cooler. A 

thermocouple junction, inserted in the sample prior to freezing, was used to monitor the temperature of the 

sample in real time. Unless otherwise stated, the temperature of the sample was slowly decreased until it 

visibly froze, and then the temperature was varied between 5 oC to 25 oC in 5 oC steps. After allowing 

about 10 minutes to equilibrate at each temperature, Raman maps were acquired by scanning over an area 

in the horizontal plane (surface maps) or vertical plane (depth maps) for each sample. The temperature was 

kept constant within ±0.5 oC during the scanning process.

Raman measurements 
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Raman scattering emission was measured using a Renishaw Invia Basis Raman microscope with a green 

laser (wavelength 532 nm). The sample stage was placed on the three-axis translation stage of the 

microscope. A dry objective of 0.5 numerical aperture, 50× magnification, and 8.2 mm working distance 

was used to focus the excitation light on the sample through the quartz window of the stage. Scattering 

response of the samples was acquired using a 1015-pixel charge coupled device (CCD) following 

diffraction from the grating. In all experiments, the range of Raman shifts acquired was between 2502 cm1 

and 3826 cm1, which allowed us to acquire the Raman spectrum of the OH stretch region of DI water 

and/or ice simultaneously with the CH stretch bands from SDS or citric acid, as well as broad featureless 

fluorescence emission from humic acid.

All spectral data were analysed in Matlab (R2011a). The data analysis procedure followed this 

sequence for each acquired spectrum: (i) non-linear (3rd order polynomial) background estimation; (ii) 

background subtraction to extract the Raman scattering spectrum; (iii) evaluation of solute-specific 

intensity of emission relative to the global peak in the emission band; (iv) decomposition of the OH 

stretching region in the spectrum into fractional spectral contributions from pure ice and unfrozen solution. 

Depending on the solute type, either the CH stretch peak (for SDS and citric acid) or the mean fluorescence 

background (for humic acid) was used in step (iii). A full description of step (iv) is provided in the 

Supplementary Material.

Raman surface maps were acquired by scanning a 150 µm × 150 µm area of the surface with 3 µm 

steps. The surface plane was identified visually using the optical microscope attachment of the instrument. 

Depth maps were acquired over a vertical plane of 200 µm height and 150 µm width with 10 µm steps in 

the vertical direction and 3 µm steps in the horizontal direction. For all acquired maps, integration time was 

1 sec. Surface maps took approximately 56 minutes and depth maps took approximately 20 minutes. For 

each solute type and concentration, Raman maps were acquired over the same area at different temperatures. 

Each experiment was repeated on at least 3 separate samples for each condition. At each coordinate, the 

spectral data was analysed using the four steps described in the previous paragraph.

Results and Discussion

Spectra

FIG 1(a) shows typical spectra of solid humic acid, SDS, and citric acid, and FIG. 1(b) shows spectra of 

pure DI water and of aqueous solutions containing humic acid, SDS, or citric acid at room temperature. The 

broad peak centred around 3415 cm1 in each aqueous sample is due to stretching of OH bonds in 

hydrogen-bonded water. The shape of this peak is generally attributed to, and can be deconvoluted among, 

between three and eight50-52 different Gaussian peaks originating from different combinations of hydrogen 
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bond donor and acceptor water molecules. The humic acid spectrum is characterized by a large fluorescence 

background both as a solid sample and dissolved in aqueous solution, while SDS and citric acid show 

Raman peaks corresponding to their CH stretching bands between 2800 cm1 and 3100 cm1 with 

relatively small fluorescence backgrounds. FIG. 1(c) shows spectra acquired from the surface of frozen 

aqueous solutions of humic acid, SDS, and citric acid, as well as of frozen DI water at 15 oC. Raman CH 

stretch peaks of SDS and citric acid, as well as fluorescence from humic acid and, to a smaller extent, from 

SDS and citric acid, were clearly seen at the air-ice interface. The shape of the OH stretching region of 

ice is different from that in the liquid phase, with maximum intensity observed at ~3135 cm1 indicating a 

more extensive hydrogen bonding network.53 An increase in intensity in the high-energy shoulder of the 

