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in the category, where “very large”, lagoons tend to be mainly larger. This pattern is 
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smaller than nearby lakes. The exception is the “very large” category, where lagoons often 
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Category p-value Significance

Re
gi

on
Laptev_Sea 0.9479 Not Significant
East_Siberian_Sea 0.0166 Significant
Chukchi_Sea 0.0000 Significant
Alaska_Beaufort_Sea 0.0000 Significant
Canadian_Beaufort_Sea 0.6998 Not Significant

C
la

ss

1 0.0370 Not Significant
2 0.0166 Significant
3 0.0634 Significant
4 0.0001 Significant
5 0.5299 Not Significant



Supplementary Text S1: Additional Information to Section 3.2.5 “Individual Lagoon Examples”
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according to the manufacturer’s protocol. Amplicon libraries were prepared by using 

Curtis dissimilarity using the ‘hclust’ function from 
the base package ‘stats’ embedded in R (v4.3.0) (R Core Team). The Bray
dissimilarity was calculated by using the ‘vegdist’ function from the
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DOC (41.32 mg/L), TOC (2.03 %), TN (0.14 %), and a higher δ C value (26.6 ‰). These 
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(Akinyede et al., 2020; Šantrůčková et al., 2018)
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wet soil
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V
(steril dest. water)

(mL)
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(artificial seawater

c=182.55 g/L)
(μL)

V
(steril tap water)
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Byk14-1-A-04 TPF-F 10.5 -- -- 5.30

TPF -B 10.5 4.53 766.79 --

TPF -M 10.5 3.19 2106.94 --

PG2412-1-1 TKL-F 12.1 -- -- 4.70



TKL-B 12.1 3.93 766.56 --

TKL-M 12.1 2.59 2106.70 --

PG2411-1 LAG1-B 10.3 5.27 -- --

LAG1-M 10.3 3.93 1339.97 --

PG2410-01 LAG2-B 9.5 5.88 211.25 --

LAG2-M 9.5 4.54 1551.39 --
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Abstract Climate warming in the Arctic is directly connected to rising sea levels and 
increasing erosion of permafrost coasts, leading to inland-migrating coastlines and the 
transformation of coastal permafrost lakes into thermokarst lagoons. These lagoons 
represent transitional zones between terrestrial to sub-sea permafrost environments. So 
far, the effect of the transition on the carbon cycle is fairly unknown. In this study, we 
conducted long-term anoxic incubation experiments on surface samples from 
thermokarst lagoons with varying degrees of sea connectivity. We also included 
terrestrial permafrost and the active layer as endmembers to investigate variations in 
carbon dioxide (CO2) and methane (CH4) production within lagoon systems and along 
a land–sea transition transect on Reindeer Island, northeast Mackenzie Delta, Canada. 
Results show that CH4 production peaks at 4.6 mg CH4 g−1 C in younger, less connected 
lagoons with high-quality organic matter, leading to up to 18 times higher greenhouse 
gas (GHG) production (in CO2 equivalents) compared to open lagoons. CO2 production 
is higher under marine conditions (3.8–5.4 mg CO2 g−1 C) than under brackish conditions 
(1.7–4.3 mg CO2 g−1 C). Along a land–sea transect, CO2 production increased with 
increasing marine influence. These findings suggest that the landward migration of the 
sea, resulting in the inundation of permafrost lowlands and thermokarst lakes, may lead 
to increased GHG emissions from Arctic coasts in the future. 
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4.1 Introduction 

The Arctic region is experiencing unprecedented rates of temperature rise, nearly 
4 times faster than the global average (Rantanen et al., 2022). The rapid warming has 
significant effects, particularly evident in the Arctic Ocean and its coastal areas, resulting 
in rising sea levels (Guimond et al., 2021; Nerem et al., 2018; Proshutinsky et al., 2001; 
Watson et al., 2015), extensive sea ice loss (Jahn et al., 2024; Kwok and Rothrock, 2009; 
Notz and Stroeve, 2016), and erosion of ice-rich permafrost coasts (Günther et al., 2013; 
Jones et al., 2018; Malenfant et al., 2022; Whalen et al., 2022).  

With approximately 1 million people residing along the Arctic coastlines, they are 
directly impacted by the transformation of coastal permafrost landscapes and the 
migration of the sea inland (Ramage et al., 2021). The average rate of permafrost coastline 
change throughout the Arctic between 1950 and 2000 was -0.5 m yr–1, with significant 
regional and intra-regional variations (Irrgang et al., 2022). The biggest rise in Arctic 
erosion rates, ranging from +80 % to +160 %, was observed along the permafrost coasts 
of the Alaska and Canadian Beaufort Sea (Jones et al., 2020). In the Mackenzie Delta area, 
shoreline retreat rates have been documented as high as -46 m yr–1, leading to substantial 
land loss and inland migration of the coastline (Malenfant et al., 2022; Solomon, 2005). 

As sea levels rise and coastal erosion progresses, previously isolated thermokarst 
lakes and basins with bottom elevations below sea level become connected to the ocean, 
forming thermokarst lagoons (Jenrich et al., 2021b; Schirrmeister et al., 2018). Along the 
Arctic coast, from the Taimyr Peninsula in Russia to the Tuktoyaktuk Peninsula in 
Canada, 520 thermokarst lagoons larger than 500 meters in diameter have been 
identified, covering a total area of nearly 3500 km2 (Jenrich et al., 2024c). These lagoons, 
located at the interface between land and sea, form a critical transition zone from 
terrestrial to subsea permafrost environments. Electrical resistivity surveys revealed that 
permafrost degradation in former lagoon deposits occurs up to 170% faster than in 
submerged Yedoma permafrost (Angelopoulos et al., 2021), significantly accelerating 
carbon cycling in these areas. 

Permafrost, which is ground that has been frozen for more than two consecutive 
years, lies beneath 13.9 × 106 km2 (ca. 15%) of the exposed land area (Obu, 2021) and 
about 407.680 km of arctic coasts (34% of the world coastline) are classified as permafrost 
coasts (Lantuit et al., 2012). Including also non-permafrost deposits the permafrost 
region stores ~1700 Pg organic carbon in active layer soils and deposits, frozen ground 
(Lindgren et al., 2018; Miner et al., 2022; Schuur et al., 2022), and lake taliks (Strauss et 
al., 2021; Walter Anthony et al., 2014), which is about 50% of the OC stored in all global 
soils (3350 Pg; Strauss et al., 2024). Additionally, model simulations estimate another 
~2800 Pg OC in deep permafrost below the seafloor of Arctic shelves (Miesner et al., 
2023), which cover an area of almost 2.5 ×106 km2 (Overduin et al., 2019). Rising 
temperatures in a warming Arctic accelerate permafrost thaw, activating ancient 



4 Rising Arctic Seas and Thawing Permafrost: Uncovering the Carbon Cycle Impact in a Thermokarst Lagoon System in the outer 
Mackenzie Delta, Canada 

90 

 

microbes and leading to the decomposition of organic carbon into greenhouse gases 
(GHGs) such as carbon dioxide (CO2) and methane (CH4). 

The transition from unsaturated, aerobic conditions in terrestrial permafrost to 
saturated, anaerobic conditions in inundated soils results in a shift in microbial 
composition and, consequently, greenhouse gas production (Bush et al., 2017; Jenrich et 
al., 2024b; Liu et al., 2022). Under laboratory conditions, carbon breakdown processes 
and the associated production of CO2 and CH4 during landscape changes can be 
replicated by incubation experiments (e.g. Laurent et al., 2023; Liu et al., 2022; Tanski et 
al., 2019). CO2 production is dominant in unsaturated soils, while CH4 production is 
happening in saturated, anoxic soils (Le Mer and Roger, 2001; Schädel et al., 2016). 
Marine sediments generally exhibit lower decomposition rates compared to terrestrial 
permafrost (Miesner et al., 2023). As terrestrial thermokarst lakes transition to marine 
environments, the hydrochemical and biogeochemical conditions of the sediment shift, 
affecting the microbial community composition (Jenrich et al., 2024b; Yang et al., 2023). 
In marine sediments, methanogens are found mostly in sediment layers below the 
sulfate reduction zone, as sulfate-reducing bacteria (SRB) outcompete methanogens for 
key substrates like acetate and hydrogen (Jørgensen, 2006; Oremland and Polcin, 1982). 
During this transition, as soils become inundated with seawater, CO2-producing SRB 
grow (An et al., 2023). A few studies focusing on organic-rich sediments (Holmer and 
Kristensen, 1994; Jørgensen and Parkes, 2010), salt marshes (Oremland et al., 1982), 
coastal sediments (Maltby et al., 2018) as well as in the early stages of lagoon formation 
(Jenrich et al., 2024b; Yang et al., 2023) have reported the coexistence of methanogens 
and SRB, which is probably driven by noncompetitive substrates like methanol and 
methylated compounds. A recent study simulating greenhouse gas production during 
different transition stages in a coastal thermokarst landscape demonstrated that CO2 
production initially decreases following lagoon formation. However, in the long term, 
after SRB establish themselves, CO2 production increases significantly, surpassing that 
in thawing terrestrial permafrost by a factor of eight (Jenrich et al., 2024b). 

When highly degraded, lowland thermokarst landscapes are flooded by the sea, and 
thermokarst lagoons, lakes, and the sea become connected with each other, complex 
lagoon systems are formed. Consequently, a natural gradient of marine submergence 
age and connectivity emerges within the system with older, well-connected lagoons 
closer to the sea, and younger, less connected lagoons further inland. The individual 
basins of previous thermokarst lakes are often still identifiable by their characteristic 
round shape in the new lagoon system. These systems are widespread along all Arctic 
lowland coasts with ice-rich permafrost and abundant thermokarst lakes, such as the 
Laptev, East Siberian, Chukchi, and Beaufort seas. They serve as a natural study setting 
for investigating the impact of progressive marine inundation on permafrost and its 
organic matter pool. Different lagoon development stages found in the same region 
would represent a space-for-time gradient that could allow better understanding of the 
production of greenhouse gases in inundated permafrost soils under varying degrees of 
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seawater influence. In Jenrich et al. (2024b), thermokarst lagoons are classified by 
openness and the degree of connectivity with the sea, both for single lagoons and 
lagoons within a lagoon system. They defined five connectivity classes from very high 
(5) for lagoons which are always open and in direct exchange with the sea to very low 
(1) for nearly-closed lagoons where the exchange is very limited due to long channels or 
for subsequent lagoons in lagoon systems with very limited exchange due to narrow 
inlets and great distances to the sea. 

Despite the abundance of thermokarst lagoons and their potential interesting role in 
the Arctic carbon cycle, their GHG production dynamics during the transition from 
terrestrial permafrost to subsea permafrost remain poorly studied so far. In particular, 
knowledge gaps persist regarding the variation in carbon degradability and GHG 
production based on lagoon development stage as well as the evolution of GHG 
production with increasing seawater influence. 

In this study, we address these gaps with answering the following questions: 

1. How does greenhouse gas production differ within a lagoon system under near-
natural conditions, considering different degrees of lagoon openness and distance to 
the sea?  

2. How does greenhouse gas production differ with increasing seawater influence in the 
land-sea transition along a permafrost-lake-lagoon-transect?  

This study is the first focusing on thermokarst lagoon development stages and the 
GHG production rates occurring during the transition of permafrost from a terrestrial to 
a marine setting to better understand the role of thermokarst lagoons in the Arctic carbon 
cycle and more broadly what happens when terrestrial permafrost becomes inundated 
by the sea. 

4.2 Study Area  

In this study, we collected and incubated surface samples of thermokarst lagoons of 
different transgression stages within a lagoon system as well as terrestrial samples from 
the active layer and permafrost on Reindeer Island, northeast Mackenzie Delta, Canada. 
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Figure 4.1 Study sites located on Reindeer Island and the surrounding lagoon system close to 
Richards Island, northern Mackenzie Delta, Canada (a, b). Coring sites are marked by a dot c): P2 
soil pit - active layer and permafrost sampling; 5 - thermokarst lake; 3, 4, 7, 12-14, and 16 - 
thermokarst lagoons of varying connectivity. Imagery sources: a) Permafrost extent regions based 
on Brown et al. (1997); b) ESRI base map; c) Sentinel-2 satellite image band combination 4-3-2 from 
2021-08-26. Note: different water colours are related to sediment load coming from the Mackenzie 
River plume and indicative of the different lagoon connectivity, with black colours being closed lake 
basins, darker grey colours limited-open or well-connected lagoon, and light grey waters in very open 
lagoons (similar the open sea) 

Reindeer Island, formerly connected to the northern head of Richards Island, is 
situated in the northern region of the Mackenzie Delta, Northwest Territories, Canada 
(Figure 4.1). Richards Island is heavily influenced by thermokarst lake formation, 
covering 23.5% of its surface area (Burn, 2002). Seismic profiles revealed thaw 
depressions over 20 meters deep, half-filled with stratified sediments, while radiocarbon 
and 137Cs data suggested sedimentation rates of 0.03±0.05 cm yr–1, indicating lake 
formation over the past 10,000-15,000 years (Solomon et al., 2000). The permafrost on 
Richards Island is continuous, exceeding 500 m in thickness, contrasting sharply with 
the discontinuous permafrost of the Mackenzie Delta (Judge et al., 1987; Kohnert et al., 
2017). The regional sedimentology is characterized by discontinuous unconsolidated till 
in an ice-rich permafrost environment. During the short open water (ice-free) season the 
area is exposed to high winds and increased wave action during coastal storms. 
Although the southside of Reindeer Island and most of the inner lagoon is protected 
from the forces of offshore waves during storms, it is still susceptible to thawing 
permafrost during increased air temperatures. There is a direct correlation to NW winds 
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(>50 km/hr) and air temperature to coastal erosion in this region (Berry et al., 2021; Lim 
et al., 2020). Richard Island has experienced moderate to rapid coastal erosion rates, 
Hynes et al. (2014) reported erosion rates for 1972-2000 to be up to 3.6 m yr–1, with 
significant annual retreat occurring at North Head (the tip of the Richards Island) and 
the ocean side of Reindeer Island. The average erosion rate within the lagoon study area 
was reported to be 0.28 m yr–1 (Hynes et al., 2014), with increased rates (up to 1.1 m yr–

1) at some locations on the southside of Reindeer Island near samples sites 3, 4 and 16. 
Despite the regional and localized erosion it is clear that a significant portion of sediment 
are originating from the Mackenzie River's sediment plume (Solomon et al., 2000), which 
is supplying 128 Mt fluvial sediments on average per year (from 1974 to 1994; Carson et 
al., 1998). The Mackenzie River therefore is the largest supplier of fluvial sediments and 
the fourth-largest provider of freshwater to the Arctic Ocean (330 km2 yr–1) (Vonk et al., 
2015a). 55% of the sedimentary OC is transported through the delta and deposited on 
the coastal shelf, suggesting that 45% are deposited mainly in lakes within the delta in 
the course of the spring ice break (Vonk et al., 2015a) and when lakes get more connected 
to the river system (Burn, 1995) but likely also in the thermokarst lagoons at the head of 
the delta.  

