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ABSTRACT: Brinicles are hollow ice structures that grow under sea ice. These structures Cacl, 7 Nacl
form when supercooled brine is released into the surrounding ocean, causing ice to form h
around it. These structures have recently garnered interest for their possible existence on the

ocean moons of Enceladus and Europa. This work investigated the impacts of specific salt ENG R T/ DI

compositions on brinicle growth and morphology. Brinicles were grown in a subzero facility
for 2 h with four different brine solutions: sodium chloride (NaCl), calcium chloride (CaCl,),
Enceladus analog containing NaCl (henceforth labeled as “ENC”), and a Don Juan Pond analog containing CaCl, (henceforth
labeled as “DJP”) utilizing elemental chemistry data from Don Juan Pond (Wright Valley, South Fork, Victoria Land, Antarctica).
The brinicles were imaged during growth and extracted for analysis of ice grain size and inner column dimensions. This research
concludes that varying salt compositions had a significant impact on the growth, stability, and morphology of brinicle formation. The
CaCl,-based solutions resulted in brinicles that were more diverse and structurally complex than those grown in NaCl-based
solutions, potentially driven by differences in heat capacities and solute properties. This investigation highlights how salt composition
influences the physical characteristics of the brinicle, impacting the microenvironments in and around the brinicle and thus affecting
their potential habitability in both terrestrial and extraterrestrial frozen environments. The salinity and rapid formation of brinicles
would allow for the capture and entombment of halophilic microorganisms. While the stability of organics and biogenic products is
not explored in this study, this investigation sets the stage for where and why these frozen water features should be a priority target
for future astrobiological and geomicrobiological studies.

Vi

B INTRODUCTION

Brinicles are tubular formations extending from the underside
of sea ice. These structures have been observed in the Arctic
and Antarctic oceans.'”” Brinicles form when concentrated
brine is released from sea ice at ~15% salinity.> The
supercooled dense brines flow downward, while the seawater
freezes around it, resulting in the development of hollow ice
tubular structures."* Brinicles have been recorded at varying
lengths from centimeters to meters, with some reaching down
to the ocean floor (Figure 1a,1b)."”™* These structures
originally gained scientific interest due to their hypothesized

role in transferring heat and salt throughout the ocean and ice Fi L1 £ brinil in the lab feld. (A
shelf, potentially impacting microenvironments.>>° igure 1. Images of brinicles grown in the laboratory versus field. (A)

L . . . Brinicle grown in a subzero facility. (B) Brinicle imaged near

Ban}czles were f%rst. record.e{?] in Antarctica during t‘he McMurdEr Station in Antarctica. Imagtg co(urgesy of Rob Rol%bins, us
1970s.”” During this time, brinicles were referred to as “ice Antarctic Program.
stalactites” under the same category as icicles."”” However,
recent literature has argued that brinicles have a different
growth mechanism than icicles and thus should be referred to
under the separate name of brinicles.” The formation processes
observed in this investigation would also support the design of
brinicles as their own entities.

The first research related to brinicles focused on their
formation, structure, and behavior. The earliest studies of these
structures consisted of field observations from Antarctica,
which laid the groundwork for the field."™ In 1974, Martin
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Figure 2. Experimental setup for brinicle formation and analysis. Schematic showing the process of extracting brinicles for ice grain and brine
column analysis. Detected edges are outlined in blue. Note the inclusion of multiple brine channels in the drawing on the left and in the image on

the top right.

Following the 2 h growth period, a hand saw was used to cut
and section around the brinicle, allowing for its careful
extraction from the tank. The dimensions of the length and
base circumference were measured. Following this, five brinicle
structures were formed for each solution, with each brinicle
used for a different type of measurement. One brinicle was
melted down and the conductivity was measured, one was used
for grain size measurements, and three were used for internal
column area measurements. For the brinicles used for grain
size and column area measurements, the brinicle was sectioned
at 25%, 50%, and 75% of its max length (see Table 2 for total

Table 2. Experimental Results of Brinicle Formation™
RMSE
time maxlength max width area combined
composition (min) (cm) (cm) (cmz) (cm)
CaCl, 200 30 6.61 2.38 4.03 0.39
PPT
CaCl, 200 120 8.92 4.15 8.83 0.65
PPT
DJP 200 PPT 30 6.63 2.83 4.23 047
DJP 200 PPT 120 847 4.08 821 0.62
Enceladus 30 2.04 2.87 3.6 041
200 PPT
Enceladus 120 7.57 3.86 6.71 0.54
200 PPT
NaCl 200 30 3.92 2.09 2.56 0.37
PPT
NaCl 200 120 6.67 2.7 4.27 0.41
PPT