OH stretch band of ice (~3415 cm1) relative to the peak (~3135 cm1) that is not fully explained by 

background fluorescence was observed in the presence of each solute. We attribute this spectral shift to the 

presence of liquid water, as we have described previously.23 As discussed in detail in the following section, 

it likely arises from solute-induced surface melting. It is possible that the OH stretches of citric acid (at 

3290 cm1 and 3495 cm1 in liquid aqueous solution) have some effect on the shape of the observed OH 

stretch; we cannot currently quantify this. However, surface melting (rather than artefacts from CH 

stretches) is likely the major cause of the shifts in the OH band; similar shifts are observed in the presence 

of SDS, which does not contain hydroxyl functional groups, and humic acid, for which only fluorescence 

emission is detected in this spectral region using 532 nm excitation.
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FIG. 1: Emission spectra of (a) solid HA, SDS, and CA 
at 25 oC; (b) DI water and of aqueous solutions of HA 
(30 mg/L), SDS (200 g/L), and CA (300 g/L) at 25 oC; 
and (c) DI water ice and frozen aqueous solutions 
containing HA (3 mg/L), SDS (1 g/L), and CA (6 g/L) 
at 15 oC. 

Emission intensities of each solute relative to emission from the OH stretch band of water were 

much greater in the frozen samples than in the liquid. Although similar intensities of the CH stretch peaks 

of SDS and citric acid were observed in panels (b) and (c), the initial (pre-frozen) concentrations of SDS 

and citric acid required to generate this signal in ice were 0.5% and 2% of those in the liquid phase. Limits 

of detection (LOD) in the liquid phase were 1 mg/L (HA), 10 g/L (SDS), and 20 g/L (CA) (see the 

Supplementary Material for further discussion). The humic acid detection limit was much lower than that 

of SDS or citric acid because fluorescence is a much stronger process than Raman scattering. We did not 

establish LOD for frozen samples, but strong emission from all three solutes was observed at concentrations 

one to two orders of magnitude lower than the corresponding LOD in liquid water (0.3 mg/L HA, 1 g/L 
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SDS, and 0.06 g/L CA). This is likely due to local concentration enhancements at the surface caused by 

freeze-exclusion.

We can use the spectra in FIG. 1 to make inferences about the solvation state of the solutes. The 

CH Raman stretch of SDS in liquid water was less resolved than that in the dry sample, and the relative 

intensities of the asymmetric and symmetric CH stretches at 2882 cm1 and 2848 cm1 respectively were 

reversed in the liquid and solid samples. Both of these changes reflect the fact that SDS is solvated in 

aqueous solution.54, 55  The SDS CH stretch band at the ice surface resembled that of solid SDS: the 

asymmetric and symmetric stretches were clearly resolved, and the relative intensities matched those in the 

solid sample. This suggests that SDS is not appreciably solvated at the air-ice interface. Conversely, peak 

broadening of the CH stretch bands of citric acid was observed in ice samples as well as in aqueous 

solution, suggesting that, unlike SDS, citric acid is solvated at the air-ice interface. Raman emission was 

not observed for humic acid in any samples.

Surface Maps

Surface maps were acquired at air-ice interfaces between 5 oC and 25 oC. FIG. 2 shows representative 

surface maps for frozen aqueous solutions of humic acid, SDS, and citric acid at 15 oC. Corresponding 

maps at 5 oC and 25 oC are shown in FIG. S6 – S8 in the Supplementary Material. The left column in 

the maps shows normalized intensities of humic acid fluorescence and of SDS and citric acid Raman 

scattering as a function of location. Variations in normalized intensity suggest that concentration (or film 

depth) may vary spatially, but we cannot currently quantify solute concentrations at ice surfaces. This is 

due to two main factors. First, SDS and possibly humic acid appear not to be dissolved within liquid regions 

in frozen solution. The calibration curves presented in Figure S4 of the Supplementary Material can only 