To the east, Reindeer Island borders the Beaufort Sea, while to the south and west, 
flooded thermokarst lake basins form a lagoon system separating the island from 
Richards Island. This lagoon system, consisting of at least 14 individual former 
thermokarst lake basins, covers an area of 13.7 km2 (Jenrich et al., 2024c) and was first 
investigated in 1993 (Solomon et al., 2000). Bathymetric investigations during these 
studies have revealed overall shallow water depths (< 2 m) around Reindeer Island, 
allowing for the formation of bottom fast ice during winter. 137Cs data suggest that 
sedimentation rates in the lagoons ranged from 0.7 to 2 cm yr–1 of the past 50 years 
(Solomon et al., 2000). For this study we revisited five of the coring sites investigated by 
Solomon et al. (2000) (our site names: LAG 3, 4, 7, 12 and TKL 5) and added three more 
(LAG 13, 14, 16), all representing lagoons with varying connectivity with the sea and 
therefore varying influence of marine processes and fluvial inputs from the Mackenzie 
River. Based on the classification by Jenrich et al. (2024b), LAG7 and LAG12 are Class 5 
lagoons with very high connectivity, which are always open. LAG3 and LAG16 are 
considered Class 4, which are defined as mostly open, spatially second-tier, lagoons 
which are very well connected to the primary lagoon. LAG4 and LAG14 are Class 3, 
semi-open second-tier lagoons which are well connected to the primary lagoon. LAG13 
is a Class 2 second-tier lagoon, which is less connected to the primary lagoon due to the 
great distance to the sea and multiple narrow inlets reduce the exchange with the sea.  

Further we sampled active layer and permafrost in a low land position (P2) on the 
island.  
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4.3 Methods 

4.3.1 Fieldwork and Subsampling 

Fieldwork was conducted at the Reindeer Island lagoon system in collaboration with 
Natural Resources Canada during August 2021. For this study we chose 7 distinct 
locations within the lagoon system as well as one thermokarst lake. Using a boat, we 
took surface water samples using a water sampler (UWITEC, Austria), collected 
Conductivity-Temperature-Depth (CTD) information by using a CastAway CTD device 
(SonTek, USA), and cored sediments using a gravity coring system (UWITEC Single 
Corer, Austria). A minimum of 2 cores were extracted from each site, with one core 
designated for microbiological analyses and subsequent incubation experiments. These 
cores were preserved within gas-proof bags filled with nitrogen gas to maintain 
anaerobic conditions and stored at a temperature of 4°C. A second core was reserved for 
sedimentological analyses and also stored at 4°C. The length of the cores varied from 10 
cm to 49 cm.  

Furthermore, active layer (AL) and permafrost samples were taken from a soil pit 
located on the lowland of Reindeer Island. The stratigraphy of the active layer was 
described and documented, with subsamples being selectively collected based on visual 
observations of distinct sediment layers. These subsamples were used for incubation 
experiments, including microbiological analyses and sediment analyses. Dimensions of 
the subsamples were recorded to calculate sample volumes for subsequent bulk density 
calculations. In addition, permafrost sampling was conducted using a Hilty hand drill, 
extracting uppermost permafrost samples extending to a depth of 12 cm. These 
permafrost samples were kept frozen in the field and transported to the Alfred Wegener 
Institute laboratories in Potsdam for further analysis. 

Samples for incubation experiments were placed in precombusted glass jars, sealed 
and stored within nitrogen-filled gas proof bags. Biomarker samples were preserved in 
precombusted sterilized glass jars, and sediment samples for subsequent analyses were 
stored in sterile plastic bags (WhirlPack). 

In the laboratory, the sediment cores were cut length-wise and the visual stratigraphy 
was described and documented. Subsamples were carefully extracted ranging from 
depths of 3 to 10 cm, intended for incubation and microbiological analyses. The edges of 
these subsamples were cleaned by scratching off the outermost material, and the sample 
material was deposited into pre-combusted glass jars. To minimize contact with oxygen, 
these jars were immediately flushed with nitrogen gas and subsequently stored in bags 
filled with nitrogen at a temperature of 4°C until the initiation of the planned 
experiments. Moreover, subsamples from one core half were taken every 5 cm for 
sedimentology and geochemistry analyses, while the other half was preserved in an 
archive freezer for future reference. The wet weight of all subsamples was recorded 
before further handling. 
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4.3.2 Hydrochemistry 

Using Rhizon samplers (membrane pore size: 0.12-0.18 μm), pore water was collected 
from thawed samples for the hydrochemical pre-incubation analysis. The pH and 
electrical conductivity (EC in mS/cm) of the pore water were measured using a WTW 
Multilab 540, with an accuracy of ±0.01 for pH and ±1 mV for EC. After treating the DOC 
samples with 50 μL of 30% HCl supra-pure, they were stored at +4°C until analysis with 
a Shimadzu Total Organic Carbon Analyser (TOC-VCPH) following the protocol 
described by Fritz et al. (2015), with an accuracy of ±1.5%. Pore water for measuring 
sulfate concentration was diluted (1:50) and subjected to triplicate analysis using the 
Sykam S155 Compact IC-System ion chromatograph, which has a detection limit of 0.1 
mg/L. The detected peaks in the chromatograms were automatically integrated using 
the ChromStar 7 program, and the triplicate average was used for further assessment. 

Using the TEOS-10 MATLAB implementation, we were able to convert the measured 
electrical conductivity (with respect to 25 °C) to molality (mol/kg) and absolute salinity 
(g/kg) (McDougall and Barker, 2011). This conversion package assumes that the pore 
water fluid is consistent with standard seawater composition (Millero et al., 2008). 

In order to be able to test GHG production in different sediments during the phases 
of landscape development (lake, lagoon, subsea), it is crucial to keep the boundary 
conditions (fresh: c = 0 g/L, brackish: c = 13 g/L, marine: c = 36 g/L) and the total water 
volume of 10.5 mL constant. For this purpose, we calculated based on the molarity of the 
pore water how much of the highly concentrated artificial seawater solution (c = 182.55 
g/L) needed to be added to the samples. The artificial seawater solution had a higher 
concentration than that of standard seawater, so a relatively lower volume of water 
could be added to the sediment pore water and be diluted. The artificial seawater 
contained of NaCl (24.99 g/L), MgCl2 × 6H2O (11.13 g/L), Na2SO4 (4.14 g/L), CaCl2 × 
2H2O (1.58 g/L), KCl (0.79 g/L) and NaHCO3 (0.17 g/L) dissolved in ultrapure water 
and sterile filtered after. 

4.3.3 Sedimentological and biogeochemical bulk analyses 

Prior to and following freeze-drying (using a Zirbus Sublimator 15), the sediment was 
weighed, and the weight difference between the wet and dry sediment was used to 
calculate the absolute water content.  

Grain-size analyses were performed using a Malvern Mastersizer 3000 with a 
connected Malvern Hydro LV wet-sample dispersion machine on organic-free 
(processed with 35 percent H2O2) samples. The percentages of silt, clay, and sand are 
given as sums between 2 mm and 63 μm, 63 μm and 2 μm, and less than 2 μm, in that 
order. Grain-size parameters were computed using Gradistat (Blott and Pye, 2001; 
Version 8.0). 
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The total carbon (TC) and total organic carbon (TOC) content (expressed in weight 
percent, wt%) of homogenised and milled bulk samples (using a Fritsch Pulverisette 5 
planetary mill) were analyzed using a soliTOC cube, and the total nitrogen (TN) content 
was determined using a rapid max N exceed (both Elementar Analysensysteme, 
Langenselbold, Germany); both instruments had a device-specific accuracy of ± 0.1 wt% 
and a detection limit of 0.1 wt%. Carbonates were removed from sediments using 1.3 
molar hydrochloric acid (HCl) at 50 °C for five hours in order to perform stable carbon 
isotope analysis of organic carbon. The samples were then dried once more after being 
cleaned of chloride ions.  

Next, at the AWI ISOLAB Facility Potsdam, stable carbon was analyzed with a 
ThermoFisher Scientific Delta-V-Advantage gas mass spectrometer fitted with a 
CONFLO IV and a FLASH 2000 elemental analyzer.  

4.3.4 Incubation Experiment 

To analyze how CO2 and CH4 production differs within a lagoon system (objective 1), 
given that well-connected lagoons (LAG7, LAG12, LAG14, LAG16) have been under 
seawater influence for a longer period and to a greater extent than poorly connected, 
younger lagoons (LAG4, LAG13), we incubated subsurface samples (3-10cm depth) of 
the lagoons anoxic under brackish (c=13 g/L) and marine (c=36 g/L) conditions using 
artificial seawater for 415 days. As oxygen has a negative impact on anaerobic microbial 
populations, we disposed of the first three cm of the sample and kept the environment 
oxygen-free for the duration of the incubation and sample processing (handling and 
overnight thawing at 8 °C in a glovebox under N2 atmosphere).   

To investigate the variation in CO2 and CH4 production with increasing seawater 
influence in a land-sea transect (objective 2) we incubated permafrost, lake, and lagoon 
samples, 4, 3, 16) under increasing saline conditions as described in (Jenrich et al., 2024b). 
In short, we incubated the terrestrial samples (P2-P, P2-AL, TKL5) with freshwater to 
simulate near-natural lake conditions, brackish to simulate freshly formed lagoons, and 
with marine water to simulate established lagoons. We used sediments from the three 
lagoons (LAG4, LAG3, LAG16) because they differ in age and connectivity with the sea 
and therefore represent different states of lagoon development. The lagoon samples 
were incubated under brackish and marine conditions to simulate near-natural 
conditions depending on their pore water salinity. Permafrost and active layer samples 
have been incubated for 244 days while lagoon samples have been incubated for 415 
days. Accordingly, the cumulative CO2 and CH4 after 244 days is used to answer 
question 2 (GHG production along land-sea transect). 

In order to ensure similar boundary conditions for the samples and their individual 
treatments, we used the same dry weight (5g) and the same water content (10.5 mL) in 
all bottles, as well as the same salinity for the brackish and marine treatment. Therefore, 
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depending on the initial pore water content and salinity, different amounts of wet soil 
had to be weighed in and different volumes of artificial seawater added for the samples 
respectively to the treatment (fresh: c = 0 g/L, brackish: c = 13 g/L, 373 marine: c = 36 
g/L). We acknowledge that submerged sediments close to the coast of the Mackenzie 
Delta still experience brackish conditions, but for simplicity, we ignore the effects of river 
discharge.  

Given the well-established anaerobic conditions in waterlogged soils in situ, we 
conducted the incubation anaerobically.  

The samples were homogenized before being put into 120 ml glass incubation vials 
that had been previously combusted. For every treatment, three replicates were 
incubated at 4 °C for comparability with previous permafrost incubation studies (e.g., 
Jongejans et al., 2021; Tanski et al., 2019) and to roughly match with the temperature of 
the water at the bottom of the water bodies in the summer. 

CO2 and CH4 concentrations were measured using gas chromatography (7890A 
Agilent, United States) equipped with a thermal conductivity detector and a flame 
ionisation detector, respectively, with helium as the carrier gas and a 100 °C oven furnace 
temperature. To prevent zonation in sediment and water, the incubation vials were 
shaken before each measurement. Using a gastight syringe, gas samples were extracted 
from the vials' headspace and promptly fed into the gas chromatograph. The 
measurements were taken five times in the first two weeks, then every week for the next 
seven weeks, and then roughly every two weeks after that. Gas concentrations were 
normalized to the dry weight of the sediment (gdw-1). The total amount of CO2 and CH4 
was calculated in μmol using the ideal gas law (Knoblauch et al., 2018) employing the 
gas concentration, headspace volume, water volume, pH, temperature, and solubility, 
including carbonate and bicarbonate concentrations for CO2 calculations (Millero et al., 
2007). Further, the average of CO2 and CH4 for each of the three replicates was calculated, 
and we used the TOC content to normalize the data to gSOC-1. Rates were then 
determined using the measured time intervals. Cumulative values were obtained by 
subtracting the initial measurement from each subsequent one, allowing for the 
calculation of production rates. 

4.3.5 Statistics  

All data analyses were conducted in R version 4.3.2 (R Core Team 2023). The 
Wilcoxon signed-rank test for paired samples was used to assess differences between 
brackish and marine treatments for all lagoons (n=7) and all transect sites (n=6), 
respectively. Principal component analyses (PCA) were performed on range 
transformed data using the base R function princompto explore which biogeochemical 
parameters correlate with CO2 and CH4 production in the different connectivity classes. 
The parameters tested included surface water EC, TOC, TN, and δ13C under both 
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brackish and marine conditions. The PCA results were visualized  in a biplot using the 
'ggbiplot' package (Vu and Friendly, 2023). 

4.4 Results 

4.4.1 Surface Water Hydrochemistry 

Table 4.1 summarizes the surface water properties of the lake and the seven lagoons. 
Only two of the lagoons we examined (LAG3, LAG12) had a depth shallower than 2 m, 
while the others ranged between 2.3 m and 7.4 m in depth. Average EC over depth 
measured in the lagoons ranged from 5.8 to 17.5 mS/cm and is therefore much lower 
than the average surface water salinity of the Arctic Ocean (52.8 mS/cm, 33.8 psu; Hall 
et al., 2023).  

During summer, stratification occurred in the deeper lagoons due to freshwater 
discharge from the Mackenzie River, particularly evident in LAG7 with a temperature 
difference of approximately 8°C and an EC difference of around 27mS/cm between 
surface and near-bottom layers. No stratification was observed in the lake and shallow 
lagoons LAG12 and LAG13, while in LAG16, there was no difference in temperature but 
a variation in salinity. 

Table 4.1 Lake (TKL5) and Lagoon (LAG) surface water properties: Connectivity Class (2: low to 5: 
very high - open lagoons), water depth, temperature (T), electrical conductivity (EC), and pH have 
been measured in the field in August 2021. Dissolved organic carbon (DOC) and sulfate 
concentrations were measured in the laboratory.  Min: minimal, max: maximal, av: avererage. 

 

4.4.2 Bulk Sediment Biogeochemistry and Pore Water Hydrochemistry 

Results on bulk sediment biogeochemistry and pore water hydrochemistry are 
presented in Table 4.2. The TOC content of the sediment was lowest in LAG3 (1.45 wt%) 
and highest in the active layer (26.31 wt%). Nitrogen content ranged from 0.17 % in 
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LAG3 and LAG12 to 1.53 % in the active layer, followed by permafrost and LAG13. The 
C/N ratio was lowest in LAG3 (8.53) and highest in permafrost (30.91). The average C/N 
ratio in the lagoons was approximately 14±3. Additionally, the δ13C composition was 
relatively homogeneous, ranging from -27.65 ‰ in the AL to -25.86 ‰ in LAG3. 

Regarding pore water, water content was lowest in the permafrost sample and 
highest in the AL. EC of the pore water varied significantly, with the lowest salinity 
recorded in the freshwater lake (EC: 0.59 mS/cm, 0.02 g/L) and the highest in LAG7 (EC: 
50.7 mS/cm, 33.4 g/L). DOC concentrations showed marked differences, with the lowest 
levels detected in the lake, LAG 3 and LAG 13 and the highest in the permafrost samples. 

In surface water, sulfate concentration exhibited diverse patterns. The lowest levels 
were recorded in the lake (3 mg/L), while the highest was observed in LAG13 (671 
mg/L). Similar sulfate concentrations were detected for LAG7, 12, and 16, as well as for 
LAG4, 13, and 14. 

Table 4.2 Bulk sediment and porewater biogeochemistry of permafrost (PF), active layer (AL), 
thermokarst lake (TKL05), and thermokarst lagoons (LAG): Total organic carbon (TOC) and nitrogen 
(N) content, carbon to nitrogen ratio, stable 13C isotopes, water content (WC), electrical 
conductivity (EC), salinity, pH, and dissolved organic carbon content (DOC). 

 

4.4.3 Grain Size Distribution 

The particle size distribution analysis shows significant differences between 
permafrost and the active layer (Figure S4.1). Permafrost exhibited a predominance of 
fine silt particles, with a mean grain size of 8.1 µm, whereas the active layer was 
characterized by sandy sediment, with a mean grain size of 97.3 µm. Lagoons LAG4 to 
LAG16 displayed a consistent pattern of fine silt composition, with mean grain sizes 
ranging from 3.75 to 7.41 µm. However, Lagoon LAG3 stood out due to its very poorly 
sorted medium to coarse silt with a mean grain size of 34.2µm. LAG3 also has a second 
peak in the sandy fraction, which is very similar to the sandy active layer. It is also 
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notable that the permafrost has a unimodal (one peak) distribution, as do most of the 
lagoons within a similar range as the permafrost, while the lake and LAG3 exhibit a 
bimodal (two peaks) distribution. The active layer is unimodal but has its peak in a 
different range. This suggests that at least two main processes contribute to the 
depositional regimes. 