“Recorded values were averaged across five treatments. RMSE = root
mean square error and is the value for roughness. 200 PPT = 200
parts per thousand.

brinicle lengths). For grain size measurements, a cross section
was taken out at ~50% of the maximum length for cross-
polarized light imaging (Figure 2). Sectioned pieces were
attached to a glass slide and microtomed to less than 0.5 mm
for grain size imaging.”>*' The thin sections were then backlit
between two polarizers for grain measurements.””””> The
polarizers were adjusted until the grains appeared bright
against a dark background, revealing their boundaries. For

brine channel measurements, cross sections were taken at 0%,
25%, 50%, and 75% of their maximum length (Figure 2).

For postprocessing of the data, a threshold was applied to
the images, and edge detection was performed in MATLAB
based on the color difference. From these edges, the width at
any given length and the height were recorded for each time
point.” This was used to analyze the width as a function of
both time and height.

By assessing the brinicle’s deviation from a linear best fit
line, the roughness was quantified. A MATLAB polyfit function
was used to establish the best-fit line along the edge of the
brinicle. Subsequently, we determined the root-mean-squared
value of the horizontal distance between this line and the
brinicle’s detected edge.” This process was repeated along the
entire length for both the right and left edges, providing a
numerical representation of the “roughness” for each brinicle
formed.”

The thin section images were imported to Image] for further
analysis.”” The images were calibrated using a tape measure to
the known scale within the image. The ice grain boundaries
were manually outlined, and their areas were measured using
Image]. The average area of the ice grains for the triplicate
measurements was then recorded.

The four cross-section images taken at 0%, 25%, 50%, and
75% of the brinicle’s length were utilized to measure both the
brine channel area and the total brinicle area. These images
were also processed by using Image] software. The internal
area of the brine channel was manually outlined and measured
alongside the edge of the brine channel.

In this study, statistical analyses were conducted to assess
the impacts of salt composition on the physical parameters of
brinicles. One-way analysis of variance (ANOVA) tests were
performed for maximum length, maximum width, average area,
and root-mean-square error (RMSE) for both the left and right
sides of the brinicle, subsequently termed combined RMSE.

B RESULTS

Visual analysis of the detected edges across treatments showed
distinct differences in the growth rate, width, and shape. The
NaCl treatment brinicles displayed a more constant width
along the length of the brinicle. Conversely, the CaCl, and DJP

https://doi.org/10.1021/acs jpcc.5c02403
J. Phys. Chem. C 2025, 129, 10767-10774
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treatments exhibited alternating thick and thin regions (Figure
3). To better visualize this, we plotted the width as a function

5 min 30 min 60 min 90 min 120 min

CaClz
17 \ U s i {7 / DIP
V A WA U SR

‘\ (J 2 2 \/ /
& 1

NacCl

ENC
10cm

Figure 3. Edge detection between treatments over time. The detected
edges of brinicle treatment groups plotted at different time intervals
from 5 to 120 min. Note the 10 cm scale bar with respect to each
individual brinicle.

of height and time (Figure 4). Figure 4 shows that the CaCl,
and DJP treatments had the overall widest dimensions and
were the most consistently wide across the length of the entire
brinicle. The observed banding of colors indicates roughness
along the brinicle’s length.

CaCl, and DJP brinicles exhibited the fastest rates of growth
within the full 120 min time scale (see Figures 4 and 5). The
data were fit to the square root of time (Figure 5). Within the
first five min, similar growth rates were observed between ENC
and NaCl solutions (Figure Sb). However, NaCl further
separated from all treatments under the full experimental time
scale (Figure Sa). For all treatments, an accelerated growth rate
was noted during the first 30 min. Good agreement was seen
with the fit after 120 min, with CaCl,, DJP, NaCl, and ENC
having R-squared values of 0.74, 0.75, 0.74, and 0.75,
respectively (Figure Sa). While lower R-squared values were
observed within the first 5 min of growth, there was still good
agreement with the predicted growth for the treatments CaCl,,
DJP, and NaCl with R-squared values of 0.66, 0.63, and 0.66
respectively.