relate normalized intensity to concentration for solvated species. Second, each spectrum reflects the average 

signal over some volume that is determined by laser spot size and depth resolution. This volume will often 

contain a heterogeneous distribution of solute concentrations, including regions with no solute. The defined 

features in the normalized intensity maps of SDS and humic acid may be indicative of 3-dimensional 

structures at the air-ice interface, consistent with the presence of non-solvated organic films. The 

normalized intensity of citric acid is much more spatially uniform, as would be expected for a molecule 

dissolved in aqueous solution. 
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FIG. 2: Surface maps of emission intensities normalized to 3135 cm1 (left column), solute surface coverage 
(middle column), and surface coverage of liquid water (right column) for humic acid, SDS, and citric acid 
solutions with bulk (pre-frozen) concentrations of 3 mg/L (HA), 1 g/L (SDS) and 60 g/L (CA). X and Y represent 
two orthogonal directions on the surface. All measurements were acquired at 15 oC. The scan area is 150 µm × 
150 µm with a step size of 3 µm. The mean normalized emission intensity from each solute is shown as a yellow 
horizontal line in the corresponding colour-bar in the left column.

The middle column of FIG. 2 shows the distribution of organic solutes across the ice surface (as 

determined by a method discussed in the Supplementary Material). After background subtraction, the OH 

stretching region in the spectrum at each coordinate was quantitatively deconstructed into contributions 

from pure ice and liquid water in a method described in the Supplementary Material. A threshold value for 

spectral liquid contribution (xW, described in the Supplementary Material) was used to classify each 

spectrum as either ice or liquid water. The distribution of liquid water at the air-ice interface is shown in 

the right-hand column. Citric acid surface coverage was much less extensive than that of humic acid or 

SDS, even at very high citric acid concentrations (60 g/L). The extent of fractional liquid surface coverage 

(θw, calculated as the fraction of pixels in the maps in the right column that were determined to correspond 

to liquid water) was also quite different for samples containing citric acid compared to those containing 
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humic acid or SDS. In contrast to the near-complete liquid coverage observed in samples containing humic 

acid or SDS, citric acid samples contained channel-like liquid structures.

While solute and liquid fractional surface coverage were both very high for samples containing 

humic acid or SDS, the locations of liquid water and of organic solute may not be strongly correlated. 

Specifically, FIG. 2 shows that some regions that did not contain organic solute contained liquid water, and 

that some regions that did not contain liquid water contained organic solute. We analysed the spatial 

correlation between solutes and liquid water from the maps of normalized intensities and xW to better 

quantify the spatial correlation (or lack thereof) between organic solutes and liquid water at ice surfaces. 

FIG. 3 shows Pearson correlation coefficients, ρSW, at different temperatures for all frozen samples (for 

humic acid, normalized intensity maps could not be measured at concentrations below 0.3 mg/L, so data 

from these samples are not shown). Despite near-complete surface coverage by liquid water and solute for 

a wide range of solute concentrations and temperatures, humic acid and SDS were not spatially correlated 

with liquid water at ice surfaces with an average ρsw of 0.05 ± 0.13. Conversely, there was a strong positive 

correlation (ρSW = 0.63 ± 0.07) between citric acid and liquid water irrespective of temperature and 

concentration, which suggests that citric acid is generally co-located with liquid water, likely in liquid 

channels as suggested by FIG. 2 and as has been reported for a number of ionic solutes.17, 22-25, 27, 28, 56 
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FIG. 3: Spatial correlation of solute emission intensity and 
spectral liquid contribution, x

W
, at the air-ice interface of 

frozen solutions of HA (0.3 mg/L, 3 mg/L, and 30 mg/L), 
SDS (1 g/L and 10 g/L), and CA (0.06 g/L, 0.6 g/L, 6 g/L, 
and 60 g/L). Increasing marker size represents increasing 
pre-frozen solution concentrations.