4.4.4 Greenhouse Gas Production 

CO2 and CH4 Production in Lagoon Sediments After 415 Days of Incubation 

The results on the cumulative anaerobic CO2 and CH4 production measured after 415 
days for the lagoons are shown in Figure 4.2.  

CO2 production ranged from 1.68 to 4.33 mgCO2 g-1C under brackish and from 3.78 
to 5.35 mgCO2 g-1C under marine conditions and the CH4 production ranged from 0.00 
to 4.55 mgCH4 g-1C under brackish and from 0.00 to 0.16 mgCH4 g-1C under marine 
conditions (Figure 4.2a). CO2 production was significantly lower under brackish, 
compared to marine conditions (p=0.016), while CH4 production was significantly 
higher under brackish conditions (p=0.023) (Figure 4.2b). For six of the seven lagoons no 
CH4 production was observed under marine conditions. The highest cumulative CH4 
production rate was observed at brackish conditions below the limited-open LAG13 
(4.55 ± 1.12 mgCH4 g-1C). CH4 production started after 150 to 200 days for the LAG13, 4 
and 16 under brackish conditions and for LAG13 after 360 days under marine conditions 
(Figure S4.1). For Lagoons 14, 3, 7 and 12 no methane production was observed in the 
timeframe of the experiment.  

LAG14 and LAG4, both categorized with medium connectivity (Class 3), exhibit very 
similar CO2 productions under brackish conditions of 2.33 ± 0.32 mgCO2 g-1C and 2.20 ± 
0.17 mgCO2 g-1C, respectively, while under marine conditions LAG14 produced more 
CO2.  

Mostly open Class 4 lagoons, LAG3 and LAG16, both categorized with high 
connectivity to the sea, demonstrate different cumulative CO2 productions under 
brackish conditions of 4.24 ± 0.46 mgCO2 g-1C and 1.68 ± 0.05 mg mgCO2 g-1C, 
respectively but similar CO2 production under marine conditions.  

The very highly connected Class 5 lagoons, LAG7 and LAG12, both show high CO2 
production under brackish and marine conditions. Highest CO2 production of all 
lagoons was observed in LAG12 with 5.35 ± 1.12 mgCO2 g-1C. 

Relationships between biogeochemical parameters and gas production: Based on the 
principal component analysis (Figure S4.2, S4.3) of the parameters brackish and marine 
CO2 and CH4 production, TN, TOC, δ¹³C, and surface water EC, the sites are grouped by 
openness, with the most closed lagoon forming one group and the more open lagoons 
forming another. CO2 production correlates with surface water EC but not clearly with 
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substrate parameters, while CH4 production correlates with substrate parameters in 
brackish and marine incubations. 

 

 
Figure 4.2 Cumulative CO2 (mgCO2 g-1C) and CH4 (mg mgCH4 g-1C) production of surface sediment 
from the seven lagoons of varying seawater connectivity under brackish (13 g/L) and marine (36 g/L) 
conditions after 415 days of anaerobic incubation. a: Grouped barplot with lagoons (LAG) ordered 
by connectivity class from low connectivity (Class 2) to very high connectivity (Class 5) to the sea. 
Error bars indicate standard deviation. b: Treatment comparison - paired box-whisker plots with 
connected data points (lines). The treatment has a significant effect on both CO2 and CH4 production 
(two-sided Wilcoxon test: p=0.031 and p=0.047, respectively).  

4.4.4.1 CO2 and CH4 Production of Permafrost, Lake and Lagoon Sediments After 
244 Days of Incubation 

The incubation with fresh water, which represents natural conditions for the 
terrestrial sites showed that the thermokarst lake sample exhibited the highest 
cumulative CO2 production of 2191 ± 136 µgCO2 g-1C, while the permafrost sample 
showed the lowest CO2 production at 230.49 ± 16.95 µgCO2 g-1C (Figure 4.3A). The 
highest cumulative CH4 production was measured in the active layer sample with 133.73 
± 13.53 µgCH4 g-1C (Figure 4.3B). In contrast, the thermokarst lake sample exhibited the 
lowest CH4 production at 81.78 ± 17.14 µg CH4g-1C. 

Under brackish conditions, the permafrost sample exhibited the lowest CO2 
production of 551.44 ± 25.38 µgCO2 g-1C. Even though brackish conditions are not natural 
for microbes in terrestrial settings, the active layer sample showed the highest 
cumulative CO2 production (7997.90 ± 2349.58 µgCO2 gC-1), followed by the mostly open 
lagoon LAG3 (5495.74 ± 2631.84 µgCO2 g-1C) (Figure 4.3A). Regarding CH4 production, 
the LAG4 sample displayed the highest cumulative production under brackish 
conditions with 198.10 ± 224.93 µgCH4 g-1C, while the active layer sample showed the 
lowest average CH4 production at 0.2 ± 0.15 µgCH4 g-1C (Figure 4.3B). 
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Under marine water treatments, the most CO2 was produced in the LAG3 sample 
(5874.11 ± 313.20 µgCO2 g-1C), while the lake sample showed the lowest CO2 production 
(626.79 ± 1310.36 µgCO2 g-1C) (Figure 4.3A). Regarding CH4 production, the permafrost 
sample displayed the highest cumulative production of 5.17 ± 1.36 µgCH4 g-1C, while the 
active layer sample showed the lowest CH4 production at 0.07 ± 0.03 µgCH4 g-1C. 
However, CH4 production under marine conditions was generally low for all samples 
(Figure 4.3B). 

In Figure 4.3C, CO2 and CH4 production is compared by treatment. By testing the 
effect of the treatment on CO2 and CH4 production in a paired Wilcoxon test for the 6 
transect settings, we found that CO2 production does not differ significantly between 
brackish and marine treatments (p=0.844), but CH4 production is significantly higher 
under brackish than marine conditions (p=0.031). If all 10 sites are considered, the 
difference is stronger (Wilcoxon test, paired, two-sided, p=0.03711). 

Relationships between biogeochemical parameters and gas production: Based on 
the principal component analysis (Figures S4, S5) of the parameters brackish and marine 
CO2 and CH4 production, TOC, δ¹³C, and surface water EC, terrestrial and lagoon sites 
group separately. CO2 production in brackish incubations shows no correlations, while 
in marine incubations, CO2 production is positively correlated with δ¹³C and surface 
water EC. CH4 production in brackish incubations is positively correlated with δ¹³C and 
surface water EC, and negatively correlated with TOC, but shows no clear correlations 
in marine incubations.  
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Figure 4.3 Cumulative A) CO2 and B) CH4 production after 244 days of anaerobic incubation at 
4°C under an increasing seawater influence (treatment: fresh, brackish, marine conditions) and C) 
Box-whisker plots visualizing the effect of the treatment on CO2 and CH4 production. Note that CO2 
and CH4 production are not at the same scale. 
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4.5 Discussion 

The Reindeer Island lagoon system was first studied in 1994 to investigate the 
response of the Mackenzie Delta shoreline to changing hydrological influences (Solomon 
et al., 2000). Using seismic data to estimate the volume of flooded lake basins and 
sediment fill on Richards Island, along with estimates of sediment input from the 
Mackenzie River plume, they show that most of the sediment in the marine areas comes 
from tidal exchange with inner shelf water and storm surges. The study estimated that 
Richards Island's thaw lakes contain 250,000 tones of total organic carbon (Solomon et 
al., 2000). Almost 30 years later we revisited the study area to investigate the greenhouse 
gas production within the lagoon system and along a land-sea transition transect to get 
a better understanding on carbon dynamics in these transitional environments.  

4.5.1 Variations of CO2 and CH4 Production within the Lagoons System 

Figure 4.4 Cumulative CO2 and CH4 production in 
subsurface lagoon sediments after 415 days of anaerobic 
incubation under near-natural salinity conditions which 
are brackish conditions for Lagoons 12, 16, 3, 14 and 13 
and under marine conditions for Lagoons 7 and 4. The size 
of the pie diagram is proportional to the total production of 
CO2 and CH4 in mg g-1C (number below pie). The share of 
CH4 (pink) and CO2 (grey) for the total production of CO2 
and CH4 (in mg g-1C) is given in percent. The total in CO2 
equivalents is based on 36 gCO2eq/gCH4 for GWP100 
(Balcombe et al., 2018). Map: true color sentinel 2 satellite 
image from 2021-08-26. 

 

We found that the production of greenhouse 
gases within a lagoon system changes with 
increasing connection to the sea. In Figure 4.4, we 
show cumulative CO2 and CH4 production under 
near-natural saline conditions. Here, we define 
near-natural as brackish for pore water salinity of 
less than 24.5 g/L (mean of brackish (13 g/L) and 
marine (36 g/L) treatment), which was the case for 
LAG12, 16, 3, 14, and 13 and marine for pore water 
salinities greater than 24.5 g/L, LAG 7 and 4. In the 
youngest, less open LAG13 (Class 2), methane 
production was observed to be the highest (Figure 
4.2). Observing CH4 production in sulfate-

containing environments is surprising, as the current understanding is that sulfate-
reducing bacteria (SRB) outcompete methanogens for the major substrates hydrogen and 
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acetate (Holmes et al., 2017; Kristjansson and Schönheit, 1983; Lovley et al., 1982; Olefeldt 
et al., 2013; Schönheit et al., 1982). Nevertheless, CH4 production under brackish 
conditions in young lagoons has been observed before (Jenrich et al., 2024b; Yang et al., 
2023). In these environments, which are in the early stages of transitioning from a 
terrestrial lake to a lagoon, terrestrial methanogens are still present. Under low sulfate 
levels, methanogens and SRB can coexist (Dar et al., 2008; Yang et al., 2023). LAG13 
shows the highest TOC concentrations, which additionally was less depleted in 13C. The 
higher availability of still high-quality organic matter for microbial decomposition is 
likely also driving this enhanced methane production. High CH4 production is 
accompanied by high CO2 production, indicating that in this initial stage of the land-sea 
transition, total GHG production reaches its peak. In terms of CO2 equivalents, 
calculated based on 36 gCO2eq/gCH4 for a Global Warming Potential (GWP)100 
(Balcombe et al., 2018), the CO2-eq of LAG13 is significantly higher—up to 18 times—
compared to the open lagoons (e.g. LAG12). This is in line with the results of Jenrich et 
al. (2024a), where the highest CO2 and CH4 production was also detected for the most 
closed lagoon (Class 1 after Jenrich et al., 2024a) under brackish conditions. 
Consequently, young lagoons with high OM content and quality exert the greatest 
climate impact among the studied lagoons (Figure S4.2). However, compared to current 
values, CO2 production in the lagoons of this study area is lower than that of the studied 
lagoons on Bykovsky Peninsula, Siberia (Jenrich et al., 2024b). There, the maximum CO2 
production reached up to 23 mgCO2 g-1C for lagoon sediments (Class 1) under brackish 
conditions after one year of anaerobic incubation. Unlike the Reindeer Island lagoon 
system, the lagoons on the Bykovsky Peninsula are located in the Yedoma domain 
(Jenrich et al., 2021b; Strauss et al., 2021). Geographical differences and deposition 
mechanisms likely influence the colonization of microorganisms, which in turn could 
explain the variations in CO2 production. 

As the openness of the lagoon increases, signifying a longer exposure of the lake basin 
to marine conditions, methane production decreases drastically. In our Class 5 lagoons 
only CO2 production was detected, which was similar to or even higher than that in 
LAG13. This indicates a shift in dominant biogeochemical processes with prolonged 
marine influence, evidenced by the enrichment in δ13C values (from -26.64‰ to -26.34‰) 
and a decrease in TOC content (from 6.38 wt% to 2.65 wt%). 

The porewater salinity of the studied lagoons exhibited considerable variation (Table 
4.2) despite all having brackish surface water salinity during the summer (Table 4.1). 
This variation was also highlighted by Solomon et al. (2000) and can be attributed to 
differences in pore size and water depth among the lagoons. For example, LAG3, which 
is shallower (1.3 m depth) and has sandy sediment, shows a lower pore water salinity 
(16.44 mS/cm). In contrast, the neighboring LAG4, with a greater depth (4.6 m) and 
finer-grained sediment, exhibits a much higher pore water salinity (48.1 mS/cm). LAG3 
tends to freeze to the bottom in winter due to its shallow depth, significantly impacting 
the salinity dynamics. During the formation of lagoon ice, high saline brines form at the 
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lagoon bottom (Angelopoulos et al., 2020b; Jenrich et al., 2021b). These brines can 
infiltrate into the sediment, as high pore water salinities observed in LAG4 suggest. 
Bottom-fast ice can freeze the underlying sediment, potentially expelling salts further 
down, resulting in maximum salinities at greater depths (Jenrich et al., 2021b). In LAG4, 
which contains fine-grained sediments, the downward diffusion of salt is slower 
compared to lagoons with coarser-grained sediments, leading to higher salinities in the 
surface layers. The combination of these factors—ice formation, brine infiltration, 
sediment grain size, and water depth—creates complex salinity profiles within these 
thermokarst lagoons, influencing biogeochemical and microbial processes. 

Greenhouse gas production varies between lagoons within the same class. LAG4 
(Class 3), under near-natural (marine) conditions, produces more than twice as much 
CO2 as the brackish LAG14 (Class 3) (Figure 4.4). However, when subjected to the same 
treatment, CO2 production in both lagoons behaves similarly. The two lagoons differ in 
pore water salinity (31.5 vs. 18 g/L) and depth (4.6 m vs. 6.4 m), but they share similar 
biogeochemical and sedimentological parameters. Since the biogeochemical parameters 
in both lagoons are similar and the great water depth prevents bedfast ice formation, it 
is most likely that the composition of the microbial community is the reason for this 
difference, but no data is available to support this hypothesis. Despite their close 
proximity, Lagoons 3 and 16 differ in many parameters, which may cause the variation 
in GHG production. These differences include depth (1.1 m bedfast ice vs. 2.9 m floating 
ice), TOC (1.5% vs. 3%), C/N ratio (8.5 vs. 16.6), salinity (9.7 vs. 23.2 g/L), and DOC (7.8 
vs. 26.7 mg/L). Under near-natural (brackish) conditions, Lagoon 3 produces 2.5 times 
more CO2 than Lagoon 16, but no CH4 production was detected within the experiment 
time frame. Many incubation studies have shown that methane production has a long 
lag time and can start much later than CO2 production (Jenrich et al., 2024b; Jongejans et 
al., 2021; Knoblauch et al., 2013, 2018; Knorr and Blodau, 2009; Rivkina et al., 2007; Roy 
Chowdhury et al., 2015). Lagoon 3 is very shallow, and bedfast ice formation likely 
causes the upper sediment layers and the microbes within them to freeze. Freezing is a 
significant disturbance for microbes (Holm et al., 2020), especially for the slower-
recovering and smaller methanogenic community. This is a possible reason why 
methane is produced in Lagoon 16 but not in the shallow Lagoon 3. 

