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A B S T R A C T   

Climate change in Arctic landscapes may increase freeze–thaw frequency within the active layer as well as newly 
thawed permafrost. Freeze-thaw is a highly disruptive process that can deform soil pores and alter the archi-
tecture of the soil pore network with varied impacts to water transport and retention, redox conditions, and 
microbial activity. Our objective was to investigate how freeze–thaw cycles impacted the pore network of newly 
thawed permafrost aggregates to improve understanding of what type of transformations can be expected from 
warming Arctic landscapes. We measured the impact of freeze–thaw on pore morphology, pore throat diameter 
distribution, and pore connectivity with X-ray computed tomography (XCT) using six permafrost aggregates with 
sizes of 2.5 cm3 from a mineral soil horizon (Bw; 28–50 cm depths) in Toolik, Alaska. Freeze-thaw cycles were 
performed using a laboratory incubation consisting of five freeze–thaw cycles (− 10 ◦C to 20 ◦C) over five weeks. 
Our findings indicated decreasing spatial connectivity of the pore network across all aggregates with higher 
frequencies of singly connected pores following freeze–thaw. Water-filled pores that were connected to the pore 
network decreased in volume while the overall connected pore volumetric fraction was not affected. Shifts in the 
pore throat diameter distribution were mostly observed in pore throats ranges of 100 µm or less with no cor-
responding changes to the pore shape factor of pore throats. Responses of the pore network to freeze–thaw varied 
by aggregate, suggesting that initial pore morphology may play a role in driving freeze–thaw response. Our 
research suggests that freeze–thaw alters the microenvironment of permafrost aggregates during the incipient 
stage of deformation following permafrost thaw, impacting soil properties and function in Arctic landscapes 
undergoing transition.   

1. Introduction 

Arctic ecosystems are poised to undergo heightened impacts from 
climate change, with air temperatures rising at twice the global average 
rate and 40% of existing permafrost predicted to thaw over the next 80 
years (Chadburn et al., 2017; Schuur et al., 2015). Permafrost thaw and 
associated changes to the biogeochemical function of Arctic terrestrial 
systems are difficult to predict due to the unique soil processes charac-
teristic of cold regions (Biskaborn et al., 2019; Brown and Romanovsky, 
2008). Freeze-thaw, a dominant process in permafrost soils, is expected 

to increase in frequency and penetration depth, reaching previously 
frozen soil horizons. Our understanding of how the disruptive process of 
freeze–thaw will transform the Arctic soil environment hinges on 
investigating the response of thawing permafrost to repeated freeze-
–thaw at multiple scales. 

Freeze-thaw drives soil development processes in permafrost land-
scapes such as frost heave, cryoturbation, and the expression of surface 
morphological properties including ice wedge polygons, sorted circles, 
and hummocks (Mackay, 1980; Ping et al., 2015; Rempel, 2010). Cry-
oturbation, or the sorting and mixing of different horizons, can dictate 
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carbon distribution and protection by redistributing material from upper 
horizons to deeper in the soil profile where cold permafrost tempera-
tures decrease microbial activity and promote organic matter persis-
tence (Ping et al., 2015, Ping et al., 2008). Freeze-thaw events also 
regulate surface water flow and accumulation by influencing the for-
mation of patterned ground features and associated saturation gradients 
(Ping et al., 2008). Shifts in microbial community function, abundance, 
and composition (Blackwell et al., 2010; Soulides and Allison, 1961; 
Storey and Storey, 2005) as well as nitrogen and phosphorus availability 
(Freppaz et al., 2019; Gao et al., 2018; Song et al., 2017; Zhao et al., 
2021b) have been observed following single or multiple freeze–thaw 
events. Freeze-thaw impacts particle reorganization at the microscale 
which propagates to the macro-scale, emphasizing the importance of 
microenvironment susceptibility and response to freezing processes. The 
upscaled effects of pore network evolution resulting from continued 
freeze–thaw is demonstrated in the structural and spatial differences of 
pores associated with hummocks versus interhummocks in an alpine 
meadow study in the Qinghai Lake watershed (Gao et al., 2021). The 
study reported an association between individual surface features and 
macropore morphology as well as response to freeze–thaw. The shifting 
of physical properties following freeze–thaw remains less studied in 
thawing permafrost soil but may reflect recent findings in non- 
permafrost soil such as an increase in pore deformation and height-
ened pore connectivity after multiple freeze–thaw cycles (Liu et al., 
2021b; Ma et al., 2021; Zhao et al., 2021a). Changes to the pore network 
architecture can have potential ramifications for organic matter 
decomposition (Waring et al., 2020), oxygen availability, and water 
flow (Wanzek et al., 2018). Given the impacts of freeze–thaw to the 
micro-scale biogeochemical properties and function of permafrost, 
additional pore-scale investigations in permafrost soils are required to 
better understand the impact of freeze–thaw on soils that have under-
gone little to no temperature fluctuations above 0 ◦C in recent years. 
Defining the response of the soil pore network to freeze–thaw is central 
to predicting hydrologic and carbon distribution changes within the 
active layer of permafrost-affected soils as well as upscaling the impacts 
of these changes to surface morphologic and vegetation shifts following 
increased warming. 