Figure 6 shows the vertical profiles of the cross-sectional
area of the brine channel and the total brinicle. For all
treatment groups, the brine channels shifted locations, changed
shape, and changed size. For both CaCl, and NaCl treatments,
the channels also split into multiple channels. For all
treatments, there was a trend of the channel size increasing
with depth (Figure 6). CaCl, had the largest average brine
channel area at 0.97 cm?, but NaCl had the lowest average area
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Figure 4. Temporal evolution of brinicle width and length across treatments. Heatmaps showing the effect of salt composition on brinicle width

variations at selected distances from the top at each time point.
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Figure 6. Comparison of cross-sectional and inner brine column areas across treatments. Cross-sectional measurements along the length of
brinicles were taken for four different treatment groups: CaCl,, DJP, NaCl, and ENC. Cross sections were taken at four positions from 0% (the base
at the ice sheet) to 75% (the brinicle tip). At each point, two measurements were taken: (1) the internal brine column area and (2) the total cross-
section area.

of 0.51 cm® DJP and ENC brinicles had average brine channel respectively. ENC had a comparable average grain size at
areas of 0.84 and 0.56 cm?, respectively. For average brinicle 29.61 mm®* NaCl had the largest average grain size at 33.68
thin section area, CaCl,, DJP, ENC, and NaCl had values of mm?

10.21, 6.01, 6.86, and 5.44 cm® For all treatment groups, the The analysis of brinicles found that the composition
ice grains appeared to be made up of frazil ice with random significantly impacted growth at 30 and 120 min, while no
smaller crystals and less defined grain boundaries (Figure S1) significant difference was seen at S min. The P-values observed

as compared to columnar ice.””> The CaCl, and DJP at 5, 30, and 120 were 0.12, 0.00, and 0.00, respectively. At 30
treatments had the smallest and least defined grain boundaries min, DJP 200 PPT and CaCl, 200 PPT showed the highest

with an average grain size of 29.35 and 26.84 mm?, mean values in length at 6.63 and 6.61 cm, respectively, and
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were not significantly different from each other. Enceladus 200
PPT had the lowest mean of 2.04 cm and was significantly
different from all other treatment groups. The NaCl 200 PPT
treatment value was intermediate at 3.92 cm, significantly
different from all treatments. By 120 min, CaCl, 200 PPT
demonstrated a clearer separation as the highest group with a
mean of 8.92 cm, with NaCl 200 PPT being the lowest at 6.67
cm, with both groups being significantly different from all other
treatment groups. DJP 200 PPT and Enceladus 200 PPT
showed intermediate values at 8.47 and 7.57 cm, with each
only being significantly different from NaCl and CaCl,,
respectively. These results found that the effects of different
compositions on brinicle growth become more pronounced
over time, with CaCl, 200 PPT showing a significantly higher
mean at 120 min.

The analysis of brinicle width under different brine
compositions at S, 30, and 120 min indicates potential effects
over time. At 5 and 30 min, there was no significant impact of
composition on brinicle width, with all compositions showing
similar means. However, by 120 min, composition becomes a
significant factor influencing growth, as indicated by a
significant ANOVA result (P-value = 0.04). Pairwise
comparisons using Tukey’s post hoc test did not reveal
significant differences between individual groups, although the
largest difference was observed between NaCl and CaCl brines,
with average means of 2.7 and 4.14 cm, respectively. While
brine composition may play a role in influencing brinicle width
over time, the variability within groups limits the ability to
discern separation between individual treatments.

The comparison of brinicle area at 5, 30, and 120 min
reveals an important compositional influence on area. In the
first S min of growth, statistical analyses using an ANOVA
found that composition significantly impacted area (P-value =
0.04). However, pairwise tests found no significant differences
among individual groups. At 30 min, brine composition
showed no significant effect on area (P-value = 0.21), with all
compositions demonstrating similar areas. At 120 min,
composition significantly affected brinicle growth (P-value =
0.00), with DJP 200 PPT and CaCl, 200 PPT exhibiting
significantly higher means at 8.83 and 8.21 cm compared to
NaCl 200 PPT at 4.27 cm. The Enceladus 200 PPT treatment
mean area was 6.71 cm and was not significantly different from
that of any other treatment group.