The observed differences in greenhouse gas production between lagoons within the 
same class highlight the potential influence of factors such as microbial community 
composition, salinity, and depth, while connectivity to the sea plays a crucial role in 
shaping the broader patterns of GHG production across different lagoon classes. Class 2 
lagoons with low connectivity to the sea show the most dramatic difference between 
brackish and marine conditions, with significantly higher GHG production under 
brackish conditions, indicating that microbes are not yet adapted to higher salinities. 
Class 3 and 4 lagoons show a similar pattern, with a moderate GHG production under 
brackish conditions and a marked increase under marine conditions, indicating that 
microbes are already adapted to higher salinities at that stage of land-sea-transition. 
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Very open, Class 5 lagoons maintain relatively high GHG production under both 
brackish and marine conditions, with slightly higher production under marine 
conditions. Lagoons of this class exhibit the highest GHG production stability across 
both treatments, implying that microbes in very highly connected lagoons are less 
sensitive to changes in salinity compared to less open lagoons. 

4.5.2 CO2 and CH4 Production along a Land-Sea Transition Gradient 

 
Figure 4.5 GHG production along a land - sea - transect. Cumulative CO2 and CH4 production after 
244 days of anaerobic incubation under fresh, brackish and marine conditions for the terrestrial sites 
and under brackish and marine conditions for the lagoons. Total production normalized to gC. Map: 
basemap Esri. 

The production of CO2 and CH4 varies significantly with increasing seawater (and 
thus salinity) influence along a land-sea transition gradient. Cumulative CO2 and CH4 
production was measured after 244 days of anaerobic incubation under fresh, brackish, 
and marine conditions for terrestrial samples, and under brackish and marine conditions 
for the lagoons. 
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By incubating terrestrial permafrost, active layer, and lake sediment with freshwater, 
we simulated different stages of lake evolution reaching from a freshly formed pond 
after the first time of permafrost thaw to a young lake and an old lake respectively. The 
results demonstrated that the total GHG production increases as lakes evolve through 
these stages (Figure 4.5). CH4 production in terrestrial samples is highest under 
freshwater conditions, where methanogens are best adapted (Wen et al., 2017), especially 
in the organic-rich active layer (Figure 4.3). In the active layer, the organic matter is less 
degraded than in the lake sediment. Further the sediment has thawed over many 
summers, so the microbial community is better adapted to current conditions than in the 
first-time thawed permafrost, which shows the lowest cumulative GHG production 
across all treatments. This suggests that microbial communities in these sediments need 
more time to establish than was allowed in this experiment. The long-term incubation 
study by Knoblauch et al. (2013) has revealed that the labile organic matter can be 
mineralized within the first 3 months but the turnover of stable carbon pools may take 
several thousands of years.  

The incubation experiment revealed that methane production is highest in LAG4, the 
most closed along the transect, under brackish conditions (Figure 4.3). Compared to CO2 
production, CH4 production starts after a long lag phase, assuming that sulfate 
concentrations were too high in the beginning of the experiment. In the end of the 
incubation sulfate was depleted in LAG4, conditions which promote methanogen 
activity and therefore CH4 production (Dar et al., 2008). As marine conditions 
intensified, CO2 production continued to rise, whereas CH4 production stopped under 
marine conditions. The higher availability of sulfate as an electron acceptor is promoting 
SRB over methanogens under marine conditions (Kristjansson and Schönheit, 1983). 

The observed increase in CO2 production under marine conditions contrasts with 
findings from an incubation experiment using sediment from lagoons along the 
Bykovsky Peninsula coast in NE Siberia (Jenrich et al., 2024b), where higher salinities led 
to a decrease in CO2 production. They suggested that microbes were better adapted to 
brackish, near-natural conditions than to marine conditions. Unlike the lagoons in this 
study, which are part of an interconnected system, the Bykovsky Peninsula lagoons are 
more isolated. It is possible that marine microorganisms are better distributed in a 
lagoon system, allowing them to colonize upper soil layers and adapt more effectively 
to marine conditions than in isolated lagoons.  However, microbial analyses are needed 
to confirm this hypothesis. Further, the results of the PCA indicate that local conditions 
have the greatest impact on GHG production, therefore more studies are needed to get 
an understanding of the underlying mechanisms.  

At Reindeer Island CO2 production increased dramatically when the terrestrial active 
layer was inundated with brackish water for the first time, overshooting CO2 production 
in lagoon sediments. This underlines that CO2 production is highest in young, freshly 
formed lagoons or recently flooded coastal lowlands. In comparison, CO2 production is 
much lower for active layer sediment incubated under marine conditions, showing that 
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an extreme shift in salinity in a short timescale is not beneficial for microbial activity. 
The increase in CO2 production from brackish to marine conditions in lagoon sediments 
demonstrates that once the former terrestrial microbial community has adapted to 
marine conditions during the slow process of seawater inundation, CO2 production can 
pick up. 

4.5.3 Incubation Experiments in the Context of Arctic Coastal Carbon 
Dynamics 

Placing the greenhouse gas production rates we measured into the larger context of 
Arctic coastal carbon dynamics is challenging due to the limited number of comparable 
studies. Tanski et al. (2019) used a similar incubation setup to investigate carbon dioxide 
production from eroding coastal permafrost. Their CO2 production values were higher; 
however, their setting is not directly comparable since they incubated under aerobic 
conditions where carbon turnover is known to be faster. Similar to our study, Tanski et 
al. (2019) found that CO2 production is higher with seawater than without and 
concluded that CO2 production is promoted along the coastal zones. Our investigation 
has shown that this effect occurs not only under aerobic conditions at the coast but also 
under anaerobic conditions in the sediment below the water column. The availability of 
sulfate as an alternative electron acceptor promotes SRB and leads to a shift from a 
balanced CH4 and CO2 production in young, less connected lagoons towards purely CO2 
production with ongoing marine impact.  

Contrary to our findings, Lougheed et al. (2020) report higher in situ CO2 
concentrations in the water columns of freshwater systems (thermokarst ponds, lakes, 
and rivers) compared to saline and brackish systems (ocean, coastal lagoon, and brackish 
rivers) on the Arctic Coastal Plain in Alaska, USA. However, they did not survey 
thermokarst lagoons, which are distinct from coastal lagoons like the studied Elson 
Lagoon. Thermokarst lagoons originate from thermokarst lakes and therefore have a 
higher terrestrial signature than coastal lagoons. Elevated CO2 concentrations in the 
nearshore waters of Elson Lagoon where the coastline is eroding highlights the role of 
terrestrial carbon and nutrient input (Tweedie et al., 2012). By studying the interface of 
sediment and the water column in Elson Lagoon, (Dunton et al., 2023) found a vertical 
gradient in CO2 concentrations with high values at the lagoon bottom and a seasonal 
shift from net heterotrophic CO2 release from sediments under ice to net autotrophic CO2 
uptake during break-up and open water. These findings underscore the complexity of 
carbon dynamics in Arctic coastal systems. So far we only know how much CO2 and CH4 
is produced in thermokarst lagoon sediments under laboratory conditions. In-situ CO2 
concentration measurements of the water column would be needed to understand the 
carbon flux from the sediment to the atmosphere to predict their climate impact. 

A total of 520 thermokarst lagoons exist along the coasts of the Laptev, East Siberian, 
Chukchi, and Beaufort shelf seas, including individual lagoons that are part of a larger 
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lagoon system (Jenrich et al., 2024c). They are thus more than twice as abundant as the 
216 identified coastal lagoons in the same region (Angelopoulos et al., 2021). More than 
half of the identified thermokarst lagoons are young, low connected lagoons (class 1 and 
2) (Jenrich et al., 2024c). This study, along with the previous study by(Jenrich et al., 
2024b), shows that these low connected lagoons, which are at the first stages of lake-to-
sea transition, have the highest GHG production and therefore should be the focus of 
further research. 

Laboratory incubations offer a controlled environment that provides valuable 
insights into how GHG production is influenced by specific factors, such as salinity. This 
approach allows us to isolate and understand the impact of single environmental 
parameters. However, while laboratory settings are excellent for focused investigations, 
they do not replicate the full complexity of natural environments, which involve a wide 
range of factors and interactions. In natural settings, various parameters, such as the 
duration of the open-water season, annual fluctuations in pH and water temperature, 
water depth, bathymetry, sediment and nutrient input from sources like the Mackenzie 
River, and plant-soil interactions, significantly affect GHG pathways in land-sea 
transitional areas. Due to the controlled nature of laboratory incubations, our study 
could not account for these additional variables. Despite this limitation, incubation 
experiments remain a valuable tool for studying GHG production and carbon dynamics 
in remote Arctic coastal environments. Future research should integrate laboratory 
experiments with field studies to encompass seasonal variations, water depth, and 
sediment interactions. This combined approach will provide a more comprehensive 
understanding of carbon fluxes and enhance predictions regarding how Arctic coastal 
systems will respond to environmental changes. 

4.6 Conclusion 

We found significant variations in GHG production along a gradient from terrestrial 
to marine settings in Arctic coastal regions. CH4 production was high in terrestrial 
sediments under natural freshwater conditions due to methanogen adaptation. When 
Arctic permafrost lowlands are inundated with brackish water, CO2 production 
accelerates. Young, less connected thermokarst lagoons, which comprise over 50% of the 
mapped pan-Arctic thermokarst lagoons, exhibited the highest CH4 and CO2 
production. Their CO2 equivalents can be up to 18 times higher than the open lagoons, 
attributed to high terrestrial organic carbon content and distinct microbial communities. 
As lagoons become more open, CH4 production decreases or ceases, while CO2 
production rises with increased seawater influence. CO2 production was significantly 
higher under marine conditions, whereas CH4 production was significantly higher 
under brackish conditions. 

Moreover, we found that pore water salinity in lagoon sediments was highly variable, 
but not directly related to the openness of the lagoon. Instead, water depth and the 
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formation of bedfast ice, along with the associated brine exclusion, had the greatest 
impact on pore water salinity and thus likely on the lagoon GHG production potential. 

In the context of climate change, thermokarst lagoons forming along Arctic 
permafrost coastlines with ice-rich permafrost and abundant thermokarst lakes and 
basins are a part of the overall permafrost-climate-feedback loop. Arctic warming, 
permafrost thaw, and accelerating permafrost coastal erosion likely will increase 
thermokarst lagoon formation, amplifying carbon release and contributing to further 
warming. Sea level rise further accelerates the transition from terrestrial to coastal 
environments in permafrost coastal lowlands, enhancing CO2 production. 
Understanding these processes is crucial for predicting and mitigating the impacts of 
Arctic changes on global climate as well as capturing the full permafrost carbon picture 
in models. 
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4.8 Supplemental Material 

4.8.1 Grain Size Distribution 

 
Figure S4.1 The particle size distribution of the surface sediment (mean of 0-10 cm subsamples) 
varies among different environments: permafrost and active layer (brown colours), thermokarst lake 
(green), and thermokarst lagoons (blue). 

4.8.2 Principal Component Analysis (PCA) 

4.8.2.1 Variations in CO2 and CH4 Production within a Lagoon System 
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Figure S4.2. Principal component analysis of cumulative CO2 production under brackish and marine 
conditions after 415 days, biogeochemical parameter (TN, TOC and δ13C) and hydrochemical 
parameter (surface water EC) for the 7 lagoons.  

The PCA results for CO2 production within the lagoon system show that the data clusters 
into two distinct groups: the young, most closed lagoon 13 is distinct to the more open 
lagoons. The main variance is explained by biogeochemical sediment properties, namely 
differences in TOC and TN content as well as d13C, indicating that organic matter quality 
and quantity is the driving factor for CO2 production in the lagoon system. 
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Figure S4.3 Principal component analysis of cumulative CH4 production under brackish and marine 
conditions after 415 days, biogeochemical parameter (TN, TOC and δ13C) and hydrochemical 
parameter (surface water EC) for the 7 lagoons.  

The PCA results for CH4 production within the lagoon system show that the data clusters 
into two distinct groups: the young, most closed lagoon 13 is distinct to the more open 
lagoons. CH4 production correlates with substrate parameters in brackish and marine 
incubations. Surface water EC does not seem to have an influence on CH4 production. 

4.8.2.2 Variations in CO2 and CH4 Production within a Lagoon System 

 
Figure S4.4 Principal component analysis of cumulative CO2 production under brackish and marine 
conditions after 244 days, biogeochemical parameter (TOC and δ13C) and hydrochemical parameter 
(surface water EC) for the transect sites (PF, AL, TKL, LAG4, LAG3, LAG16). 

The PCA results for CO2 production show that the data clusters into two distinct groups: 
terrestrial sites and lagoons. Under brackish conditions, CO2 production does not 
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correlate with TOC, δ13C, or surface water EC. However, under marine conditions, a 
clear correlation emerges. Terrestrial sites, while high in TOC content, exhibit low CO2 
production under marine conditions, likely due to the microbial communities not yet 
being adapted to the higher salinities. This results in a misleading negative correlation 
between TOC and CO2 production under marine conditions in the PCA. 

 

 
Figure S4.5 Principal component analysis of cumulative CO2 production under brackish and marine 
conditions after 244 days, biogeochemical parameter (TOC and δ13C) and hydrochemical parameter 
(surface water EC) for the transect sites (PF, AL, TKL, LAG4, LAG3, LAG16). 

The PCA results for CH4 production show that the data clusters into four distinct groups: 
permafrost and active layer, lake, mostly-open lagoons, and semi-open lagoons. In 
brackish incubations, CH4 production negatively correlates with TOC and positively 
correlates with δ13C and surface water EC. Similar to Figure S4.4, the high TOC content 
of the terrestrial sites leads to a misleading negative correlation between TOC and CH4 
production. In marine incubations, CH4 production does not show any significant 
correlation with TOC, δ13C, or surface water EC, indicating that other parameter, most 
likely microbial composition, are the driving factor for CH4 production. 



4 Rising Arctic Seas and Thawing Permafrost: Uncovering the Carbon Cycle Impact in a Thermokarst Lagoon System in the outer 
Mackenzie Delta, Canada 

116 

 

4.8.3 CO2 and CH4 Production over the Time of the Incubation 

 
Figure S4.6 Cumulative anaerobic CO2 and CH4 production in μg per gdw for the terrestrial 
permafrost and active layer (a-d) during the 244-day incubation experiment and for lake and lagoons 
(e-t) during the 415-day incubation experiment at freshwater (green), brackish (turquoise) and 
marine (dark blue) conditions. Error bars representing the standard deviation. 
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5  

5 Potential Future Greenhouse Gas Production in Deep Thawing 
Permafrost Sediments Under Saltwater Impact 

5.1 Introduction 

Terrestrial permafrost can reach thicknesses of up to 1600 m  and holds a vast amount 
of organic carbon (~1460–1600 Pg (= 109 t = 1012 kg) on land, and in total more than 4300 
Pg including organic carbon in subsea permafrost  (Lindgren et al., 2018; Miesner et al., 
2023; Miner et al., 2022; Schuur et al., 2022; Strauss et al., 2024). Once thawed, organic 
matter becomes partially available for microbes which is then decomposed into GHGs 
such as CO2 and CH4, further fueling climate warming.  

The thaw of ice-rich permafrost causes land surface subsidence, forming thermokarst 
features like ponds, lakes, and lagoons. Thermokarst lagoons form when these features 
are breached by the sea due to coastal erosion (Günther et al., 2013; Jones et al., 2018; 
Nielsen et al., 2022) or sea-level rise (Guimond et al., 2021; Nerem et al., 2018; 
Proshutinsky et al., 2001; Watson et al., 2015). These lagoons combine traits of terrestrial 
and marine systems (Harris et al., 2017; Jenrich et al., 2021b; Kjerfve, 1994; Tagliapietra 
et al., 2009; Yang et al., 2023). The connectivity with the sea affects water and sediment 
exchange, influencing salinity, ionic composition, and nutrient levels (Tagliapietra et al., 
2009).  