The microscale response and evolution of pore networks within 
thawing permafrost soils represents an important knowledge gap given 
our limited ability to predict how pore connectivity and pore throat size 
distribution will change following freeze–thaw. Applying X-ray imaging 
(micro-computed tomography; µ-XCT) to the study of freeze–thaw in 
permafrost soils provides insight into how previously frozen soils may 
respond at the pore-level to freeze–thaw cycles (Liu et al., 2021b, 2021a; 
Ma et al., 2021; Zhao et al., 2021a). The impact of changes in porosity 
and pore connectivity on water holding capacity were reported in a 
recent experiment that found increased pore sizes within the 100–500 
µm range following treatments of up to twenty freeze–thaw cycles 
(− 10 ◦C to 6 ◦C) in a silty loam Mollisol from northeast China using XCT 
analysis (Liu et al., 2021a). Microscale responses of the pore networks in 
permafrost to freeze–thaw deformation require additional investigation, 
especially in the 20–100 µm range where soil water holding capacity and 
pore connectivity may be impacted. Pore-level responses can change the 
saturation-pressure relationship (thus altering water retention and 
drainage) through collapse or expansion of pore throats within critical 
size ranges for water holding capacity (Liu et al., 2021a). Changes in 
pore connectivity, pore size, and pore throat size could impact microbial 
accessibility to nutrients and other compounds exerting influence over 
decomposition rates and organic matter persistence (Waring et al., 
2020). Freeze-thaw has been reported to alter pore throat morphology 
(Liu et al., 2021b) with an increasing number of freeze–thaw cycles 
corresponding to changes in the pore throat length, pore throat count, 
and pore throat surface area. Exposing non-permafrost, silty loam soil 
cores to seven freeze–thaw cycles (− 10 ◦C to 7 ◦C) contributed to a loss 
of resilience in pore response as defined by the inability of the pore 
network to retain its original structure and connectivity following 

freeze–thaw, with lower resilience evidenced by pore expansion and 
increased connectivity of the pore network as measured through XCT 
(Ma et al., 2021). Conversely, an earlier study using XCT to assess two 
soil textures (silty clay loam and loamy sand) from an agricultural soil in 
Norway found that six freeze–thaw cycles (− 15 ◦C to 40 ◦C) reduced 
macro-porosity and decreased pore specific surface area of macropores, 
with greater effects to aggregates with coarser soil textures (Starkloff 
et al., 2017). A depth-based freeze–thaw study examining the impact of 
fluctuations between − 10 ◦C and 20 ◦C in an alpine permafrost meadow 
soil identified decreases in pore connectivity (XCT) following five 
freeze–thaw cycles and decreased water infiltration following ten 
freeze–thaw cycles within the first 7.5 cm of the soil, with a variation of 
freeze–thaw response of the pore network by soil depth and soil texture 
(Zhao et al., 2021a). 

The objective of our research was to measure the impact of repeated 
freeze–thaw cycles on the physical structure of permafrost aggregates 
using non-destructive, high resolution XCT imaging capabilities at res-
olutions of 20 µm. Specifically, we measured how soil pore networks in 
macroaggregates (2.5 cm3) subsampled from permafrost soils (Toolik, 
AK) responded to five experimental freeze–thaw cycles (− 10 ◦C to 
20 ◦C) that simulated conditions relevant to Arctic surface environments 
(NEON, 2021a). We investigated pore morphology and deformation due 
to freeze–thaw by measuring pore connectivity and pore throat diameter 
distribution before and after freeze–thaw events. We hypothesized that 
freeze–thaw would increase pore connectivity across all aggregates 
through the expansion of smaller pore throats (<50 µm), based on 
findings from prior work (Deprez et al., 2020; Liu et al., 2021b; Ma et al., 
2021; Starkloff et al., 2017). We provide a pore-scale perspective on 
changes to the pore network occurring at this incipient stage of 
permafrost warming, specifically within the first five freeze–thaw cycles 
following thaw. Our work contributes to the current understanding of 
freeze–thaw deformation while providing data needed for future pre-
dictions of how climate warming will alter the physical properties of 
globally important Arctic landscapes. 

2. Materials and methods 

2.1. Field setting selection 

The National Ecological Observatory Network (NEON) Toolik site is 
part of the Toolik Field Station, located at 828 m above sea level within 
the Arctic foothills of the Brooks Range, with tussock tundra and dwarf 
shrub comprising the dominant vegetation (National Ecological Obser-
vatory Network, 2019). Mean annual precipitation is 316 mm (including 
an average of 176 mm of precipitation as snow) with a dominant 
southerly wind direction, a mean annual temperature of 10.1 ◦C, and an 
average snow depth of 50 cm (DeMarco et al., 2011; NEON, 2021b; 
Wang et al., 2012). Toolik, Alaska was an ideal study area due to its 
shallow active layer, minimal freeze–thaw history, and available soil 
temperature instrumentation. The site falls within the continuous 
permafrost zone with soils classified as Gelisols (NEON, 2021c; Soil 
Survey Staff, 1999) derived from Holocene glacial moraines and alluvial 
deposits (U.S. Geological Survey, 2005). Three soil cores (less than one 
meter in depth) were collected from the Toolik site on an east-facing 
slope shoulder toward the base of a plateau in April of 2016 (Fig. 1). 
Cores were extracted using a Gidding’s probe (Giddings Machine Com-
pany, Windsor, CO, USA), and shipped frozen to Oregon State University 
(OSU) and preserved at − 40 ◦C. 