The comparison between RMSE combined at 120 and 30
min reveals a contrast in the influence of composition on
prediction accuracy in brinicle growth modeling. At 30 min,
there was no significant effect of composition on RMSE
combined (P-value = 0.21). After 120 min, the composition
significantly affected RMSE combined (P-value = 0.00),
indicating distinct variations in prediction accuracy among
compositions, with CaCl, 200 PPT and DJP 200 PPT showing
higher RMSE combined values at 8.83 and 8.21 cm,
respectively, compared to NaCl 200 PPT at 427 cm. The
Enceladus 200 PPT treatment was not significantly different
from any treatment, with a mean RSME value of 6.71 cm.

B DISCUSSION

Despite current and past interest in brinicles, analog brinicle
growth experiments have posed significant challenge for
researchers.”®’” Maintaining longer growth cycles and stable
structures seen in environmental samples has not yet been
documented in the literature. This work expands on past
experimental studies by developing a methodology for brinicle

growth that allows for the long-term study of these structures
and extraction capabilities in diverse salt solutions. This
methodology development has allowed for further analysis of
growth, stability, and morphological analyses of these
structures. This also allows for the ideal geochemical
endmembers (not including DJP or ENC) to be integrated
as a function of time, showing depth and roughness. These
salinity endmembers help bound brinicle topography and
volume for in situ comparison in terrestrial extreme environ-
ments. Moreover, being able to apply our terrestrial ionic
endmembers allows us to categorize mineral/ice environments
in the future where similar processes would likely yield these
formations, should they be observed in situ in frozen ocean
worlds.

In this study, we investigated the growth rate of brinicles
formed under various salt solutions, examining their evolution
over short (S min) and longer (120 min) times scales (Figure
S). This research found that brinicles grown in CaCl,-based
solutions (i.e, CaCl, and DJP) exhibited faster growth rates
than those grown in NaCl. This was most pronounced at the
longer time scales where both 30- and 120 min time scales
showed significant difference in length between treatments.
Interestingly, within the initial 5 min, ENC and NaCl solutions
displayed similar growth rates, suggesting comparable initial
conditions despite their divergent growth trajectories over the
full experimental duration. In all time scales and treatments,
initial rapid growth occurred and gradually stabilized. This is
concurrent with theoretical models that show that brinicle
growth is proportional to the square root of time. As the
brinicle grows, it takes longer for the brine solution to reach
the tip. As the brine receives heat from its surroundings, the
temperature of the brine solution increases as it travels. This
makes further freezing and brinicle growth more difficult the
longer it becomes."”® The R-squared values obtained for the
square root fit underscore the robustness of this model in
predicting brinicle growth across different temporal scales.

The observed differences in growth rates may be partially
attributed to differences in the brine solution densities.”*"
The higher density of CaCl, and DJP solutions may allow the
brine solutions to sink more quickly. This could allow the
colder denser brine to reach the tip of the brinicle faster,
allowing for continual growth." Conversely, NaCl and ENC
solutions, with their lower densities, may sink more slowly,
leading to less efficient transport of the brine to the tip of the
brinicle (Table S1). This slower descent could result in slower
overall growth rates for brinicles in NaCl solutions compared
to those in CaCl, solutions.

The visual examination of the four brinicle treatments
revealed distinct growth patterns, width variations, and
structural features that may be influenced by both brine and
heat flux dynamics. NaCl-treated brinicles maintained a
uniform width along their length, suggesting a stable growth
pattern within the experimental conditions. In contrast,
brinicles treated with CaCl, exhibit notable variations in
width, alternating between thick and thin regions (Figure 3).
This was observed in past experimental research where it was
hypothesized that this change forms from instability.” In
addition, we noted that the CaCl, and DJP treatments
appeared to have a larger width and area than NaCl. This
variability is further highlighted in Figure 4.

The identification of changing roughness along the outer
edge of brinicles, observed through RMSE and width
measurements, underscores the complexity of their formation.
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Posthoc Tukey tests highlighted notable differences in
roughness, with RMSE values for NaCl showing lower values
compared to CaCl, and DJP. This change in roughness may
indicate growth instabilities influenced by fluctuating brine flux
and heat flux dynamics, although not directly measured here.
Heat flux is known to affect brinicle growth by influencing
brine flow patterns, contributing to observed irregularities in
growth patterns and structural irregularities."”