Salt diffusion into sediments forms saline ground (Angelopoulos et al., 2020b, a; 
Jenrich et al., 2021b). Shallow lagoons (~<2m depth) can develop hypersalinity due to 
ice formation expelling salts into the sediment (Jenrich et al., 2021), creating 
environments where only halophiles survive. In marine environments, sulfate-reducing 
microorganisms use sulfate to produce sulfide (S2-) or oxidize CH4. Sulfate-reducers 
outcompete methanogens in high sulfate concentrations, reducing CH4 production 
(Holm et al., 2020; Kristjansson and Schönheit, 1983; Olefeldt et al., 2013; Schönheit et al., 
1982). Seawater intrusion into lagoons introduces sulfate ions, altering CH4 production 
and oxidation.  

Understanding carbon cycling in these transitional coastal permafrost environments 
is limited. Building on the study by Jenrich et al. ((2024a); see Chapter 3), in which we 
observed CO2 and CH4 production and microbial changes in near-surface sediments 
during the transition from terrestrial to marine systems, we focus in this study on the 
potential future GHG production in deep sediments.  
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With incubation experiments, OM decomposition can be studied in controlled 
laboratory environments, and changing conditions can be simulated (Laurent et al., 2023; 
Tanski et al., 2019). Factors influencing OM decomposition include OC content 
(Knoblauch et al., 2013; Treat et al., 2015), OM quality (Jongejans et al., 2021), 
temperature (Schädel et al., 2016), salinity, and oxygen availability (Laurent et al., 2023; 
Schädel et al., 2016). Another study has shown that CO2 production from permafrost OC 
remains high under both freshwater and marine conditions (Tanski et al., 2019). While 
many studies focus on GHG production in the upper layer of terrestrial permafrost and 
thermokarst landscapes (Galera et al., 2023; Heslop et al., 2015, 2019, 2020; Knoblauch et 
al., 2013, 2018; Kuhry et al., 2020; Lee et al., 2012), little is known about the potential GHG 
production in deep (>10 m) terrestrial permafrost sediments (Dutta et al., 2006; Jongejans 
et al., 2021; Lee et al., 2012). To our knowledge no studies have incubated deep seawater 
influenced permafrost and talik sediments.   

Here, we studied GHG production and microbial composition in permafrost, lake 
talik and lagoon sediments in depth of up to 32 m under marine conditions in controlled 
one-year laboratory incubation experiments. With that, we aim to answer the question 
“what is the potential future GHG production in deep, thawed permafrost sediments 
after seawater inundation?” 

5.2 Sampling Approach and Study Site 

To answer the research question a deeper drilling approach was realized. Details are 
presented in Strauss et al. 2018. Drilling deep cores in remote Arctic locations is 
logistically challenging and samples are very rare, which makes this dataset very unique. 

The Bykovsky Peninsula, southeast of the Lena Delta in northeastern Siberia (Figure 
5.1a, b), features fine-grained late Pleistocene ice-rich Yedoma deposits and Holocene 
thermokarst lake and basin sediments (Schirrmeister et al., 2011, 2002; Sher et al., 2005). 
Thermokarst processes shape the landscape, with thermokarst lakes covering 15% and 
affected areas, including drained lake basins, making up over 50% of the peninsula 
(Grosse et al., 2005, 2008). The diverse topography includes Yedoma uplands, 
thermokarst depressions, and thermal erosional valleys. 

We investigated a terrestrial permafrost (TPF) outcrop and three sediment cores from 
water bodies on the south coast of the peninsula. The TPF outcrop (71.85175°N, 
129.350883°E) is a retrogressive thaw slump exposing 2.9 m of ice-rich terrestrial 
sediments (Figure 5.1 c). The lower section consists of Yedoma with ice-rich silts, topped 
by a brown sedge peat horizon, indicating initial thermokarst development. Above this 
are organic-rich deposits with peat and woody remains. The surface layer includes 
organic-rich silt and Sphagnum moss, with an active layer about 0.3 m thick. The 
topmost samples serve as the terrestrial endmember for thermokarst settings. 
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Thermokarst Lake Goltsovoye (TKL) (71.74515°N, 129.30217°E; Figure 5.1 d-f) formed 
about 8,000 years ago. The sediments transition from coarse with pebbles at the core 
bottom to finer grains towards the top. Below 29.15 m, sediments are frozen, while the 
upper part contains unfrozen silty talik sediments with fresh pore water (Jongejans et 
al., 2020). 

 
Figure 5.1 Study sites located on the Bykovsky Peninsula in Northeast Siberia, southeast of the Lena 
Delta (a). Close-up of central Bykovsky Peninsula, coring locations are marked by a dot (b) - I: 
Permafrost outcrop (TPF) located at an Upland on the West Coast, two coring locations in 
thermokarst cover deposits overlying Yedoma and one at the top of Yedoma marked by the yellow 
rectangles (c); II: Thermokarst Lake Goltsovoye (TKL) (d,e,f), drilling occurred about 60 m off the 
shore; IIIa: nearly-closed thermokarst lagoon Polar Fox (LAG1) temporarily connected to the sea in 
summer by a channel (g,h) and IIIb: semi-open lagoon Uomullyakh (LAG2) separated by a sand 
barrier (i,j) with a small inlet are located in close distance to each other on the southern coast of the 
peninsula. Imagery sources: a: ESRI base map; b: satellite map is a combination of Google Satellite 
Hybrid base map and a hillshade map derived from the stereophotogrammetric DEM 3 epipolar 
based on WorldView imagery from 2015; c: Photo by G. Grosse in summer 2014; Photos d-j: by M. 
Angelopoulos in summer 2017. Modified after Jenrich et al. (2024a) 

Polar Fox Lagoon (LAG1) (71.743056°N, 129.337778°E; Figure 5.1 g,h) is a nearly-
closed lagoon in a partially drained lake basin, connected to Tiksi Bay by an 800 m long 
channel. This connection, frozen for about 8 months annually, results in seasonal 
isolation and increased salinity beneath the ice cover (Angelopoulos et al., 2020b; 
Spangenberg et al., 2021). Sediments become finer upwards with shell and plant remains 
in the upper layers. The upper 4.8 m of the core is saline and unfrozen (Jenrich et al., 
2021b). 

Uomullyakh Lagoon (LAG2) (71.730833°N, 129.2725°E; Figure 5.1 i,j) is a shallow, 
semi-open lagoon connected to Tiksi Bay via a narrow opening. Warm freshwater 
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discharge from the Lena River and storm surges influences its hydrodynamics, leading 
to temperature and salinity variations. LAG2 is covered by bedfast ice in winter, 
resulting in sub-zero sediment temperatures. Compared to LAG1, LAG2 experiences 
colder sediment temperatures and a complex structure with alternating frozen and 
thawed sections (Jenrich et al., 2021). The core is saline throughout (Jenrich et al., 2021). 

5.3 Methods 

Fieldwork, hydrochemistry, sediment- and biogeochemical and microbiology analyses 
were conducted as described in Chapter 3.3. only (Jenrich et al., 2024a). In this study the 
incubation experiment set up differs. Here, subsamples were taken at the surface, center 
and bottom of the three cores and the outcrop (Table 5.1). 

Table 5.1. Sampling depth for incubation experiment. Depth is given in cm. * frozen; ** cryotic, 
measured and calculated borehole temperature was below 0°C but the core was received partly 
frozen or unfrozen. 

 Permafrost 
Outcrop (TPF) 

Thermokarst 
Lake (TKL) 

Nearly-closed 
Lagoon (LAG1) 

Semi-open 
Lagoon (LAG2) 

sub-
surface 45-50 cm* 5-17 cm 3-10 cm** 3-10 cm* 

center 155-160 cm* 1505-1512 cm 1450-1460 cm 1400-1410 
cm** 

bottom 290-295 cm* 3050-3055 cm* 2428-2446 cm 3020-3030 cm* 

 

To investigate future GHG production after seawater inundation we mixed 10 g of 
wet, homogenized, unfrozen sediment from three depths (surface (SI-1), center (SI-2) 
and bottom sediments (SI-3) (see Table 5.1) of all four sites with 20 mL artificial seawater 
(c=36 g/L). As for the relative proportions of its components, the artificial seawater 
contained NaCl (24.99 g/L), MgCl2 × 6H2O (4.14 g/L), Na2SO4 (0.79 g/L), CaCl2 × 2H2O 
(1.58 g/L), KCl (11.13 g/L) and NaHCO3 (0.17 g/L), which were dissolved in ultrapure 
water and then sterile-filtered.  

Subsequent to vial filling, rubber stoppers and aluminum caps were used for sealing 
the vial airtight, maintaining a constant water content throughout the entire incubation 
period. In total, 36 incubation vials (4 locations, 3 depth and 3 aliquots for each approach) 
were incubated at 4 °C under dark and anaerobic conditions for 1 year. 

5.4 Results  

When referring to surface layers, this includes the upper two samples of TPF and the top 
sample from the long cores of the aquatic sites (TKL, LAG, LAG2). Deep layers refer to 
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the bottom Yedoma sample of TPF, as well as the center and bottom samples from the 
long cores of the aquatic sites. 

5.4.1 Biogeochemistry 

The pH for most samples was neutral to slightly alkaline and increased slightly over 
depth at all sites. Highest increase was observed for TPF from 6.13 below the  

 

 
Figure 5.2 Biogeochemical parameters of the TPF (yellow diamond) and the sediment cores of TKL 
(green plus), LAG1 (turquoise triangle) and LAG2 (blue circle). a) pH, b) electric conductivity (EC), c) 
total organic carbon (TOC) content and d) ratio of stable carbon isotopes (δ13C) before the 
incubation. 

active layer to 8.13 at the foot of the outcrop. Compared with the high length of the 
thermokarst cores, the change in pH was very low (Figure 5.2). 

EC values are lowest for the freshwater thermokarst lake (0.2056 to 0.763 mS/cm). At 
TPF EC is high at the top of the permafrost (66.9 mS/cm) and decreases with depth. At 
the bottom we measured freshwater conditions (0.0593 mS/cm). At LAG1 (nearly-
closed) EC starts moderately high at the surface (40.5 mS/cm) and then decreases with 
depth to 0.599 mS/cm at the bottom. At LAG2 EC values are highest, with a substantial 
increase from surface (35.4 mS/cm) to center (107.2 mS/cm) and a slight decrease at the 
bottom (89.4 mS/cm). 

TOC is highest at the surface in all sites (mean: 6.02 wt%), except for the thermokarst 
lake where TOC is higher at the bottom. TOC content of the deep layers much lower 
(mean: 2.39 wt%). TOC is highest at TPF with a maximum of 14.66 wt% (mean: 7.02 wt%), 
slightly lower for TKL (mean: 5.52 wt%), while TOC much lower in the lagoon cores 
(mean LAG1: 1.69 wt%; LAG2: 1.39 wt%). 

a b c d 
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The surface δ13C values are relatively similar across all sites, ranging from -28.93‰ to 
-26.60‰. All sites show a trend of increasing δ13C values with depth. The terrestrial 
permafrost site shows the most pronounced change in δ13C values with depth, while the 
semi-open lagoon shows the least change. 

5.4.2 Relative Abundance of Archaea and Bacteria 

The analysis of microbial community composition, as illustrated in Figure 5.3, 
indicates a higher diversity in aquatic systems compared to the terrestrial permafrost 
outcrop. The Bray-Curtis dissimilarity analysis (Figure 5.4) shows distinct clustering 
based on sample depth: center and deep samples from the lake and lagoons (both pre- 
and post-incubation) form a green cluster, surface samples from these aquatic systems 
(before and after incubation) along with the incubated deep permafrost sample cluster 
together in blue, while permafrost samples form a unique ice-blue cluster. 

 
Figure 5.3: Bubble plot showing the relative abundance of archaea and bacteria initially before the 
incubation (for each depth - grey), after the incubation of surface samples (turquoise), centre 
samples (azure blue) and deep samples (dark blue) for the four sites (TPF - permafrost outcrop, TKL 
- Goltsovoye Lake, LAG1 - Polar Fox Lagoon and LAG2 - Uomullyakh Lagoon). Bubbles decreasing in 
size from before (initial) to after incubation indicate that the inundation with seawater has a negative 
effect on the microorganisms present, while bubbles increasing in size indicate favourable 
conditions. The taxonomy was collapsed at genus level. If an assignment to the genus level was not 
possible the next higher assignable taxonomic level was used. 
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Figure 5.4 Clustering dendrogram based on Bray-Curtis dissimilarity shows that microbial 
communities group by sample depth for the aquatic sites (TKL - Goltsovoye Lake, LAG1 - Polar Fox 
Lagoon and LAG2 - Uomullyakh Lagoon), while the permafrost outcrop (TPF) is forming a distinct 

cluster.  

For the long thermokarst lake and lagoon cores, the microbial composition of center 
and bottom layers was similar but differed substantially from that of the surface 
samples. Notably, there was a greater relative abundance of Proteobacteriain the deeper 
aquatic core samples, whereas Desulfobacterota, present in surface lagoon sediments, 
diminished with depth. Additionally, Bacillales were more prevalent in center and deep 
layers within aquatic systems.  

The microbial community varied significantly between the terrestrial permafrost and 
aquatic environments. However, differences between surface, center, and bottom layers 
within aquatic sites were less pronounced. The TPF samples were closely spaced at 1-1.5 
meters, whereas the long cores had sampling intervals of 10-15 meters. Variations in 
microbial community composition were most prominent between the surface and deep 
layers, highlighting the different ecological niches occupied within these environments. 

Following a year-long anaerobic incubation, substantial shifts in microbial 
composition were observed in TPF, TKL, and the LAG1 center sample. The microbial 
signature of the bottom layer of TPF became more similar to that of surface layer from 
both lagoons, pronounced in declining abundancy of Pseudomonadaceae, Comamonadaceae 
(bottom TPF samples), and Micrococcaceae (in surface and bottom samples). Similarly, in 
TKL and in the center samples of both lagoon systems (LAG1 and LAG2), the abundance 
of Proteobacteria declined.  

Certain microbial groups thrived under the marine conditions. Desulfobacteraceae 
increased in the center and deep TPF samples, and the bottom TKL sample, but remained 
stable in lagoons. Clostridiaceae, which were prominent in permafrost and TKL samples, 
also increased during the incubation. Methanogenic archaea remained present in TPF 
sediments during the incubation, with peak abundance in the upper layers. At the 
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aquatic sites the abundance of methanogenic archaea was neglectable (< 0.5%) before 
and after the incubation.  

5.4.3 GHG production  

The results for cumulative anaerobic CO2 and CH4 production measured after 363 
days are shown in Figure 5.5. CO2 production per gram of dry weight is highest in LAG2, 
followed by LAG1, TPF, and TKL, ranging from 0.001 ± 0 mg CO2-C gdw⁻¹ for TPF-1 
and TKL-1 to 0.15 ± 0.11 mg CO2-C gdw⁻¹ for LAG2-1 (Figure 5.5 a). CO2 production 
shows a decreasing trend with depth in most sites, particularly in lagoon systems. When 
normalized SOC content (Figure 5.5 b), CO2 production increases with depth in TPF 
(from 0.008 to 5.657 mg CO2-C gC⁻¹), remains low in TKL (< 0.04 mg CO2-C gC⁻¹), is 
higher in the surface and center layers than in the bottom layer for LAG1 (3.439 to 2.145 
mg CO2-C gC⁻¹), while in LAG2, CO2 production remains high across depths (4.340 to 
7.696 mg CO2-C gC⁻¹). CO2 production per gram of OC was highest in the sediment of 
the semi-open lagoon LAG2 (mean: 6.56 mg CO2-C gC⁻¹), followed by the nearly-closed 
lagoon LAG1 (mean: 3.07 mg CO2-C gC⁻¹), terrestrial permafrost TPF (mean: 2.18 mg 
CO2-C gC⁻¹), and the thermokarst lake TKL (mean: 0.47 mg CO2-C gC⁻¹). The 
contribution of CO2 to cumulative GHG production after 362 days was over 90% for 11 
of the 12 samples (Figure 5.5 c). Only in TPF-1 was there an equal production of CO2 and 
CH4, with CO2 contributing 48% and CH4 contributing 52% but here the measured CO2 

and CH4 values are below the calibration limit. 