To confirm that Toolik experiences little to no recent freeze–thaw 
cycling at the depths sampled (to allow us to target incipient stages of 
deformation following permafrost thaw), we used temperature data 
available for the site (NEON, 2021a) and calculated the number of 
freeze–thaw cycles by season between 2018 and 2020 (fall, winter, 
spring, summer) using the FTCQuant R package (Boswell et al., 2020b). 
For computational functionality, soil temperature data from sensor units 
were excluded if missing data exceeded 3% of measurement time points 
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within each analysis time frame, resulting in one to five usable time 
series measurements for each depth by season combination. Freeze-thaw 
analysis within the FTCQuant package uses time series temperature data 
to estimate the number of times soil temperature was below and above a 
defined temperature cutoff for more than a defined duration of time. For 
this analysis, we defined freeze–thaw cycles as soil temperature fluctu-
ations persisting for a minimum of twelve hours < − 2◦C and a minimum 
of twelve hours > 2 ◦C. These parameters align with previously pub-
lished freeze–thaw methods (Boswell et al., 2020a,b; Henry, 2008; Ma 
et al., 2021). The results from this analysis can be found in Supplemental 
Fig. S1. 

2.2. Sample preparation 

Cores were described morphologically according to pedological 
characteristics including organic and mineral material (Ping et al., 2015; 
Soil Survey Staff, 2014). Six aggregates (two per core) were collected 
from upper mineral permafrost horizons (Fig. 2). The aggregates were ~ 
2.5 cm in diameter and were collected from the same morphological 
horizon within each core. Sampled depths targeted uniform soil texture, 
classified as silt loam (23.07% sand, 56.8% silt, and 20.13% clay) with 
~ 11% organic carbon content (Nave et al., 2021). Core A aggregates 
were sampled between 28 and 38 cm, Core B aggregates sampled be-
tween 40 and 50 cm, and Core C aggregates sampled between 41 and 50 
cm. 

Samples were collected from each core using a chisel and mini 
sledgehammer to create 5–10 cm thick soil disks, allowing natural ag-
gregates to separate as disks broke apart. Aggregates were air-dried at 
20 ◦C for 24 h and then re-wet with deionized water using a sterile 
dropper to moisture contents of either 12–16% or 28% weight water 
content. The aggregates were air-dried in order to ensure both consistent 
moisture content and adequate aggregate strength to avoid sample loss 
during freeze–thaw treatments and scanning with XCT prior to and 
following the freeze–thaw treatments. Once rewet to the target mois-
ture, aggregates were fit tightly (aggregates edges were in contact with 
the tube walls) into 15 mL plastic conical-bottom centrifuge tubes for the 
remainder of the experiment to hold aggregates in a set position and 
identical orientation for the before and after freeze–thaw scans. The two 
moisture contents were selected to represent the potential for seasonal 
variability in soil wetness, both saturation (28%) and dry conditions 
(12–16%). 

2.3. Freeze-thaw incubation 

Each aggregate underwent five freeze thaw cycles of 20 ◦C (thaw) to 
− 10 ◦C (freeze) in a temperature-controlled chamber (Refrigerator/ 
Freezer Isotemp, Fisher Scientific) with each full cycle taking four days 
(two days for thaw and two days for freeze). The large range in soil 
temperature and duration was selected to ensure that each freeze–thaw 
cycle occurred fully and equally throughout the soil. Full freezing/ 
thawing was achieved in <24 h for the amount of soil used (2.5 cm 

Fig. 1. (A) Map of Alaska with Toolik Field Station indicated by the yellow star. 
(B) 67 cm soil core collected from the NEON site at Toolik, AK and sampled for 
XCT analysis. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 2. Experimental Design. Three cores were sampled from Toolik, AK. Two aggregates per core were sampled from upper mineral permafrost horizons. Aggregates 
underwent five freeze–thaw cycles with XCT scans performed at the beginning and end of the freeze–thaw incubation. 
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diameter aggregate), however an extra 24 h was added to ensure 
completion of the freeze–thaw cycle (Ma et al., 2021). Aggregates were 
maintained in a closed system (Parafilm and tight-fitting lids over 
centrifuge tubes) to prevent moisture loss. 

2.4. XCT scanning and image segmentation 

Soil aggregate samples were imaged before and after the freeze–thaw 
incubation in plastic conical-bottom centrifuge tubes using XCT on an X- 
Tek/Metris XTH 320/225 kV scanner (Nikon Metrology, Belmont, CA). 
Data were collected at 100 kV and 400 μA X-ray power. A 0.5-mm thick 
Cu filter was used to enhance image contrast by blocking out low-energy 
X-rays. The samples were rotated continuously during the scans with 
momentary stops to collect each projection (shuttling mode) while 
minimizing ring artifacts. A total of 3000 projections were collected over 
360̊ rotation recording 4 frames per projection with 708 ms exposure 
time per frame. Image voxel size was 10.2 µm. The images were 
reconstructed to obtain 3D datasets using CT Pro 3D (Metris XT 2.2, 
Nikon Metrology). Representative slice and 3D images were created 
using VG Studio MAX 2.1 (Volume Graphics GmbH, Heidelberg Ger-
many) and Avizo 2019.2 (Thermo Fisher Scientific, Waltham, MA). 
Image processing and porosity analysis was carried out using Avizo 
2019.2. The reconstructed 3D volume data was filtered using a median 
filter and cropped to comparable (between aggregates) rectangular 
prism shaped volumes of an average of 620 × 674 × 792 voxels to 
exclude surrounding air space while maximizing the analyzed soil 
volume. 