Comparable to previous research on an extracted brinicle
from Antarctica, our laboratory-grown brinicles inner channels
did not grow as one singular channel along the middle of the
brinicle.” Instead, the inner channels would change size and
positions and, at times, split into multiple channels (Figure 2).
For all treatment groups, there was a trend of increasing size
with depth (Figure 6). Differences in the size, shape, and the
number of brine channels along with the presence of frazil ice
crystals imply that the fluid flow with the brinicle experienced
convective instability.” While further studies should be
conducted on grain size, preliminary results found smaller
grain sizes in CaCl, and DJP grown brinicles. This could be
attributed to the faster growth rates of ice in these CaCl, and
DJP-dominated salt treatment brinicles.”®

The specific heat capacity of the individual solutions may
partially contribute to the observed growth patterns and
structural variations influenced by brine and heat flux
dynamics. CaCl,-based solutions, with their lower specific
heat capacity, may facilitate faster heat transfer within the
brinicle structure (Table S1).”* This accelerated heat transfer
can lead to more rapid adjustments in temperature and brine
concentration flux within the brinicle." This may potentially
contribute to the observed structural irregularities such as the
alternating thick and thin regions observed in CaCl,-treated
brinicles. Conversely, NaCl solutions, with higher specific heat
capacities, exhibit slower heat transfer rates, which may result
in more stable and uniform growth under similar experimental
conditions.”>*® As a result, this change in brine chemistry
could influence the brinicle growth and morphological features.
While not studied here, future work should assess these
dynamics to determine the habitability and preservation
potential of these systems.

This work demonstrates the ability for brinicle formation in
diverse salt solutions relevant to both on and off Earth. The
possible growth of these structures on Europa has been
modeled, finding that ice shell thickness impacted the
predicted longevity of brinicles on Europa.'”'* Additionally,
it has been hypothesized that brinicles could form on
Enceladus.” However, the different gravitational conditions
on icy moons may affect the growth of brinicles. Past work has
found that the reduced gravity on Europa could lead to slower
brinicle growth rate due to decreases in buoyancy-driven flow.”

This research found that salt composition may impact heat
and brine flux within the brinicle, ultimately impacting
potential habitability. The supercooled brine within the
brinicles remains in a liquid state, possibly providing a stable
and nutrient-rich habitat for microorganisms near or in the
brinicle.*® Past research has found that organisms can exists in
similar cryobrine systems.'’”'> However, the presence of
freeze thaw cycles and chaotropic brines has been found to
stress organisms and impact survivability.”’ > Despite this,
past research has found that the microbial survival rate is
improved in subzero CI~ brines compared to warmer
temperatures. This work found that the CI” brines also
enhanced survivability during freeze thaw cycles.”® These past
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studies, combined with these investigations’ insights into
brinicle dynamics, suggest that variations in salt composition
and temperature could create unique localized habitats within
or around brinicle structures. These environments could create
isolated niches in which liquid water and nutrients are available
for life. As astrobiologists investigate icy worlds, brinicles may
provide habitable environments at ocean—ice interfaces for
chemical reactions and the presence of microbial life.
Understanding the dynamics underlying brinicle formation
may lead to better predictions of where these microenviron-
ments are most likely to be found.

Further research should explore the long-term growth
dynamics of brinicles. Specifically, studies should examine
brinicle growth and stability under different environmental
conditions, such as varying temperatures, pressures, currents,
and brine compositions, to simulate terrestrial and extra-
terrestrial environments. Additionally, efforts should be made
to measure the internal heat and brine flux within the brinicles,
providing a more comprehensive understanding of factors
influencing their development and initial formation. Future
work should also explore the potential habitability of brinicles
within and around these structures under simulated terrestrial
and extraterrestrial conditions. By integrating these ap-
proaches, future research can enhance our understanding of
brinicle formation and stability and their implications for the
search for cellular life beyond Earth.

B CONCLUSIONS

This research advances our understanding of brinicle
formation by developing a robust methodology for their
growth under extended controlled laboratory conditions,
providing a foundational methodology for further research
into the long-term growth under terrestrial and extraterrestrial
environmental conditions of brinicles. This study’s findings
highlight significant differences in growth rates and structural
features of brinicles formed in various salt solutions,
particularly noting the faster growth facilitated by calcium
chloride-based solutions compared to sodium chloride. In
addition, differences in width, roughness, and internal brine
column area suggest differences in brine and heat flux between
the salt treatments. These observations underscore the need
for considering salt compositions” influence on brine dynamics
and what factors it may play in the stability and potential
habitability of brinicles. Insights gained from this research
provide critical and novel information for both terrestrial and
solar system ocean—ice environments, suggesting that brinicles
can form in a diverse range of salt compositions.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c02403.