 

 
Figure 5.5: Cumulative anaerobic CO2 production over the 363-day incubation at 4°C over depth (1: 
surface - light blue, 2: center - azure blue, 3: bottom - dark blue). a: cumulative CO2 production in mg 
per gdw; b: cumulative CO2 production in mg per gSOC; c: ratio of cumulative CH4:CO2. TPF: 
terrestrial permafrost outcrop; TKL: thermokarst lake Goltsovoye; LAG1: Polar Fox Lagoon; LAG2: 
Uomullyakh Lagoon. Patterned bars represent initially frozen conditions. 

Cumulative CH4 production is generally very low among all sites and depth reaching 
from 0.005 µg CH4-C gdw⁻¹ at LAG2-2 to 1.290 µg CH4-C gdw⁻¹ at TPF-1 and normalized 
to the SOC content from 8.6x10-5 mg CH4-C gC⁻¹ at LAG2-2 to 0.1 mg CH4-C gC⁻¹ for 
LAG1-3 (Figure S5.1). Highest mean CO2 production rates were measured for all 
samples after 5 days of incubation. Max CO2 production rates ranged between 8.5 

a b c 
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µgCO2-C gSOC-1 day-1 for TPF-1 and 677,9 µgCO2-C gSOC-1 day-1 for LAG2-3 (Figure 
S5.3).  

Highest CH4-C production rate is 8.8 µgCH4-C gSOC-1 day-1 on day 5 for LAG1-3 and 
lowest is TPF-2 with 0.02 µgCH4-C gSOC-1 day-1 (Figure S5.3). Deep and center samples 
of LAG1 and TKL showed slightly higher rates than the rest of the samples.  

5.4.4 Correlation of GHG Production and Biogeochemical Parameters 

In Figure 5.6, the data distribution (scatter plot and histogram) and the non-
parametric rank-based correlation among the parameters CO2 production, sample 
depth, EC, TN, TOC, and δ13C are presented. The data does not follow a normal 
distribution. CO2 production shows a slight negative correlation with depth (r = -0.42) 
and a significant positive correlation with EC (r = 0.57, p = 0.1), suggesting that as depth 
increases, CO2 production tends to decrease slightly, while higher electrical conductivity 
is associated with increased CO2 production. TN and δ13C are significantly correlated 
with depth (r = -0.66 and r = 0.62, respectively; p = 0.05), indicating that both TN 
decreases and δ13C becomes more enriched with increasing depth. TOC and TN are 
strongly positively correlated (r = 0.81, p = 0.001). Conversely, TN and δ13C are strongly 
negatively correlated (r = -0.79, p = 0.001). Additionally, TOC content is significantly 
negatively correlated with δ13C. 
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Figure 5.6 Combined scatter plot, histogram, and correlation matrix of the parameters cumulative 
CO2 production (per g dry weight), sample depth, electrical conductivity (EC), total nitrogen 
content (TN), total organic carbon content (TOC) and stable carbon isotope composition (d13C). 
The diagonal displays the distribution of each variable as histograms. Below the diagonal are 
bivariate scatter plots with fitted regression lines, illustrating relationships between pairs of 
variables. Above the diagonal, the correlation coefficients are shown, accompanied by 
significance levels indicated by stars: p-values (0.001, 0.05, 0.1) correspond to symbols (***, **, 
*.). 

5.5 Discussion 

5.5.1 Variations in Biogeochemical Parameters Over Depth 

The semi-open lagoon (LAG2) exhibits the highest electrical conductivity (EC) values, 
with a peak at the center of the core. A study by Jenrich et al. (2021) reconstructing 
freezing conditions revealed that a hyper-saline talik formed due to subsurface 
groundwater inflow from Tiksi Bay, combined with seasonal salt injection during 
bedfast ice formation. In the deeper, more closed lagoon (LAG1), seawater inundation 
primarily affects the upper sediment layers, as a thin, partially frozen permafrost layer, 
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beginning 160 cm below the surface, limits salt diffusion (Angelopoulos et al., 2020b; 
Jenrich et al., 2021b). Both the thermokarst lake and terrestrial permafrost show 
freshwater conditions from top to bottom, indicating that these locations are not 
influenced by the sea since deposition. 

Increasing pH values with depth across are obvious at all sites except the semi-open 
lagoon, where it remains relatively stable. This trend suggests a shift toward more 
alkaline conditions in the deeper layers of terrestrial permafrost, the thermokarst lake, 
and nearly-closed lagoon environments. 

Variations in carbon and nitrogen cycling are closely related to deposition history. 
Analyses reveal a decrease in TOC and TN and an increase (less negative) in δ13C with 
depth at most sites. Whereby only TN and δ13C are significantly correlated with depth 
(r = -0.66 and r = 0.62, respectively; p = 0.05). Nitrogen and organic carbon content and 
quality depend on various factors, such as environmental conditions (wet or dry), 
primary production at the time of deposition, the input and output of organic carbon, 
and its preservation, which depends on soil conditions and permafrost formation. The 
high carbon content at the bottom of the TKL core is attributed to early Weichselian 
fluvial deposition of highly degraded organic matter and driftwood from southern 
regions (Jongejans et al., 2020). ). The terrestrial permafrost samples, which have not 
been subject to thaw since deposition, have the highest TOC content, especially in the 
top two layers above the Yedoma deposits. These layers are relatively young compared 
to the deep samples from the other three locations. From the center to the bottom sample 
of TPF, there is a shift in TOC, δ13C, and pH toward values similar to those in the deep 
samples of the other three locations, highlighting the distinct signature of Yedoma 
deposits. Estimations of Holocene thaw subsidence during lake formation suggest 
Yedoma surface subsidence of up to 25 meters for LAG2 and 27 meters for LAG1 (Jenrich 
et al., 2021), indicating that the sediment of the bottom sample of TPF could have been 
deposited during the same time as the center samples of the thermokarst sites.  

5.5.2 Variations in microbial composition over depth and response to 
seawater inundation  

Microbial communities cluster primarily by sample depth and landform (Figure 5.4). 
A significant cluster includes all deep layers (center and bottom samples) from the 
aquatic sites, which are distinct from the surface layers and permafrost, which form two 
smaller cluster. This pattern suggests that microbial composition is heavily influenced 
by the initial environmental conditions present when these layers were formed.  

5.5.2.1 Change of initial microbial composition with depth 

The initial microbial composition of the terrestrial permafrost is characterized by 
aerobic bacteria, indicating that these microbes thrived in oxygen-rich conditions when 
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the permafrost was first established. Only the surface sample is inhabited by 
methanogens. A notable difference is observed in the bottom Yedoma sample compared 
to the top two layers. In the bottom layer, the family Comamonadaceae shows the highest 
relative abundance. This family is also prevalent in the deep samples of aquatic sites but 
is nearly absent in the upper layers of the terrestrial permafrost, where Pseudomonadaceae 
dominates. Comamonadaceae are typically associated with environments where they can 
metabolize simple organic compounds under low-oxygen conditions. The bottom layer, 
formed long ago and possibly exposed to different geochemical conditions, may have 
selected for these bacteria. In contrast, the top layers, more recently exposed to surface 
conditions, favor Pseudomonadaceae, which thrive in more aerobic environments. 

The microbial composition in the deep layers of these aquatic sites is dominated by 
strictly aerobic families, such as Halomonadaceae and Sphingomonadaceae, along with 
Comamonadaceae and Bacillaceae families, which include mainly aerobic but also 
facultatively anaerobic species. These sediments were formed approximately 40,000 to 
55,000 years ago (center layers) and more than 300,000 years ago (deepest layers) (Jenrich 
et al., 2021b; Jongejans et al., 2020). The predominance of aerobic species indicates that 
these microbes are ancient and have been preserved under frozen conditions since the 
sediments originally formed in aerobic environments. 

The high similarity in microbial composition between the frozen bottom layer of 
LAG2 and the unfrozen bottom layers of TKL and LAG1, as well as the center layers of 
TKL, LAG1, and LAG2, suggests that talik deepening to these depths likely occurred 
only recently and has not significantly affected the microbial community. 

The microbial community in the surface layer of the aquatic sites differs significantly 
from that in the deep samples. The surface layer shows greater diversity, reflecting the 
distinct environmental conditions of the lake and lagoons. For example, Desulfobacterota, 
which are sulfate reducers that oxidize acetate and other simple organic acids to carbon 
dioxide, highly adapted to marine conditions, are abundant only in lagoon samples. In 
contrast, Pseudomonadaceae, known for their aerobic chemoorganotrophic respiratory 
metabolism (Dodd, 2014), are highly abundant in the lake sediment. 

5.5.2.2 Effects of Seawater Inundation 

The shift in regimes from a terrestrial permafrost or freshwater lake system to a 
marine system has impacted the microbial composition, as seen in Figure 5.3. Before the 
incubation, Pseudomonadaceae were the dominant family of bacteria in the surface layers. 
After the incubation, they were almost non-existent. Instead, there was a shift towards a 
variety of anaerobic microorganisms, such as Clostridiaceae, Acidobacteriota, and 
Chloroflexi (Figure 5.3). For TKL and the surface and center samples of TPF, there was no 
or only minimal growth of SRB (Desulfobacteriota) detected. This suggests that the lack of 
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oxygen in the anaerobic incubation was the major driver for the shift in microbial 
composition. 

In contrast, in the Yedoma layer of TPF, a significant increase in a variety of SRB was 
observed after incubation. The microbial community of this sample clusters with the 
microbes of the surface layer of the aquatic sites (Figure 5.4). This supports the 
assumption that these are deposits of similar age that subsided during the formation of 
the thermokarst features. 

No significant shift in microbial composition was observed in the surface and bottom 
layers of LAG2 and LAG1. However, in the center layer of LAG1, we detected a shift 
from aerobic Proteobacteria to bacteria with a wide range of metabolic capabilities, such 
as Firmicutes and SRB (Desulfocapsaceae). It is noteworthy that among all the deep samples 
from the aquatic sites, this is the only one where we observed growth in SRB, even 
though the electrical conductivity (EC) was much lower than at LAG2 (LAG1-2: 5 
mS/cm vs. LAG2: 108 mS/cm), suggesting that seawater has not penetrated to the same 
depth. This lower salinity at LAG1, combined with the observed microbial shift, suggests 
that even slight increases in salinity can significantly alter microbial ecosystems in these 
environments. This has broader implications for understanding how climate change and 
rising sea levels could influence permafrost-associated ecosystems. 

The lack of a significant change in the microbial community at LAG2 could be due to 
the microorganisms being well-adapted to the prevailing conditions. This stability might 
indicate that the existing microorganisms are highly adapted to and very competitive in 
cold and saline conditions, which may inhibit the establishment of new species. 
However, it could also be influenced by differences in ground temperature. While the 
temperature at LAG1 ranged from 0°C to -1°C, it was between -3°C and -5°C at LAG2. 
The colder environment at LAG2 might have further constrained microbial growth and 
community shifts due to the stress of thawing. The abrupt thawing and the phase 
transition from ice to liquid water are major stress factors for the biological system 
(Ernakovich et al., 2022), which can slow down the growth of new bacteria.  

5.5.3 GHG Production in Deep and Surface Layers 

Drilling deep boreholes of more than 10 meters in remote permafrost landscapes is 
logistically challenging. Consequently, there are few samples available.  Even fewer 
studies focus on the potential GHG release, especially under anaerobic conditions that 
occur when deep permafrost layers thaw due to talik formation beneath thermokarst 
lakes and lagoons. To our knowledge this is the first study focusing on anaerobic GHG 
production under seawater influence in great depth. Therefore, it is hard to directly 
compare our results with other studies. 

CH4 production was very low (< 2 µg CH4-C gdw⁻¹) for all samples, regardless of 
depth and setting. A previous incubation study focused on surface sediments from the 
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same study areas found that CH4 production decreases significantly under increasing 
marine conditions (Jenrich et al., 2024a), which likely explains the minimal CH4 
production observed in our experiment. Since CH4 production is negligible, we focus in 
this discussion exclusively on CO2 production. 

Our study revealed distinct differences in CO2 production across various landforms 
and depths. CO2 production per gram of OC was highest in the sediment of the semi-
open lagoon LAG2 (mean: 6.56 mg CO2-C gC⁻¹), followed by the nearly-closed lagoon 
LAG1 (mean: 3.07 mg CO2-C gC⁻¹), terrestrial permafrost TPF (mean: 2.18 mg CO2-C 
gC⁻¹), and the thermokarst lake TKL (mean: 0.47 mg CO2-C gC⁻¹). This reveals that 
environments that were in contact with seawater before produced more CO2 than under 
terrestrial freshwater settings. 

Jongejans et al. (2021) found a higher CO2 production (30.5; 120.6 mg CO2-C gC⁻¹ for 
Alas and lake sediment respectively), but these samples were incubated without the 
addition of seawater, under natural conditions. Jenrich et al. (2024a, d; see Chapters 3 
and 4) observed higher CO2 production under natural conditions (freshwater for 
terrestrial sites) than with the addition of seawater. This indicates that seawater 
inundation is a disturbance and leads to lower production in the first phases of lagoon 
formation. Similar CO2 production was measured for surface sediments of lagoons 
located at the Canadian Beaufort Sea (range: 0.2 - 8.0 mg CO2-C gC⁻¹) (Jenrich et al., 
2024d). 

Interestingly, CO2 production did not correlate with TOC and TN contents, or δ13C 
values. Some previous incubation studies on permafrost sediments found a positive 
correlation between CO2 production and TOC (Knoblauch et al., 2013; Lee et al., 2012; 
Walter Anthony et al., 2016) while others did not (Jongejans et al., 2021). Similar to 
Jongejans et al. (2021), our study compared sediments of great depth that have 
experienced different depositional conditions and thaw-freezing cycles. Additionally, 
we added another complexity by comparing terrestrial and marine settings, which may 
cause the lack of correlation between TOC, TN, δ13C, and CO2 production in our findings. 

CO2 production per gram of dry weight shows no significant correlation with depth 
(r = -0.36) (Figure 5.6). Interestingly, CO2 production was higher in the deep layers of 
LAG2, despite these layers being initially frozen or cryotic and highly saline (up to 108 
mS/cm)—conditions that are typically stressful for microbes. Given the very similar 
microbial composition of the deep layers at both sites, one would expect lower CO2 

production from sediments stored under more extreme conditions, like those in LAG2. 
However, although TOC contents are similar, the harsh conditions in LAG2 may have 
better preserved the organic matter, possibly resulting in more labile carbon being 
available for microbial decomposition at the start of the experiment in LAG2. CO2 
production is significantly positive correlated with pore water EC (r = 0.57, p = 0.1), 
suggesting that microbial communities which were adapted to saline conditions before 
the incubation performed better.  
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When normalized to OC content, CO2 production in deep layers is higher than in 
surface layers (mean: 3.55 and 2.40 mg CO2-C gC⁻¹ respectively) showing that even 
though the organic matter and the microbes in these layers are very old given that the 
feldspar in deep layers of the lagoons was dated to >300 ka using luminescence dating 
(Jenrich et al., 2021), the potential for GHG production is significant. In addition, their 
physical potential for mobilization is given due to deep disturbance processes like 
thermokarst formation or costal erosion. This is worth mentioning, especially in the 
context of accelerated deepening of taliks below lagoons due to the high freezing point 
depressions for saline and hypersaline layers. and acceleration erosion processes 
(Irrgang et al. 2022) So far it is unclear how long it takes for the produced GHG to diffuse 
up to the surface and how much is emitted to the atmosphere given that mineralization 
and transformation processes in the sediment and the water column might reduce the 
initially produced amount of gasses.  