2.5. XCT data processing 

The XCT data processing method followed a multistep protocol 
outlined in Supplemental Fig. S2. Each image was first segmented into 
air, water, low-density soil, and high-density soil, based on manual 
thresholding (Supplemental Figs. S3-S5). Each voxel was assigned a 
value between 1 and 4 that correlated to its assigned component (i.e., 
air, water, soil, and high-density soil). Air and water voxels were then 
selected from the segmented image and an “OR” operation (binary 
operation to provide all the voxels that are water or air) was conducted 
to create a binary image that combined water and air. We used both the 
air and water voxels as the pores are connected by waterways, even if 
individual pores were not connected directly by air space. Following 
segmentation, we extracted (1) air and water-filled pore volumes from 
both the connected pore network and unconnected pores, (2) pore co-
ordination numbers (defined below), and (3) pore throat diameters 
(Fig. 2). These data were obtained for soil pores down to a resolution of 
20 µm. This minimum resolution was twice the resolution of measured 
voxels. 

2.5.1. Pore connectivity 
Determining pore connectivity required the selection of parameters 

that pores must adhere to in order to be considered “connected” and part 
of the main pore network. Using the Axis Connectivity Module in Avizo, 
we required pore networks to extend between two opposing faces of the 
volume’s bounding box. The opposing faces were defined as two planes 
normal to either the X, Y, or Z axis depending on which axis was most 
suitable to the pore network of each individual sample. In cases where 
no volumes satisfied the axis connectivity requirements, we defined the 
connected pores as the connected group of water/air with the largest 
volume using the Filter by Measure module in Avizo. 

2.5.2. Pore coordination numbers 
Coordination number represents the number of other pores to which 

a specific pore is connected. Coordination numbers were obtained by 
converting pore structure into a ball (pore node) and stick (connected 
paths between pore nodes) model (Li et al., 2019). The number of nodes 
a given node is directly connected to dictates its coordination number, i. 

e., a pore node connected to three other pore nodes has a coordination 
number of “3” (Supplemental Fig. S6). This metric provides information 
about the connectivity of the pore network, with before and after 
freeze–thaw comparisons of the distribution of coordination numbers to 
illuminate if and how connectivity is changing. 

2.5.3. Pore throat diameter distributions 
The watershed algorithm was used to separate and define individual 

pore regions within the pore network as distinct objects (interpretation: 
3D; Neighborhood: 26; Marker Extent: 27; Output type: Split; Algorithm 
Mode: Repeatable) (Ferreira et al., 2018). Following delineation of in-
dividual pore regions, connected and unconnected pores and pore 
throats were identified using the “XOR binary operation” (to quantify 
the difference between all pore network voxels and distinct pore voxels) 
(e.g., shown in Fig. 3). Volume measurements for pore regions were 
extracted using the AVIZO software for unconnected and connected pore 
regions delineated by water and air. Pore regions were defined as the 
pore area that was not included in the pinch point between two pores. 
Pore throats are conventionally defined as the constrictive region (pinch 
point) between pores (Nimmo, 2013). Within an XCT context we defined 
pore throats as connecting regions (voxels of equivalent grey scale in-
tensity to those of pores) between individual pores within the connected 
pore network. Throats were not part of the distinct individual pores but 
rather pinch points representing the connecting region between two 
neighboring pores. Each pore throat was manually given a unique label 
before the volume, equivalent radius, surface area, feret width, feret 
length, and feret breadth were calculated and then compared to a 
manually measured pore throat diameter to determine which metric was 
most representative. Feret breadth was not significantly different from 
manually calculated pore throat diameter (LME, F = 3.7265, P =
0.1258) and was highly correlated with the manually calculated di-
ameters (R2 = 0.96, P = 0.01) (Supplemental Table S1, Supplemental 
Fig. S7). Equivalent radius was less accurate than feret breadth for the 
pore throat sizes we studied (Supplemental Fig. S8). Thus, we used 
breadth as a proxy for pore throat diameter herein. 

2.5.4. Pore shape factor 
Pore shape factor for pore throats was calculated as the ratio between 

the pore throat’s surface area and its spherical equivalent surface area, 
which is the surface area of a sphere with the same volume as the pore 
throat. Spherical pore throats contain pore shape factors between 0.75 
and 1.00 versus ratios < 0.75 for more irregular or elongated pore 
throats < 0.75. The equation for pore shape factor: 

SF =
Ao

A 

Ao represents the spherical equivalent surface area while A is the 
actual surface area (Wadell, 1933). The spherical equivalent surface 
area formula was: 

Ao = 4π
( ̅̅̅̅̅̅̅̅̅̅

3
4π V3

√ )2 

With V being the volume of the pore throat. This formula used the 

volume of a sphere solved in terms of the radius, r =

̅̅̅̅̅̅̅̅
3
4π V3

√

, and the 

formula for the surface area of the sphere, A = 4πr2. 

2.6. Post processing and filtering 

Artifacts were identified and removed by filtering the data post- 
processing. Artifacts included incorrectly identified pore throats 
(noise) composed of less than five voxels as well as large, distinct regions 
of the pore network erroneously separated into two separate regions, 
falsely creating pore throats. Both types of artifacts were identified 
based on their volumes and were filtered out of the data by removing all 
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pore throats with a volume >0.5 mm3 or less than five voxels. Occa-
sionally, pore nodes were also filtered out when errors in the pore 
network model created pore nodes with coordination numbers of zero. 
All filtering was done within Microsoft Excel prior to data analysis in R/ 
RStudio. 