FIG. 4 shows the fractional surface coverage, θW, at air-ice interfaces as a function of pre-frozen 

solute concentration at different temperatures. Positive concentration dependences were observed for all 

three solutes, except at high HA and SDS concentrations and high temperatures when θW was close to 

100%. Samples containing citric acid had lower surface coverage than SDS and humic acid at all 
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temperatures, despite pre-frozen citric acid concentrations that were similar to SDS and up to five orders of 

magnitude higher than humic acid. This suggests that all three organic solutes induce surface melting, but 

that humic acid and SDS do so more effectively (i.e., at much lower concentrations) than citric acid. The 

effect of temperature on the fractional surface coverage can also be observed from this figure by tracking 

markers from small (low temperature) to large (high temperature) at a fixed solute concentration. A positive 

temperature dependence was observed for all solutes at all concentrations, with the exception of SDS at 10 

g/L; at this concentration the ice surface was completely covered with liquid water at all temperatures. The 

magnitude of the temperature dependence decreased for humic acid and SDS as concentrations increased, 

likely because the surface became saturated with liquid water at increasingly low temperatures. For samples 

containing citric acid, the temperature dependence became larger with increasing solute concentration. This 

is similar to the dependence we observed in frozen aqueous NaCl solutions,23 and is qualitatively consistent 

with the thermodynamically-predicted temperature dependence of a frozen binary solution.21, 23 The 

temperature dependence of fractional surface coverage is explicitly plotted in FIG. S9 in the Supplementary 

Material.
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FIG. 4: Effect of pre-frozen solute concentration on 
fractional liquid surface coverage. The horizontal axes are 
in mg/L for HA (ticks at the bottom) and in g/L for SDS 
and CA (ticks at the top) in log scale. Increasing marker 
size indicates increasing temperature from 25 oC to 5 oC 
in 5 oC steps. Error bars represent the standard deviation of 
measurements from three samples. Dashed traces are 
included to guide the eye.

As discussed above, the amount of liquid present at the air-ice interface generally increased with 

increasing temperature. If solutes are dissolved in liquid regions, we would expect an inverse relationship 
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between observed solute concentrations (which likely correlate with normalized emission intensity) and 

temperature due to solute dilution with increasing liquid fraction. FIG. 5 shows averaged normalized 

emission intensity of the frozen solutions as a function of temperature. These values were determined from 

surface maps of emission spectra of each frozen solution by calculating the average intensity in the solute-

covered regions. Citric acid Raman intensity decreased with increasing temperature, as expected for a solute 

that is dissolved in liquid water. Conversely, emission intensities of humic acid and SDS were largely 

insensitive to temperature. Some variation was observed for the highest humic acid concentration (30 

mg/L), but these data have very high sample-to-sample variation as reflected by the large error bars. These 

observations support our conclusion that citric acid is solvated in liquid water at the air-ice interface, but 

that humic acid and SDS are not largely solvated. 
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FIG. 5: (a) Fluorescence intensity of HA; (b) Raman 
intensity of SDS; and (c) Raman intensity of CA as a 
function of temperature at the air-ice interface. 
Increasing marker size indicates an increase of pre-
frozen concentration. cHA = 0.3 mg/L, 3 mg/L and 30 
mg/L, cSDS = 1 g/L and 10 g/L, and cCA=  0.06 g/L, 0.6 
g/L, 6 g/L, and 60 g/L. Error bars represent the 
standard deviation of measurements from three 
samples. 
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Depth Profiles 

FIG. 6(a) through (c) show depth slices of normalized intensity for the frozen humic acid, SDS, and citric 

acid samples for which surface maps are shown in FIG. 2 at 15 oC. The observed intensity above the ice 

surface is an artefact due to contributions from solutes at the ice surface when the incident laser beam was 

focused above the sample. Depth resolution within the ice was approximately 20 µm. We note that citric 

acid and SDS solutions have negligible molar absorptivity at 532 nm while humic acid absorbs much more 

strongly at that wavelength. However, since the intensities are normalized to the peak intensity within the 

same acquired spectrum at each spot, the effect of a gradual decrease in actual count-rates due to absorption, 

if any, is negated. Similarly, any effect of the dead-time of the detector on the mapped intensities in the 

surface and depth profiles, although highly unlikely in the default optimum operating mode of the detector, 

is also negated by the normalization. The apparent gradual decrease in solute intensity with depth is, rather, 

due to the poor depth resolution; the true thickness of the film is likely much smaller than the apparent 

thickness from the maps. We therefore used these depth profiles only to qualitatively analyze the 

distribution of solutes throughout the ice sample, rather than to quantify organic layer thicknesses.