5.6 Conclusion 

In conclusion we want to answer our research question on assessing the potential 
future GHG production in deep, thawed permafrost sediments after seawater 
inundation as following: Even though the overall CO2 production per gram of dry 
weight decreases slightly with depth, the higher production potential normalized to OC 
content indicates that these layers could contribute substantially to GHG emissions once 
they are exposed to microbial activity due to climate change. 

5.7 Supplements 

 
Figure S5.1 Cumulative anaerobic CH4 production over the 363 day incubation at 4°C over depth (1: 
surface - light blue, 2: centre - azure blue, 3: bottom - dark blue). a: cumulative CH4 production in mg 
per gdw; b: cumulative CH4 production in mg per gSOC. TPF: terrestrial permafrost outcrop Byk14; 
TKL: thermokarst lake Goltsovoye; LAG1: Polar Fox Lagoon; LAG2: Uomullyakh Lagoon. 
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Figure S5.2 Cumulative anaerobic 
GHG production over depth (surface 
- light blue, centre - azure blue, 
bottom - dark blue) a: cumulative 
CO2 production per gSOC - higher for 
deep sediments than surface 
sediments; b: cumulative CH4 
production per gSOC - generally very 
low but highest for bottom and centre 
samples of LAG1 (Polar Fox Lagoon) 
and TKL (Goltsovoye Lake). 
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Figure S5.3 Maximum CO2 (left) and CH4 (right) production rates per gSOC for surface (light blue), 
centre (azure blue) and deep samples (dark blue) for TPF (diamond) and the sediment cores of TKL - 
Goltsovoye (plus), LAG1 - Polar Fox Lagoon (triangle) and LAG2 - Uomullyakh Lagoon (circle). 
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6  

6 Simulated Inundation of a Coastal Plain: An Incubation Study of 
the Teshekpuk Coastal Region, Alaska  

6.1 Introduction 

Arctic permafrost coasts are sensitive to rising temperatures, which are observed 
especially in high latitudes (Rantanen et al., 2022). Warm air and seawater are leading to 
rapid ground-ice melt and permafrost thaw along the coast, leading to increasing erosion 
rates. Long-term sea level rise, combined with storm events, leads to the flooding of 
coastal permafrost lowlands. The inundation of permafrost with seawater is leading to 
intensified permafrost thaw and therefore the unlocking of formerly frozen soil organic 
carbon (SOC). Due to microbial decomposition, SOC is released as carbon dioxide and 
methane, leading to further heating. Land inward migrating coastlines cut thermokarst 
lakes and basins, turning them into lagoons. These lagoons are ideal to study the effect 
of seawater inundation on GHG production. 

Using sediment samples from various locations along a land-sea transect in the Arctic 
coastal plain (ACP) of northern Alaska, we conducted incubation experiments under 
brackish and marine conditions to simulate GHG production following flooding of the 
coastal plain. This study goes along with the study by Giest et al. (in submission; see 
Appendix D) focusing in detail on carbon and sediment characteristics along the land-
sea transect.  

6.2 Study Area 

The study area is located on ACP of northern Alaska, in the National Petroleum 
Reserve-Alaska (NPR-A). It is situated north of Teshekpuk Lake on the North Slope, a 
region defined by the Brooks Range to the south and the Beaufort Sea to the north. The 
region is underlain by a variety of geological deposits originating from the North 
American craton, including passive margin sediments, rift sediments, pelagic deposits, 
volcanoclastics, and foreland basin deposits (Jorgenson, 2011). The primary surficial 
deposits within the study area consist of glacio-marine silt, marine sand, and alluvial 
sand and silt from the Holocene and mid-Quaternary epochs (Jorgenson and Grunblatt, 
2013). 
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Figure 6.1 Coring locations at the (a) North Slope of Alaska north of the (b) Teshekpuk Lake. The 
inland migration of the sea led to the loss of up to 1km ice-rich coastal permafrost in 67 years. 
Abbreviations: UPL – upland permafrost; FWL – freshwater lake; BWL – brackish water lake; SDLAG 
– semi-drained lagoon; LAG – shallow lagoon; DLAG – drained lagoon; MAR – marine core. Source: 
(a) ESRI; (b) Color infrared ortho aerial image (U.S. Geological Survey, Earth Explorer, 2002) 

The area is characterized by continuous permafrost, with thicknesses ranging from 
320 to 400 meters near the Beaufort Sea (Parsekian et al., 2019). The active layer varies in 
thickness between 20 to 73 cm (Bockheim and Hinkel, 2007). 

Due to thawing permafrost and melting ground ice, the landscape is continuously 
transformed, resulting in ground subsidence and the formation of thermokarst lakes and 
drained lake basins. Thermokarst lagoons and embayments are also forming rapidly 
along the coast due to accelerated coastal erosion (Arp et al., 2011; Jorgenson and Shur, 
2007). Drained thermokarst lake basins cover approximately 62% of the ACP, while 
thermokarst lakes occupy more than 20% (Arp et al., 2011; Hinkel et al., 2012). The region 
also includes second-generation thermokarst lakes, typically oriented northwest, adding 
to the complexity of the landscape (Parsekian et al., 2019). 

The study area represents a transition between two key geomorphological zones. The 
Outer Coastal Plain to the south, which is dominated by marine sands and the Younger 
Outer Coastal Plain to the north, characterized by marine silts (Hinkel et al., 2005; 
Jorgenson, 2011; Lenz et al., 2016). Distinct upland surfaces, covering approximately 7% 
of the study area, are characterized by high ice content, ice wedge polygons, and organic-
rich Holocene cover deposits (Eisner et al., 2005). These uplands, which are elevated 
about 5 m above the surrounding flat terrain, represent higher-relief areas within the 
otherwise low-lying coastal plain. 
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The mean annual air temperature in the region is approximately −10°C (2004–2015) 
based on data from the Drew Point site (Urban and Clow, 2013). Precipitation is low, 
averaging around 200 mm/year (Jorgenson, 2011). The cold climate, combined with low 
precipitation, plays a significant role in maintaining the stability of the permafrost and 
shaping the hydrological and ecological processes in the area. 

6.3 Methods 

6.3.1 Fieldwork and Subsampling 

Fieldwork was conducted at the coast north of Teshekpuk Lake in collaboration with 
University Fairbanks during April 2022. For this study we chose 7 distinct locations 
along a land-sea transect. One permafrost core from an upland site (UPL; 70.8851°N, 
153.7062°W), serving as the endmember; two lake cores—one from a freshwater lake 
(FWL; 70.8362°N, 153.6628°W) and one from a brackish water lake (BWL; 70.8328°N, 
152.9128°W); and cores from three nearly closed lagoons, which are separated from the 
sea by a sand barrier. One lagoon was semi-drained (SDLAG; 70.8727°N, 153.6643°W) 
with 43cm ice layer at the coring location, the following lagoon (LAG; 70.8776°N, 
153.5088°W) was covered with 112cm ice overlaying a about 60cm unfrozen brine-
sediment mixed layer and the third lagoon was fully drained at the time of coring 
(DLAG; 70.8934°N, 153.3390°W). Further, one marine core (MAR; 70.8857°N, 
153.6643°W) was retrieved about 100m offshore from the recent margin of SDLAG. The 
shape of the former lake basin suggests that the location MAR is within the originally 
larger basin of SDLAG, which transitioned into a subsea state by now. The cores UPL, 
SDLAG, LAG and DLAG were frozen from top to bottom, whereas the cores TKL-F, 
TKL-B and MAR were unfrozen. The unfrozen sediment cores were sampled using a 
Push Corer [Ø 6 cm], the frozen sediment cores were sampled using a SIPRE Corer [Ø 
7.6 cm]. The frozen sediment cores were kept frozen, while thawed samples were packed 
and cooled for transport to AWI Potsdam for further analysis. 

6.3.2 Laboratory Analyses 

6.3.2.1 Hydrochemistry and Bulk Sediment Analyses 

Pore water from the thawed samples was extracted using Rhizon samplers 
(membrane pore size: 0.12–0.18 μm). The extracted pore water was then analyzed for 
pH, electrical conductivity (EC), and dissolved organic carbon (DOC) content as 
described in Chapter 3.3.2. The measured EC values were converted to molarity (see 
Chapter 3.3.2). Artificial seawater was prepared by dissolving NaCl (24.99 g/L), MgCl2 
× 6H2O (11.13 g/L), Na2SO4 (4.14 g/L), CaCl2 × 2H2O (1.58 g/L), KCl (0.79 g/L), and 
NaHCO3 (0.17 g/L) in ultrapure water, followed by sterile filtration. 
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The TN and TOC content was determined based on the method described in Chapter 
3.3.3. 

6.3.2.2 Anaerobic Incubation 

To investigate greenhouse gas production under varying levels of seawater influence 
and simulating the flooding of an Arctic coastal plain, we incubated surface sediments 
from seven sites on a gradient of increasing seawater influence (UPL, FWL, BWL, 
SDLAG, LAG, DLAG and MAR). The sediments were incubated anaerobically at 4°C for 
224 days (7.5 months) using artificial seawater at two concentrations: brackish (13 g/L) 
and marine (36 g/L), following the method described in Chapter 3.3.2.3, with one key 
difference. In this experiment, I either additionally or exclusively incubated the samples 
in their original condition—without adding water—when the pore water salinity closely 
matched the treatment conditions. This applied to the UPL, TKL-B, LAG1, and LAG3 
samples. Based on their pore water salinity, UPL corresponded to freshwater conditions, 
TKL-B and LAG1 to brackish, and LAG3 to marine conditions. Due to limited sample 
availability, FWL and MAR were not incubated as original samples. 

As in the previous two incubation experiments, freshwater conditions were used to 
simulate the lake stage, brackish conditions for young, less connected lagoons, and 
marine conditions to represent open lagoons and the subsea state.  

6.4 Results 

6.4.1 Environmental Parameters 

Pore water salinity and EC vary greatly across the sites, with the UPL and FWL site 
showing very low salinities, while TKL-B, SDLAG and MAR show higher, brackish 
conditions and LAG and DLAG marine conditions (Table 6.1). 

DOC in pore waters is highest at UPL (72.3 mg/L) and SDLAG (80.8 mg/L). In 
contrast, DOC is substantially lower in the MAR site (19.2 mg/L). LAG has no available 
pore water DOC data, but shows the highest surface water DOC (199 mg/L). 

The grain size analyses revealed that MAR has the highest sand content (59%) 
compared to other locations, followed by UPL (27% sand), while other sites, particularly 
TKL-F, TKL-B, and LAG, are dominated by silty sediments.  

Table 6.1. Environmental parameters measured at different sites along the Teshekpuk Lake coastal 
plain, Alaska. Data include sample depth, surface water DOC, pore water pH, electrical conductivity 
(EC), salinity, and DOC, as well as sediment composition (sand, silt, clay), δ13C, total organic carbon 
(TOC), and total nitrogen (TN) content. Sites sampled include Upland (UPL), Terrestrial Fresh Water 
Lake (TKL-F), Terrestrial Brackish Lake (TKL-B), Semi-Drained Lagoon (SDLAG), Lagoon (LAG), 
Drained Lagoon (DLAG), and Marine (MAR) locations. 
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Biogeochemical analyses revealed that TOC and TN contents are highest at the lakes 
(FWL, BWL), followed by the lagoons (SDLAG, LAG) and lower at the UPL and the 
drained lagoon and lowest at the Marine site (MAR). 

δ13C values increase along the terrestrial-marine gradient with UPL showing the most 
depleted value (-28.84 ‰) and MAR the less depleted value (-26.21 ‰). 

6.4.2 CO2 and CH4 Production 

Under brackish conditions, CO₂ production is highest at the LAG and SDLAG 
locations, with values of 7.77 ± 0.92 and 7.49 ± 0.53 mg CO₂-C g⁻¹C, respectively (Figure 
6.2a). In contrast, the sites that have not been previously exposed to saltwater (UPL and 
FWL) exhibit the lowest CO₂ production, with values of 1.36 ± 0.37 and 0.89 ± 0.35 mg 
CO₂-C g⁻¹C, respectively. The highest overall CH4 production was measured for LAG 
under brackish conditions (2.05 ± 0.42 mg CH₄ gC⁻¹). 

In marine conditions, SDLAG (semi-drained lagoon) demonstrates the highest 
cumulative CO₂ production at 8.35 ± 2.30 mg CO₂-C g⁻¹C (Figure 6.2b). CH₄ production 
remains close to zero across almost all locations, with detectable CH₄ production 
occurring only at BWL, where it is measured at 0.18 ± 0.03 mg CH₄ gC⁻¹. 

Under near natural conditions (Figure 6.2c), the active layer of the upland produces 
the most CO₂ (6.78 ± 0.60 mg CO₂-C g⁻¹C). The BWL, SDLAG, and LAG locations show 
similar CO₂ production levels, ranging from 4.98 to 5.32 mg CO₂-C g⁻¹C. The lowest CO₂ 
production is observed at the DLAG, with a value of 1.46 ± 0.12 mg CO₂-C g⁻¹C. Notably, 
CH₄ production occurs only at BWL under natural conditions. Due to limited sample 
availability, FWL and MAR were not incubated in their original state. 
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Figure 6.2 Cumulative GHG production measured over 224 days under brackish (14 g/L), marine (36 
g/L) and near natural incubation conditions at 4°C for various Arctic coastal plain sites. CO₂ 
production (yellow) and CH₄ production (orange) reveal the influence of salinity on GHG emissions 
during simulated flooding of different landscape features: Upland (UPL), Fresh Water Lake (FWL), 
Brackish Water Lake (BWL), Semi-Drained Lagoon (SDLAG), Lagoon (LAG), Drained Lagoon (DLAG), 
and Marine (MAR). 

6.5 Discussion 

In the upland active layer significantly higher CO₂ production was observed under 
near-natural (here non-saline) conditions compared to brackish or marine conditions 
(natural: 6.78 ± 0.60 mg CO₂-C g⁻¹C; brackish: 1.36 ± 0.37 mg CO₂-C g⁻¹C; marine: 1.80 ± 
2.21 mg CO₂-C g⁻¹C). This finding underscores the negative impact of abrupt 
environmental changes on microbial activity. Since the surface layer at the upland site 
had not previously been exposed to seawater, the microbial communities present are 
likely not adapted to saline conditions. The transformation to salt-tolerant communities 
requires time, which may explain the observed reduction in GHG production when 
salinity levels change. Notably, no methane production occurred even under freshwater 
conditions, which were intended to simulate a lake stage. Anaerobic lake sediments 
provide a favorable environment for methanogens (Heslop et al., 2015); however, the 
upper layers of the active layer had not been waterlogged at the time of coring, likely 
resulting in aerobic in-situ conditions. It is therefore likely that methanogens were absent 
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in the incubated samples, and recolonization in a closed system, such as an incubation 
bottle, tends to be very slow if not entirely unfeasible. In natural ecosystems, seawater 
inundation facilitates the introduction of marine microbial communities, accelerating the 
establishment of new, salt-tolerant microbial communities. 

In the terrestrial freshwater lake (FWL), overall GHG production under brackish 
conditions was low. However, the CO₂-to-CH₄ ratio of approximately 1:1, points to a 
relatively high level of CH₄ production. This ratio is similar to that observed in the young 
lagoon (LAG13) within the Reindeer Island lagoon system (Figure 4.4, Chapter 4.5.1). 
Since the FWL sample was not incubated under freshwater conditions, a direct 
comparison of GHG production between freshwater and brackish conditions .is not 
possible Nonetheless, previous findings shown in Figure 4.3 suggest that GHG 
production may decrease when transitioning from freshwater to brackish conditions, 
likely due to reduced microbial activity following environmental disturbance. In 
contrast, in the brackish lake (BWL), where microbial communities are already adapted 
to brackish conditions, GHG production is substantially higher. This observation implies 
that after a period of adaptation, GHG production in FWL sediment could increase 
following seawater inundation. 