2.7. Data analysis 

We used linear mixed-effects models (LME) to test the effect of 
freeze–thaw cycles on pore volumetric fractions, pore coordination 
number, and pore throat count. Sample number and/or moisture con-
tent was used as a random effect. Statistical significance was determined 
at α = 0.05 given the heterogeneous pore morphology and the limited 
number of samples available due to the time-intensive nature of the XCT 
analyses. All data analyses were performed in R version 4.0.1 (2020–06- 
06) (R Core Team, 2020), using primarily the dplyr v1.0.1 (Wickham 
et al., 2020) package for data processing and analysis, and ggplot2 v3.3.2 
(Wickham, 2016) and PNWColors (Lawlor, 2020) packages for data 
visualization. All data and scripts are available at https://github. 
com/Erin-Rooney/XCT-freezethaw (https://doi.org/10.5281/zenodo. 
5816355) and archived and searchable at https://search.emsl.pnnl.gov. 

3. Results 

3.1. Pore morphology 

All six aggregates displayed soil pore networks with distinctive pore 
morphologies (Fig. 4), indicating a variation in physical microenviron-
ments that was also observed in differing median pore throat diameter 
(LME, F = 15.3894, P = 0.0047) and mean pore throat diameter (LME, F 
= 9.9005, P = 0.0125) across aggregates (Supplemental Table S3). 
Despite variation in pore morphology across aggregates, we observed 
structural similarities shared between aggregates of the same core 
(Fig. 4). For example, both aggregates sampled from Core A at a depth of 
28–38 cm contained large, irregularly shaped pore structures ranging 
from 0.75 to 2 mm (Fig. 4a-b). The pore morphologies of the two ag-
gregates sampled from Core B were similar to each other while differing 
visibly from Core A and C aggregates. Both B16% and B28% contained 
large platy pores (reminiscent of ice-lenses) that were intersected 
perpendicularly by a large tubular feature (Fig. 4c-d). The two 

aggregates from Core C contained several larger pore structures sur-
rounded by many small to medium irregularly shaped pore structures 
(Fig. 4e-f). C16% contained large tubular structures similar to those in 
Core B but were not seen in C28%. There were also similar platy pores 
occurring perpendicular to the tubular channel for C16%, although the 
pores were less prominent in comparison to the platy pores observed in 
the aggregates from Core B (Fig. 4e). The second aggregate, C28%, had 
several large, connected, irregularly shaped pore structures and no 
tubular pores (Fig. 4f). 

3.2. Pore connectivity and volumetric fractions 

Connected water-filled pore volumetric fraction decreased following 
freeze–thaw (LME, F = 9.19774, P = 0.0142; Fig. 4). All aggregates 
displayed this decrease in the connected water-filled pore volume with 
the exception of B28%. Despite decreasing volumes of connected pores 
there was no corresponding increase in any other volumetric fraction (e. 
g., connected air-filled pores, unconnected air-filled pores, unconnected 
water-filled pores) in any aggregate. 

While we were unable to test for a statistical relationship between 
pore morphology and connectivity changes following freeze–thaw, there 
was a variation in the magnitude of changes following freeze–thaw. 
Subtle changes occurred in aggregates A16%, B16%, and B28% with all pore 
types (air-filled, water-filled, connected and unconnected) showing low 
magnitude response to freeze–thaw (Fig. 4a, c, d). In contrast, C16% and 
C28% showed some of the largest reductions in the connected water-filled 
pore volumetric fraction, while C16% demonstrated the only case of a 
large tubular pore structure detaching from the connected pore network 
following freeze–thaw (Fig. 4e-f). It is difficult to determine if the 
changes in pore volumetric fractions observed in A28% are the result of 
freeze–thaw or primarily because pre and post freeze–thaw scans were 
made in two different regions of the same aggregate (Fig. 4b). 

The variation in pore structure between the before and after scans of 
A28% taken from different regions of the same aggregate indicated the 
potential for physical heterogeneity both across aggregates and within 
aggregates at a spatial difference of <2.5 cm (Fig. 4). Despite morpho-
logic differences between two regions of the same aggregate, there were 
marked similarities in freeze–thaw response between A28% and the other 
aggregate from Core A (A16%) including the pore throat diameter and 
pore coordination number distributions (Figs. 5 and 6, Supplemntal 

Fig. 3. Rendering of the connected pore network from Aggregate C28%. Example of (left) the unseparated pore network and (right) separating objects as connected 
objects, representing individual pores in our analysis. 
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Table S2). The differing pore morphology within the same aggregate 
combined with similarities in freeze–thaw response observed in the Core 
A aggregates is contrasted by the aggregates from Core B. The Core B 
aggregates, despite similar pore morphologies, displayed differences in 
the response outcomes of freeze–thaw (Fig. 4). B16% responded to 
freezing and thawing in a similar fashion as the other four aggregates. In 
contrast, B28% was the only aggregate to have an increase in the con-
nected water-filled pore volumetric fraction (where all other aggregates 
showed decreases) and a decrease in the frequency of less connected 
pores following freeze–thaw. The effect of freeze–thaw on pore con-
nectivity differed by pore coordination number (LME, F = 5.8401, P <
0.0001) with the greatest impact on pore coordination number 1 
(Fig. 5). Before freeze–thaw, approximately 20% of pores had a pore 
coordination number of 1 whereas this percentage increased to 40–60% 
for half the aggregates following freeze–thaw (Fig. 5, Supplemntal 
Table S2). For pore coordination numbers 2–16 we saw variable 
response and in the highest pore coordination numbers we saw little to 
no response to freeze–thaw. There was no effect of freeze–thaw on total 
connected pore volume, defined as the combined connected air and 
water volumetric fractions. 

3.3. Pore throat diameter 

Pore networks showed aggregate-specific responses to freeze–thaw, 
but with consistent patterns associated with specific pore throat diam-
eter sizes (Fig. 6). Across all aggregates, pore throats in the 30 to 50-µm 
diameter range responded to freeze–thaw with both increasing and 
decreasing pore throat diameters, resulting in non-uniform changes to 
the pore throat diameter distributions within that range. 