Page 13 of 20 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13

Humic 
acid

-80-4004080
-80
-40

0
40
80

X (m)

Y
 (

m
)

-80 -40 0 40 80
-100

-50

0

50

100

0

0.1

0.2

0.3

0.4

0 0.3 0.6
-100

-50

0

50

100

X = -40 m
X = 0 m
X = 40 m

(a) (d)

SDS

Z 
/ µ

m -80-4004080
-80
-40

0
40
80

X (m)

Y
 (

m
)

-80 -40 0 40 80
-100

-50

0

50

100

0

0.05

0.1

0 0.05 0.1
-100

-50

0

50

100

X = -40 m
X = 0 m
X = 40 m

(b) (e)

Citric acid

-80 -40 0 40 80
-100

-50

0

50

100

-80-4004080
-80
-40

0
40
80

X (m)

Y
 (

m
)

0 0.2 0.4
-100

-50

0

50

100

X = -50 m
X = -25 m
X = 0 m

0

0.1

0.2

0.3

0.4
(c) (f)

X / µm     Normlized intensity
FIG. 6: Depth slices in the X-Z plane of normalized intensities at 15 oC for frozen aqueous solutions 
containing (a) HA (3 mg/L), (b) SDS (1 g/L), and (c) CA (60 g/L). Concentrations refer to those in the pre-
frozen solutions. Z is the vertical axis extending from above the sample (positive values) to inside the sample 
(negative values). Z = 0 is referenced at the surface and shown by the yellow horizontal lines. Slices were 
scanned over a length of 150 µm laterally with a 3 µm step size and 200 µm vertically with a 10 µm step size. 
Depth profiles at three values of X (shown on the maps) are shown in (d), (e), and (f) for HA, SDS, and CA 
respectively. 

The plots of intensities along the vertical lines in the maps are displayed in FIG. 6(d) and (e) for 

humic acid and SDS respectively, showing the continuous Lorenzian decrease in intensity from the surface. 

It is noteworthy that in no situations did we observe signal corresponding to humic acid or SDS deep inside 

the sample, indicating that these solutes reside predominantly at the surface due to freeze exclusion. This 

suggests that the concentration of the solutes at the air-ice interface would be significantly higher than their 

initial bulk concentrations in the liquid phase, although, as described above, the concentrations cannot be 

quantified at present. Depth slices of Raman intensity of a frozen citric acid solution in FIG. 6(f) shows 

solute distributed heterogeneously throughout the sample, including at much greater depths than those at 
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which humic acid or SDS were detected. The plot in FIG. 6(f) at X = 50 µm shows the presence of citric 

acid at an apparent depth of 60 µm (equivalent to true depth of ~80 µm due to the refractive index of ice). 

This citric acid does not appear to be connected to the ice surface, which suggests that citric acid is not 

completely excluded to the surface, but is distributed between liquid regions within the bulk and at the air-

ice interface. This is similar to observations we recently made about NaCl brine in frozen solutions,23 and 

is consistent with studies on Cl and NO3
 ions in frozen aqueous solutions that reported surface 

concentrations lower than those expected if all the solute was excluded to the surface. 57-60 