Images of ice grains from each of the four treatments
and treatment density and specific heat capacity (PDF)

B AUTHOR INFORMATION

Corresponding Author
Christine M. Foreman — Center for Biofilm Engineering and
Department of Chemical and Biological Engineering,
Montana State University, Bozeman, Montana 59717,
United States; ® orcid.org/0000-0003-0230-4692;
Phone: 406-994-5776; Email: cforeman@montana.edu

https://doi.org/10.1021/acs.jpcc.5c02403
J. Phys. Chem. C 2025, 129, 10767—10774


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c02403/suppl_file/jp5c02403_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c02403?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c02403/suppl_file/jp5c02403_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christine+M.+Foreman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0230-4692
mailto:cforeman@montana.edu
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c02403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Authors
Madeline G. Garner — Center for Biofilm Engineering and
Department of Chemistry and Biochemistry, Montana State
University, Bozeman, Montana 59717, United States
Scott M. Perl — Earth, Planetary, and Space Sciences,
University of California, Los Angeles, California 90095,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.5¢02403

Author Contributions

M.G.G. and C.M.F. conceived the project and secured the
funding. M.G.G.,, SM.P,, and CM.F. coordinated research
efforts. M.G.G. performed experiments and data analysis.
M.G.G., S.M.P., and C.M.F wrote the paper with input from all
authors.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful to Ladean McKittrick in the Subzero Lab for
invaluable support, Al Parker for statistical assistance, and the
funding of this research through NASA FINESST
80NSSC21K1816 to M.G.G. and Exobiology
80NSSC22K0140 to C.M.F.

B REFERENCES

(1) Martin, S. Ice stalactites: comparison of a laminar flow theory
with experiment. J. Fluid Mech. 1974, 63 (1), S1-79.

(2) Paige, R. A. Stalactite growth beneath sea ice. Science 1970, 167
(3915), 171-172.

(3) Dayton, P. K; Martin, S. Observations of ice stalactites in
McMurdo Sound, Antarctica. Journal of Geophysical Research 1971, 76
(6), 1595—1599.

(4) Perovich, D. K; Richter-Menge, J. A,; Morison, J. H. The
formation and morphology of ice stalactites observed under
deforming lead ice. Journal of Glaciology 1995, 41 (138), 305—312.

(5) Weissenberger, J.; Dieckmann, G. S.; Gradinger, R.; Spindler, M.
A. Seaice: A cast technique to examine and analyze brine pockets and
channel structure. Limnology and Oceanography 1992, 37, 179—183.

(6) Cartwright, J. H. E.; Escribano, B.; Gonzélez, D. L.; Sainz-Diaz,
C. L; Tuval, L. Brinicles as a Case of Inverse Chemical Gardens.
Langmuir 2013, 29 (25), 7655—7660.

(7) Testén-Martinez, S.; Barge, L. M,; Eichler, J.; Sainz-Diaz, C. I;
Cartwright, J. H. E. Experimental modelling of the growth of tubular
ice brinicles from brine flows under sea ice. Cryosphere 2024, 18,
2195-2208.

(8) Mahadevan, K. The growth and dynamics of brinicles. 2017.
Dissertation, Harvard University. Digital Access to Scholarship at
Harvard.

(9) Vance, S. D.; Barge, L. M.; Cardoso, S. S.; Cartwright, H. E. Self-
Assembling Ice Membranes on Europa: Brinicle Properties, Field
Examples, and Possible Energetic Systems in Icy Ocean Worlds.
Astrobiology. 2019, 19 (5), 685—695.

(10) Heinz, J.; Schirmack, J.; Airo, A.; Kounaves, S. P.; Schulze-
Makuch, D. Enhanced microbial survivability in subzero brines.
Astrobiology 2018, 18 (9), 1171—1180.

(11) Waajen, A. C.; Heingz, J.; Airo, A; Schulze-Makuch, D. (2020).,
Physicochemical salt solution parameters limit the survival of
Planococcus halocryophilus in Martian Cryobrines. Front. Microbiol.
2020, 11, 1284.

(12) Azzaro, M, Papale, M,; Rizzo, C.; Forte, E; Lenaz, D,
Guglielmin, M.; Lo Giudice, A. Antarctic salt-cones: An oasis of
microbial life? The example of Boulder Clay Glacier (northern
Victoria Land). Microorganisms 2022, 10 (9), 1753.