We tested pore shape factor of pore throats to identify the type of 
deformation (elongation or sphericalness) occurring within changing 
pore throat sizes. However, pore shape factor did not change signifi-
cantly following freeze–thaw across any pore throat size ranges (LME, F 
= 1.1556, P = 0.1295, Supplemental Fig. S9). Pore throats up to 100 µm 
in diameter showed a difference in frequency following freeze–thaw, 
although the direction of change varied across all aggregates and 
moisture contents. The frequency of pore throats over 50 µm decreased 
following freeze–thaw primarily in the higher moisture (28% moisture) 
aggregates (Fig. 6). 

Fig. 4. XCT images of aggregates before and after freeze–thaw with connectivity and type indicated by color. Connected water-filled pores are blue, connected air- 
filled pores are red, unconnected water-filled pores are light blue, and unconnected-air filled pores are tan/pink. The volumetric fractions (in percent) of connected 
and unconnected air and water-filled pores (measured through XCT) are represented across the six experimental aggregates before and after freeze–thaw. Dashed 
lines provided for ease of viewing. Change in the connected water volumetric fraction was significant (LME, F = 9.1977, P = 0.0142). No changes in any other 
volumetric fraction were significant. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

4.1. Pore morphology 

The complex relationship between initial pore morphology and pore 
network response to freeze–thaw highlights the potential for heteroge-
neity of microbial habitats within thawing permafrost soils (Bailey et al., 
2013; Wanzek et al., 2018; Waring et al., 2020). Water flow and sub-
sequent nutrient diffusion and redox conditions have been correlated 
with pore connectivity (Wanzek et al., 2018). Pore size and structure 
have also been posited to play a role in organic matter persistence or 
decomposition, with a recent model simulation (PROMISE) suggesting 
greater potential for microbial-facilitated chemical transformations in 
the “flow-permitting pore size class” of macropores over 1 μm in size 
(Waring et al., 2020). The variability in freeze–thaw response of the 
individual pore architecture of each aggregate and the potential 
dependence on initial pore morphology indicates a complexity in 
structural changes of the pore environment under freeze–thaw action, 
with implications for predictive modeling of water flow, redox chemis-
try, and organic matter persistence. 

As indicated by the pore morphologies represented within our study, 
we suggest that platy/lenticular pores—such as those associated with 
ice-lens development, (Darrow and Lieblappen, 2020; Rempel, 2010)— 
may result in higher variability of structural freeze–thaw-response than 
other types of pore morphologies observed within aggregates (e.g., 
large, asymmetrical pores or tubular pores surrounded by small, 

spherical pores). The two aggregates from Core B with similarly platy 
pore structures showed heterogeneous responses in shifting pore coor-
dination numbers and connected water-filled pore volumetric fraction 
changes following freeze–thaw. B28% displayed decreases in the fre-
quency of less connected pores and increases in the connected water- 
filled pore volumetric fraction while B16% aligned more closely with 
changes in pore connectivity shown by aggregates from Core A and Core 
C. The potential for specific pore morphologies to respond in charac-
teristic ways to freeze–thaw requires additional investigation, with im-
plications for permafrost soils that show variable responses to 
freeze–thaw in terms of pore connectivity and pore throat size distri-
bution. This pore architecture-based variability would need to be 
accounted for in predictions for how water, gas flow, and carbon pro-
tection could change following increased freeze–thaw in previous 
permafrost. For example, the high carbon content associated with 
deeper soil horizons with cryoturbation history (Jelinski et al., 2019; 
Ping et al., 2015, Ping et al., 2008) occurs at depths that are likely to 
undergo additional freeze–thaw action under warming (Wei et al., 
2021). 

The pore morphologies in both aggregates from Core B are similar to 
ice-lenses, that form as a result of frost heave and are prominent features 
within the active layers of documented permafrost soil profiles 
(Andersland and Ladanyi, 2004; Mackay, 1980; Rempel, 2010). The 
presence of these pores was unexpected since the aggregates were pur-
posefully selected from the permafrost horizon of the soil profile. Pre-
vious research has found that isothermal frost deformation that 

Fig. 5. Pore coordination number frequency before and after freeze–thaw. Higher frequencies indicate an increase in the occurrence of a pore coordination number. 
Frequency was calculated as the count/total count. The effect of freeze/thaw differed by pore coordination number (LME, F = 5.84007, P < 0.0001). 
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generates these features could occur at subzero temperatures due to 
pore-scale heterogeneities causing pressure gradients and thus seepage 
of water from smaller pores to larger pores (Rempel and van Alst, 2013). 
It is also notable that the pore morphologies from both aggregates in 
Core B contain a large tubular channel running perpendicular through 
the platy pore structures that could be formed by root penetration or 
frost heave. If root-caused, the tubular channel may have resulted in 
compressive forces that facilitated development of the ice-lens-like pore 
structures, offering an alternate explanation for their occurrence. 
However, our review of the literature shows little research conducted in 
this area with no identification of platy pores co-occurring with root 
deformation (Veelen et al., 2020), leaving this possibility in need of 
further examination. While aggregates from Cores A and C did not 
display ice-lens-like pore structures, it is possible that frost heave pro-
cesses following active layer thickening and permafrost thaw could 
result in a higher occurrence of these pore morphologies in the future 
following continued freeze–thaw and subsequent frost heave (Ping et al., 
2015; Rempel, 2010). A shift from pore networks consisting of high 
densities of smaller pores toward networks composed of larger, elon-
gated pores following freeze–thaw is supported by recent findings which 
posited that these channel pores may also be partially caused by 
breakage along internal structural weaknesses of the aggregates 
exploited by freeze–thaw (Liu et al., 2021b; Ma et al., 2021). 