Atmospheric Implications

Our results suggest different behaviour of humic acid and SDS compared to citric acid in frozen aqueous 

solutions. We suggest that humic acid and SDS are almost fully excluded to the air-ice interface where they 

form films that coat most of the surface at most temperatures and pre-frozen solute concentrations. A layer 

of liquid water at the ice surface is observed in their presence. Humic acid and SDS appear not to be 

appreciably solvated by this liquid water layer. These results are consistent with organic films residing 

above (rather than within) the liquid water layer. Unlike humic acid and SDS, citric acid is excluded to 

liquid regions throughout the ice sample, including (but not limited to) the air-ice interface. It appears to be 

solvated within liquid channels and pockets in the sample, and it causes some surface melting, but to a 

much lesser extent than humic acid and SDS. The distribution of citric acid in ice is similar to reported 

distributions of ionic species,22-25, 31 including distributions of Cl that we recently inferred using Raman 

microscopy.23

The effects of OM on the physical and chemical properties of air-ice interfaces are important to our 

understanding of, and ability to predict, reaction rates in snow-covered regions. Reactivity at air-ice 

interfaces has been reported to differ greatly from that in bulk liquid aqueous solution or at air-liquid water 

interfaces.2, 3, 5 As discussed in the Introduction, a few studies have investigated the effects of dissolved 

organic matter on reaction kinetics in ice and at air-ice interfaces. Dissolved organic matter including fulvic 

acid and humic acid were reported to increase photolysis rates of the insecticide aldrin in ice samples due 

to indirect photolysis such as photosensitization and singlet oxygen formation.37 Photolysis in frozen 

samples ranged from ~3 to > 20 times faster than in liquid samples, depending on the type of CDOM 

present. These enhancements were attributed to freeze concentration effects, consistent with our 

interpretation of the Raman maps of humic acid in this work. 

We recently investigated the effects of organic molecules (octanol, decanol, and fulvic acid) on the 

photolysis kinetics of polycyclic aromatic hydrocarbons (PAHs).9, 10 All three types of OM suppressed PAH 

photolysis, but the mechanisms were different. We attributed suppression by octanol and decanol, which 
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do not absorb sunlight, to decreased local polarity,9 while suppression by fulvic acid was primarily due to 

competitive photon absorption (the “inner filter effect”).10 Our current results are consistent with both of 

these mechanisms, and are also consistent with suppression being due to increased liquid water fractions in 

the presence of surface-active OM, since many aromatic pollutants, including PAHs, have been reported to 

photolyze more rapidly at air-ice interfaces than at air-liquid water interfaces or in bulk liquid water.3, 4 

To our knowledge, the effects of small, polar organic molecules on chemistry in ice have not been 

investigated. We suggest that organic species similar to citric acid will affect reactivity in ice primarily via 

solute-induced melting. Based on the fractional liquid surface coverages we report in FIG. 4(a), we predict 

that surface melting will be small, with fractional liquid coverages generally lower than 10% at 

environmentally-relevant OM concentrations. This small amount of liquid water could measurably affect 

reaction kinetics, however. For example, we showed that photolysis of the aromatic compound harmine, 

which is ~4 times faster at air-ice interfaces than at air-liquid water interfaces, was suppressed by NaCl and 

NaBr at ice surfaces due to solute-induced surface melting.11 Based on that work and our recent 

investigation of the effects of NaCl on fractional liquid surface coverages at air-ice interfaces,23 we predict 

that when 10% of the ice surface is coated with liquid water, harmine’s photolysis rate would be reduced 

by a similar amount (~10%). It is therefore possible that environmentally-relevant concentrations of small 

organic molecules could affect reaction kinetics via solute-induced melting, even without considering other 

potential effects such as altered local polarity, indirect photolysis, or altered air-ice partitioning.

We conclude by noting that solutes generally do not exist in isolation. Most aqueous atmospheric 

systems (whether liquid or frozen) contain multiple solutes. The effects of co-solutes on solute distribution 

and liquid volume fractions in frozen aqueous solutions have not been widely reported, and it is possible 

that effects are not additive. Future studies combining Raman microscopy or other surface-sensitive 

techniques with complementary techniques such as x-ray micro-computed tomography would provide a 

complete picture of solute distributions throughout entire ice samples, and would greatly further our 

understanding of physical and chemical processes in – and at the surface of – snow and ice in the 

environment.
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ToC figure:
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