(13) Barge, L. M.; Cardoso, S. S.; Cartwright, J. H.; Cooper, G. J;
Cronin, L.; Wit, A. D.; Doloboff, L. J.; Escribano, B.; Goldstein, R. E.;
Haudin, F.; et al. From Chemical Gardens to Chemobrionics. Chem.
Rev. 2015, 115 (16), 8652—8703.

(14) Buffo, J. J.; Meyer, C. R.; Parkinson, J. R. G. Dynamics of a
solidifying icy satellite shell. J. Geophys. Res.: Planets 2021, 126 (S),
No. €2020JE006741.

(15) Vance, S. D., Barge, L. M., Cardoso, S. S. S., Cartwright, J. H.
E.; Journaux, B. Brinicles and the fates of trapped salts in the ices of
ocean worlds. ESS Open Archive. January 20, 2019. DOI: .

(16) National Academies of Sciences, Engineering, and Medicine
Origins, Worlds, and Life: A Decadal Strategy for Planetary Science and
Astrobiology 2023—2032. "Front Matter.” National Academies Press.,
2023.

(17) Postberg, F.; Schmidt, J.; Hillier, J. K.; Kempf, S.; Srama, R. A
salt-water reservoir as the source of a compositionally stratified plume
on Enceladus. Nature 2011, 474 (7353), 620—622.

(18) Hamp, R. E. Geochemical cycling in the subsurface environ-
ment of Enceladus. 2022, Dissertation, Open University: United
Kingdom

(19) Harris, H. J. H; Cartwright, K. (1981) Hydrogeology of the
Dry Valley Region, Antarctica. In Dry Valley Drilling Project, 33,
McGinnis, L. D. (Ed.), American Geophysical Union: Washington
D.C., 161—184.

(20) Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. NIH Image to
Image]J: 25 years of image analysis. Nat. Methods 2012, 9 (7), 671—
675. Rasband, W. S. Image], U.S. National Institutes of Health, Bethesda,
Maryland, USA, https://imagej.net/ij/, 1997—2018.

(21) Gow, A. J. "Optical Characterization Of Sea Ice Structure Using
Polarized Light Techniques”, In Ocean Optics VIII Proceedings of the
SPIE 637, (7 August 1986); 1986 .

(22) Lange, B. A.; Michel, C; Beckers, J. F.; Casey, J. A.; Flores, H;
Hatam, I; Meisterhans, G.; Niemi, A.; Haas, C. Comparing
springtime ice-algal chlorophyll a and physical properties of multi-
year and first-year sea ice from the Lincoln Sea. PloS one 2015, 10 (4),
No. e0122418.

(23) Eicken, H.; Lensu, M.; Leppiranta, M.; Tucker, W. B.; Gow, A.
J.; Salmela, O. Thickness, structure, and properties of level summer
multiyear ice in the Eurasian sector of the Arctic Ocean. Journal of
Geophysical Research: Oceans 1995, 100 (C11), 22697—22710.

(24) Engineering ToolBox Sodium Chloride Water Solutions. 2007
[cited 2024 09/07]; Available from: https://www.engineeringtoolbox.
com/sodium-chloride-water-d 1187.html.

(25) Engineering ToolBox Calcium Chloride Water Solutions. 2007
[cited 2024 09/07]; Available from: https:// www.engineeringtoolbox.
com/calcium-chloride-water-d_1186.html.

(26) Wakatsuchi, M.; Saito, T. On Brine Drainage Channels of
Young Sea Ice. Annals of Glaciology 1985, 6, 200—202.

(27) Hallsworth, J. E.; Yakimov, M. M.; Golyshin, P. N.; Gillion, J.
L.; D’Auria, G.; de Lima Alves, F.; La Cono, V.; Genovese, M,;
McKew, B. A; Hayes, S.; et al. Limits of life in MgCl2-containing
environments: chaotropicity defines the window. Environmental
Microbiology 2007, 9 (3), 801—813.

(28) de Lima Alves, F.; Stevenson, A.; Baxter, E.; Gillion, J. L. M.;
Hejazi, F.; Hayes, S.; Morrison, 1. E. G.; Prior, B. A,; McGenity, T. J.;
Rangel, D. E. N,; et al. Concomitant osmotic and chaotropicity-
induced stresses in Aspergillus wentii: compatible solutes determine
the biotic window. Curr. Genet. 2015, 61, 457—477.