4.2. Pore connectivity and volumetric fractions 

Based on the differences in initial pore network morphology across 
aggregates from Cores A, B, and C, we expected to see large variability in 

freeze–thaw response, with the most similar freeze–thaw responses 
occurring in aggregates that shared similar pore network morphologies 
and architecture. Instead, we found that five aggregates (all but B28%) 
shared similar responses to freeze–thaw in pore coordination number 
frequency and pore throat diameter distribution, whereas B28% consis-
tently showed a divergent response. The inconsistent response to 
freeze–thaw by pore networks comprising platy pores intersecting 
tubular pores necessitates expanded testing to identify if response 
variability is a widespread trend amongst that particular pore 
morphology. The common changes we observed across pore networks 
with contrasting pore morphologies—pore coordination number fre-
quency increasing for less connected pores and pore throat diameter 
distributions showing increased response to freeze–thaw in the 30–50- 
µm range—should also be investigated for wider trends in aggregate 
response to freeze–thaw. 

The decreasing volumes observed in connected water-filled pores do 
not correspond with an increase in any other volumetric fraction 
(Fig. 4), raising questions of what freezing-associated intra-aggregate 
mechanisms or method artifacts may be causing these decreases. We 
speculate that the increase in air-filled pores for A28% is indeed an 
artifact of different regions sampled for the post-freeze–thaw scan and 
the pre-freeze–thaw scan (this was the only aggregate in which different 
regions were scanned). While the volumetric fraction of connected 
water-filled pores was reduced following freeze–thaw, there was not a 
significant decrease in total connected pore volume. Rather, there is a 
shift toward fewer pore connections reflected in the lower pore coor-
dination number following freeze–thaw (Fig. 5). The decrease in well- 
connected pores (directly connected to eight or more other pores) and 

Fig. 6. Connected pore network with individual pore regions highlighted by color and pore throat diameter distribution frequencies (bin size = 5 µm) before and 
after freeze–thaw for each aggregate. Frequency was calculated as the count/total count. Arrows represent regions with the largest changes in frequency 
following freeze–thaw. 
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increase in singly connected pores indicates that while connectivity may 
not be decreasing within the first five freeze–thaw cycles, the pore 
network is becoming more vulnerable to future responses of pores and 
pore throats to deformation that could result in decreased connectivity 
and isolation of portions of the pore network. Previous findings by Ma 
et al. (2021) linked freeze–thaw to increased pore connectivity, a sig-
nificant finding in the context of previous studies that emphasize the 
importance of network connectivity in oxygen availability, water 
transport, and nutrient diffusion (Wanzek et al., 2018). However, find-
ings from Ma et al. (2021) specified increasing porosity following seven 
freeze–thaw cycles (and up to 20 freeze–thaw cycles), with pore con-
nectivity showing unpredictable response up through the first seven 
freeze–thaw cycles. The inconsistent response of connected pore vol-
umes to freeze–thaw observed in our experiment aligns with these 
findings and suggests a potential difficulty in predicting pore connec-
tivity and thus redox chemistry and nutrient diffusion in the incipient 
stages of freeze–thaw following permafrost thaw. Ma et al. (2021) also 
observed decreases in the total number of pores following multiple 
freeze–thaw cycles. We found no statistical change in the number of pore 
throats following freeze–thaw, likely due to the high variability in pore 
throat counts across the replicates (ranging from 23 to 552). However, 
five out of six aggregates (A28% excluded) did show decreased pore 
throat counts following freeze–thaw (ST3), aligning with Ma et al. 
(2021). 

The decrease in the number of connected pore throats following 
freeze–thaw contrasts findings from Liu et al. (2021b) where an increase 
in the number of pores in aggregates occurred following freeze–thaw 
cycling (resolution > 25 µm). One possible explanation for the differ-
ences observed between the two studies may relate to non- 
complementary experimental designs. Liu et al. (2021b) studied 
freeze–thaw response in soil columns whereas our work focused on soil 
aggregates. The impact of freeze–thaw on a soil column is influenced by 
the constraints of the core jacket and by the uniform dimensions pro-
vided by the core. The irregular and less constrained shapes of the ag-
gregates (like those used within our study) may provide uneven stress to 
the samples during freezing, encouraging expansion toward regions of 
the aggregate not constrained by the sample holder while a fully con-
tained core will likely undergo evenly distributed stress throughout. 
These differences in constraint and subsequent impacts to expansion 
during freezing could affect pore and pore throat deformation, although 
in reviewing the literature we were unable to find any studies that 
quantify the impact of structural constraints on expansion in aggregates 
and cores during freezing. 

The increasing frequency of singly connected pores (pore coordina-
tion number 1) could be the result of either expansion or contraction 
resulting from freeze-thaw deformation. Smaller pores and pore throats 
(<20 µm) may be undergoing expansion following freeze–thaw 
(Chamberlain et al., 1990), enabling their detection at our 20-µm 
analysis resolution and thus contributing to the increased frequency in 
lower pore coordination numbers post-freeze–thaw. However, more 
well-connected pores could be undergoing throat contraction or 
collapse, resulting in increased frequencies of smaller pore throats. We 
also observed decreases in the total number of pore throats in most 
aggregates following freeze–thaw. A decrease in pore throat counts 
contradicts the suggestion that there is an influx of smaller pore throats 
that are expanding into resolution and provides support for contraction 
causing the increased frequency in smaller pore throat diameters (ST3). 
The potential for deformation highlights the importance of examining 
freeze–thaw response of the structure and size of micropores (<25 µm) 
due to the pivotal role they play in microbial activity and organic matter 
decomposition (Ruamps et al., 2011; Waring et al., 2020). 

4.3. Pore throat diameter 

Overall, we did not find evidence of uniform expansion or uniform 
collapse within certain pore throat diameter ranges. The occurrence of 

peaks splitting (a pre-freeze–thaw peak splitting into two smaller peaks 
that are positioned to each side of the original peak) is widespread across 
the pore throat diameter distributions of all aggregates (Fig. 6) indi-
cating that crystallization pressure acting on diameters of 30–40 µm may 
result in both collapsing and expanding pore throats. This lack of 
cohesive trend in pore throat size supports previous observations of 
fluctuating pore size in freeze–thaw incubations with less than seven 
freeze–thaw cycles (Ma et al., 2021). Combined expansion of some and 
collapse of other pore throats may be driven by fluid pressure gradients 
across the soil pore network controlled by both temperature gradients 
(Rempel, 2010; Wettlaufer et al., 1996; Wilen and Dash, 1995) and by 
crystallization pressures across different pore sizes, which would result 
in a variable combination of both expansion and contraction throughout 
pore throats of different sizes. This network approach complicates cur-
rent interpretations of freeze–thaw data that suggest deformation type is 
dependent on pore size (Chamberlain and Gow, 1979; Starkloff et al., 
2017). Ma et al. (2021) identified a general shift in pore size dimensions 
following (but not prior to) seven freeze–thaw cycles, suggesting that 
deformation resilience (or recovery following crystal deformation) may 
weaken as soil aggregates undergo more freeze–thaw cycles. Following 
20 freeze–thaw cycles, Ma et al. (2021) found an overall increase in pore 
size and thus air infiltration rates. The potential to increase overall pore 
connectivity beyond the first stages of freeze–thaw encourages further 
investigation as increases in pore and pore throat size as well as 
changing connectivity could impact gas release from thawing perma-
frost through increased substrate-microbe interactions and availability 
of previously isolated substrates (Ananyeva et al., 2013; Bailey et al., 
2017; Strong et al., 2004; Wanzek et al., 2018; Waring et al., 2020). 

Based on the changes we identified in pore throat size and pore 
connectivity—which provide evidence that deformation is occurring 
within pore throats following freeze–thaw—and the findings of Ma et al. 
(2021) regarding changes to pore shape factor, we anticipated pore 
throat deformation being visible in either increasing sphericity or 
elongation of pore throats. We interpret the lack of change in pore shape 
factor within the most impacted pore throat sizes to indicate that pore 
network response to freeze–thaw resulting in clear elongation or sphe-
ricity of pore throats is not yet evident during the incipient stage of 
deformation. Despite less deformation than may be observed in further 
freeze–thaw cycles, the incipient stage does show evidence for changing 
pore network connectivity and pore throat size distribution. 

4.4. Conclusions 

Freeze-thaw impacts to the pore network occur within the first five 
freeze–thaw cycles and may be dependent on initial pore morphology. 
Changes in connectivity following freeze–thaw were complex, with 
overall connected pore volume showing no response to freeze–thaw 
while shifts in individual pore connectedness and pore throat size dis-
tribution provided evidence for widespread contraction of pore throats. 
Our findings indicate that this early deformation could lower the resil-
iency of the pore network to future freeze–thaw deformation by 
decreasing pore connections and subsequently increasing vulnerability 
of the pore network to disconnection. The incipient stage of deformation 
encompasses the freeze–thaw cycles following initial permafrost thaw, 
co-occurring with heightened microbial activity and organic matter 
decomposition due to warming (Cavicchioli et al., 2019; Liu et al., 
2020). Predicting biogeochemical function and transformation 
following thaw requires understanding how soil properties, which 
control those functions, also shift following repeated freeze–thaw. 

The role that pore morphology plays in the magnitude and outcome 
of freeze–thaw response warrants further investigation, as deformation 
during freeze–thaw may be linked to that initial pore structure. This is 
especially pertinent in permafrost soils characterized by distinct pore 
structures associated with cryogenic processes (Ping et al., 2015). We 
posit that aggregates containing platy-pore structures intersecting 
channel pores may respond to freeze–thaw with greater variability than 
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aggregates with more homogenous pore morphologies. Future work 
should also aim to untangle how initial saturation levels and freezing 
rates may contribute to variability of freeze–thaw response by the soil 
pore network. 

Impacts of freeze–thaw at the micro-scale are responsible for 
ecologically important soil processes, such as water holding capacity 
and microbial access to and subsequent decomposition of carbon com-
pounds (Wanzek et al., 2018; Waring et al., 2020). As the Arctic con-
tinues to change under warming conditions, our ability to understand 
the guiding processes of permafrost landscape transition relies upon an 
enhanced knowledge of how freeze–thaw will affect soil properties at 
the micro- and macro-scale. Examining the response of soil physical 
properties to freeze–thaw is vital to predicting the behavior of future 
permafrost landscapes. 

5. Data availability 

All data and scripts are available at https://github.com 
/Erin-Rooney/XCT-freezethaw (https://doi.org/10.5281/zenodo.5816 
355) and archived and searchable at https://search.emsl.pnnl.gov. 
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