(29) Sang, C.; Xia, Z.; Sun, L,; Sun, H; Jiang, P.; Wang, C.; Bai, E.
Responses of soil microbial communities to freeze—thaw cycles in a
Chinese temperate forest. Ecol. Processes 2021, 10 (1), 1—18.

(30) Dieser, M.; Greenwood, M. C.; Foreman, C. M. Carotenoid
pigmentation in Antarctic heterotrophic bacteria as a strategy to
withstand environmental stresses. Arctic, Antarctic, and Alpine Research
2010, 42 (4), 396—405.

https://doi.org/10.1021/acs.jpcc.5c02403
J. Phys. Chem. C 2025, 129, 10767—10774


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Madeline+G.+Garner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+M.+Perl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c02403?ref=pdf
https://doi.org/10.1017/S0022112074001017
https://doi.org/10.1017/S0022112074001017
https://doi.org/10.1126/science.167.3915.171-b
https://doi.org/10.1029/JC076i006p01595
https://doi.org/10.1029/JC076i006p01595
https://doi.org/10.3189/S0022143000016191
https://doi.org/10.3189/S0022143000016191
https://doi.org/10.3189/S0022143000016191
https://doi.org/10.4319/lo.1992.37.1.0179
https://doi.org/10.4319/lo.1992.37.1.0179
https://doi.org/10.1021/la4009703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/tc-18-2195-2024
https://doi.org/10.5194/tc-18-2195-2024
https://doi.org/10.1089/ast.2018.1826
https://doi.org/10.1089/ast.2018.1826
https://doi.org/10.1089/ast.2018.1826
https://doi.org/10.1089/ast.2017.1805
https://doi.org/10.3389/fmicb.2020.01284
https://doi.org/10.3389/fmicb.2020.01284
https://doi.org/10.3389/fmicb.2020.01284
https://doi.org/10.3390/microorganisms10091753
https://doi.org/10.3390/microorganisms10091753
https://doi.org/10.3390/microorganisms10091753
https://doi.org/10.1021/acs.chemrev.5b00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2020JE006741
https://doi.org/10.1029/2020JE006741
https://doi.org/10.1002/essoar.10500670.1
https://doi.org/10.1002/essoar.10500670.1
https://doi.org/10.1038/nature10175
https://doi.org/10.1038/nature10175
https://doi.org/10.1038/nature10175
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://imagej.net/ij/
https://doi.org/10.1117/12.964241
https://doi.org/10.1117/12.964241
https://doi.org/10.1371/journal.pone.0122418
https://doi.org/10.1371/journal.pone.0122418
https://doi.org/10.1371/journal.pone.0122418
https://doi.org/10.1029/95JC02188
https://doi.org/10.1029/95JC02188
https://www.engineeringtoolbox.com/sodium-chloride-water-d_1187.html
https://www.engineeringtoolbox.com/sodium-chloride-water-d_1187.html
https://www.engineeringtoolbox.com/calcium-chloride-water-d_1186.html
https://www.engineeringtoolbox.com/calcium-chloride-water-d_1186.html
https://doi.org/10.3189/1985AoG6-1-200-202
https://doi.org/10.3189/1985AoG6-1-200-202
https://doi.org/10.1111/j.1462-2920.2006.01212.x
https://doi.org/10.1111/j.1462-2920.2006.01212.x
https://doi.org/10.1007/s00294-015-0496-8
https://doi.org/10.1007/s00294-015-0496-8
https://doi.org/10.1007/s00294-015-0496-8
https://doi.org/10.1186/s13717-021-00337-x
https://doi.org/10.1186/s13717-021-00337-x
https://doi.org/10.1657/1938-4246-42.4.396
https://doi.org/10.1657/1938-4246-42.4.396
https://doi.org/10.1657/1938-4246-42.4.396
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c02403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

	CoverPage Template Accessibility.pdf
	Environmental warming increases the importance of high-turnover energy channels in stream food webs
	INTRODUCTION
	METHODS
	Invertebrate sampling
	Secondary production
	Organic matter consumption estimates
	Quantifying the distribution of food web fluxes
	Evenness among taxa
	Distribution of OM fluxes in relation to taxa traits


	RESULTS
	Community OM fluxes
	Evenness of OM fluxes
	Organic matter fluxes in relation to body size and biomass turnover rate

	DISCUSSION
	Across-stream trends in community P:B and M
	Relative OM fluxes in relation to species trait distributions
	Warming andfood-resource interactions

	CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


	garner-brinicle-formation-2025.pdf