Salinity fluctuations have varying effects on GHG production across marine-
influenced sites. In the BWL, increased salinity results in a reduction of GHG production, 
whereas in SDLAG, which is naturally brackish, CO₂ production rises when 
transitioning from brackish to marine conditions. It is likely that SDLAG sediment 
experienced higher salinities in the past, potentially due to brine injection beneath 
floating ice, leading to microbial communities that are better adapted to saline 
environments. Conversely, BWL is only sporadically exposed to seawater, primarily 
during flooding events or via lateral groundwater exchange, which makes it unlikely 
that salinity levels would reach significantly high concentrations. In turn, microbes are 
likely not yet adapted to saline conditions, resulting in the decrease in GHG production. 

In the lagoon (LAG, Figure 6.1), where pore water is naturally marine, GHG 
production is higher under non-natural, brackish conditions. Here, the influence of 
salinity / sulfate on methane production is particularly evident: CH₄ is only produced 
under brackish conditions. This phenomenon aligns with previous observations of 
increased CH₄ production in brackish conditions in both Siberian and Canadian lagoons 
(Jenrich et al., 2024a, d; Yang et al., 2023; see Chapters 3, 4 and Appendix C). Studies 
have demonstrated that methanogens can coexist with SRB in low-sulfate environments, 
facilitating both CH₄ and CO₂ production under these conditions (Dar et al., 2008; 
Jenrich et al., 2024a; Yang et al., 2023). Such brackish environments are often 
characteristic of the early stages of transformation from terrestrial lakes to lagoons, 
allowing methanogens originally from terrestrial systems to persist. 

Below the fully drained lagoon (DLAG), GHG production was lowest under natural 
marine conditions, comparable to that of UPL under marine conditions. The low water 
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content of the DLAG sample suggests that at least the upper layers of DLAG were 
exposed to oxygen unlike the other lagoon and lake samples. Sequencing results shown 
in Figure 3.3 (Chapter 3) illustrate that the transition from aerobic to anaerobic 
conditions significantly impacts microbial composition. The shift from aerobic to 
anaerobic microbial communities is a gradual process, often leading to reduced 
microbial activity and consequently lower GHG production during the period of 
microbial adaptation. 

The marine core was drilled within the former lagoon basin of SDLAG, in the section 
that is now fully submerged, representing the early subsea stage. CO₂ production is 
slightly lower compared to SDLAG, indicating that even in the early subsea stage 
significant amounts of CO₂ continue to be produced. Similar to SDLAG methane 
production is neglectable. 

6.6 Conclusion 

When Arctic coastal plains like those studied in Alaska are inundated with seawater, 
GHG production initially decreases until terrestrial microbial communities adapt to 
anaerobic and saline conditions. Methane production peaks under brackish conditions, 
while CO₂ production, generally much higher than CH₄, does not follow a clear pattern 
across treatments. Under near natural conditions, CO₂ production decreases slightly 
during the transition from terrestrial to marine environments. These findings underscore 
the complex interactions between microbial communities and salinity, suggesting that 
GHG emissions may vary considerably depending on the specific stage of lagoon 
development and prevailing salinity conditions. 
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7  
7 Synthesis 

When I began studying thermokarst lagoons in 2019, only few publications were 
focused on these unique Arctic water bodies, which form a transient frontier between 
land and ocean. These coastal ecosystems are important habitats for benthic organisms, 
fish, marine mammals and migratory birds, which rely on these sheltered transitional 
environments for feeding and breeding (Craig, 1984; Dunton et al., 2006, 2012). Besides 
ecological studies, existing research primarily examined the geology and evolution of 
thermokarst lagoons, particularly in the context of Holocene sea-level rise, with studies 
centered around the Mackenzie Delta region in Northwest Canada and the Bykovsky 
Peninsula in Northeast Siberia (Hequette et al., 1995; Hequette and Barnes, 1990; Hill, 
1990; Hill and Solomon, 1999; Romanovskii et al., 2000; Schirrmeister et al., 2018). Until 
then, the number of thermokarst lagoons along circum-Arctic coasts, their total area, the 
carbon storage, and the impact of seawater inundation on permafrost thaw and carbon 
mobilization remained unknown. 

The aim of my thesis was to address these knowledge gaps. Through multi-proxy 
analysis of deep sediment cores from two lagoons on the Bykovsky Peninsula, coupled 
with electrical resistivity surveys, my colleagues and I characterized thaw rates and the 
sediment history of these lagoons. I determined that approximately 5.7 Mt-C is stored in 
the upper 30 m of the sediment of the Bykovsky lagoons (Jenrich et al., 2021, see 
Appendix A), discovered pockets of hypersaline, unfrozen sediments, called cryopegs 
and found that permafrost beneath lagoons and inundated basins thaws 170% faster 
inundated Yedoma permafrost (Angelopoulos et al., 2021, see Appendix B). The analysis 
of lagoon sediments from the Teshekpuk coast revealed that carbon content is lower in 
lagoon sediments than in lakes sediments (see Chapter 6) and that organic matter is more 
highly degraded in saline deposits compared to deposits unaffected by saltwater (Giest 
et al., in submission; Appendix D). 

The first mapping of Arctic lagoons between Taymyr Peninsula in North Siberia and 
Tuktoyaktuk Peninsula in NW Canada revealed that over half (54%) are thermokarst 
lagoons, originated from the flooding of former thermokarst lakes and drained basins. 
This widespread occurrence, combined with the knowledge that permafrost degradation 
is significantly accelerated in these areas, motivated me to investigate carbon 
mobilization during the flooding of permafrost coastal lowlands more closely. To 
achieve this, I measured CO₂ and CH₄ production in various sediments (permafrost, 
active layer, thermokarst lakes, and lagoons) from three distinct Arctic coastal regions 
under increasing seawater influence through four anaerobic long-term incubations (up 
to 415 days). During fieldwork and mapping, I recognized differences in lagoon 
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connectivity to the sea and how this relates to various stages in the transition from a 
newly formed lagoon to full submergence. I developed a classification approach to 
categorize lagoons by their openness to better examine how GHG production evolves 
through the stages of land-to-sea transition (see Chapters 3, 4, and 6). The new 
classification highlighted the need for an updated mapping, as the initial mapping 
combined contiguous lagoons into single units, overlooking individual former lake 
basins that belong to different developmental stages and differ in GHG production (see 
Chapter 2). Based on the new mapping, the number of thermokarst lagoons in the study 
area increased from 253 (Angelopoulos et al., 2021; see Appendix B) to 520 (Jenrich et al., 
in review; see Chapter 2), altering the ratio of coastal to thermokarst lagoons to 30% and 
70%, respectively. 

The breakdown of stored organic material into CO₂ and CH₄ is carried out by 
microorganisms. Thus, carbon mobilization due to seawater inundation is closely linked 
to the response of microbial communities to changing conditions (mainly salinity and 
oxygen availability). This connection motivated me to analyze microbial communities in 
some of the incubated samples alongside GHG production. Together with colleagues, I 
found that young lagoons serve as transitional systems and offer suitable habitats for the 
establishment of new and mixed microbial communities. Lagoon environments, with 
high levels of organic carbon and non-competitive methanogenic substrates such as 
methylamines and methylated sulfur compounds, were found to support the coexistence 
of methanogens and other sulfate-reducing organisms (Jenrich et al., 2024a; Yang et al., 
2023; see Chapter 3, 5 and Appendix C). This finding contrasts with previous 
assumptions that SRBs would dominate methanogens under seawater influence. The co-
existence is reflected in the relatively high CH₄ production observed in low-connected 
lagoons. As these systems transition further towards marine environments, 
methanogens decline, and CO₂ becomes the dominant released GHG (Dolle et al., in 
review; Jenrich et al., 2024a, d; see Chapters 3, 4, 6 and Appendix E). 

The thaw of ice-rich permafrost, as seen for the Bykovsky Peninsula Lagoons, leads 
not only to large surface subsidence but also to reworking of sediment. Based on 
optically stimulated luminescence analyses of feldspar, the sediment of both lagoons in 
depth of 25-30 m below sediment surface was deposited more than 300,000 years ago, 
while the analyzed carbon in these layers was younger than 50,000 years (Jenrich et al., 
2021, see Appendix A). Cryoturbation (thawing and refreezing) processes can relocate 
young OM and the associated microorganisms into great depth. The incubation of these 
deep lagoon sediment samples revealed that the CO₂ production surpasses that of 
surface sediments under similar conditions relative to the carbon content. Therefore, 
substantial CO₂ production can occur in great depth after thawing and seawater 
infiltration, likely enhanced by the top-down movement of young OM and microbes. 

In the following synthesis, I integrate the data gathered from the studies and explore 
potential drivers for GHG production during the early stages of the land-sea transition 
and in established lagoons using correlation analysis. Additionally, I examined 
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variations in GHG production across different landscape features, regions, connectivity 
classes, and salinity treatments. The synthesis concludes with the first rough estimate 
for an upscaling of the potential carbon release from all mapped pan-Arctic lagoons. 

7.1 Driving factors for GHG production  

7.1.1 Early Stages of Lagoon Formation 

Incubating terrestrial sediments with freshwater simulates thermokarst lakes, while 
brackish water mimics the early stages of lagoon formation, and marine water represents 
fully established lagoons. The correlation matrix in Figure 7.1, encompassing a range of 
biogeochemical and sediment parameters, providing indicators for potential drivers of 
GHG production throughout these transitions. CH4 production shows a moderate, 
significant positive correlation with silt-rich deposits (r = 0.46, p = 0.1), which is 
positively correlated with the landscape features (1-permafrost, 2-active layer, 3-
thermokarst lake), indicating higher CH4 production in thermokarst lakes. 

Additionally, increasing salinity has a significant negative impact on both CH4 and 
CO2 production for terrestrial sites, reinforcing the assumption from Chapter 3 that 
terrestrial microbes are not well adapted to saline conditions. This demonstrates that as 
ecosystems transition from freshwater to brackish and marine environments, microbial 
communities are under stress and need time to adapt. 

The lack of strong, significant correlations between GHG production and many of the 
tested parameters suggests that key drivers may be missing from this analysis, and that 
the carbon cycle is more complex than these factors alone can explain. This analysis does 
not include microbial parameters due to limited data coverage, but findings from 
Chapters 3 and 5 suggest that the initial microbial composition is influencing the 
quantity and the ratio of CO2 and CH4 greatly. GHG production was higher when 
microbial communities were already adapted to the incubation conditions (anaerobic, 
near-natural salinity), and CH4 was only produced when methanogens were already 
present in the sediment. 
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Figure 7.1 Correlation matrix illustrating the relationships between CH4 and CO2 production, total 
organic carbon (TOC), total nitrogen (TN), sedimentary parameters (sand, silt, clay) of terrestrial 
samples from different landscape features (1: permafrost, 2: active layer, 3: thermokarst lake) for 
three incubation treatments (1: freshwater, 2: brackish, 3: marine to simulate lagoon formation). 
Blue indicates positive and red negative correlations. Below the diagonal, the correlation 
coefficients are shown, accompanied by significance levels indicated by stars: p-values (0.001, 
0.05, 0.1) correspond to symbols (***, **, *.). 

7.1.2 Established Lagoons 

In contrast to terrestrial sediments, the analysis of lagoon sediments reveals stronger 
correlations. CO2 production shows a significant positive correlation with both TOC (r 
= 0.71, p = 0.001) and TN (r = 0.71, p = 0.001), indicating that a high organic matter 
content leads to increased microbial respiration and, consequently, greater CO2 
production. Additionally, CO2 production displays a clear negative correlation with δ13C 
(r = -0.69, p = 0.001), suggesting that lighter organic carbon, typically associated with 
terrestrial sources (Kumar et al., 2016), is linked to higher CO2 production. This is 
consistent with biomarker analyses, which reveal that terrestrial, non-salt-affected OM 
is less degraded compared to OM in salt-affected locations (Giest et al., in submission; 
see Appendix D). Less degraded OM can be decomposed more rapidly by microbes, 
explaining the elevated CO₂ production observed. 

Correlation value r 
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Figure 7.2 Correlation matrix illustrating the relationships between CH4 and CO2 production, total 
organic carbon (TOC), stable carbon isotopes (δ13C), total nitrogen (TN), sedimentary parameters 
(sand, silt, clay) and water depth for lagoons sites of different connectivity to the sea (1-low to 5-very 
high) and study areas (1: Bykovsky (Siberia); 2: Reindeer Island (Canada); 3: Teshekpuk (Alaska). Blue 
indicates positive and red negative correlations. Below the diagonal, the correlation coefficients are 
shown, accompanied by significance levels indicated by stars: p-values (0.001, 0.05, 0.1) 
correspond to symbols (***, **, *.).   

Grain size distribution, which reflects deposition patterns and transport mechanisms, 
is also associated with CO2 production. As well as for the terrestrial sites (Chapter 7.1.1), 
CO2 production is positively correlated with fine-grained, silty sediments (r = 0.53, p = 
0.001), which are more common in sheltered, low-connected, and younger lagoons. In 
these environments, the accumulation of organic-rich, low degraded deposits is higher 
than in open lagoons, which are more connected to the sea and thus more influenced by 
currents resulting in higher sediment and organic matter export. Further, CO2 
production shows a moderate correlation with the study area (r = 0.50, p = 0.01), 
indicating that specific local environmental characteristics significantly influence the 
CO2 production. 

Unlike CO2, CH4 production does not exhibit strong correlations with TOC, TN, or 
δ13C, suggesting that methane production is less directly influenced by organic matter 

Correlation value r 
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content or quality. Instead, CH4 production likely depends more on microbial factors, 
particularly the presence of methanogens, which are essential for CH4 production. As 
lagoons become more open and experience greater marine influence, the methanogens 
are outcompeted by SRB, resulting in decreasing CH4 production (Holmes et al., 2017; 
Jenrich et al., 2024c; Kristjansson and Schönheit, 1983; Lovley et al., 1982; Yang et al., 
2023; see Chapters 3, 4, and 6). 
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7.2 Variations in GHG Production During the Transition from 
Terrestrial to Marine Permafrost Environments 

The synthesis-dataset encompasses the entirety of incubated sediments, from 
terrestrial permafrost to open lagoons under freshwater, brackish and marine condition 
(treatments) for all three study regions, thus reflecting GHG production across all stages 
of the land-sea transition. In Figure 7.3 the distribution of CO2 and CH4 production rates 
are shown for the different landscape features, regions, connectivity classes and 
treatments. 

 
Figure 7.3 CO2 and CH4 production (mg C g⁻¹) after 223 days of anaerobic incubation for (a) different 
landscape features, (b) regions, (c) varying connectivity to the sea, whereby all terrestrial sites, 
including lakes are combined in class 0, and (d) salinity treatments. Box-whisker plots with outliers 
outside the lower and upper quartiles. Mean is symbolized by x. 
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7.2.1 Variations Across Landscape Features 

Figure 7.3a illustrates the variations in GHG production during the transition from 
newly thawed terrestrial permafrost to seasonally thawed sediments, then to year-round 
thawed lake sediments, and finally to lagoon sediments, which were exposed to sulfate-
containing seawater prior to the incubation experiment. 

The overall results align well with the conclusions drawn from the individual 
incubation experiments discussed in Chapters 3, 4, and 5 (Jenrich et al., 2024a, d).  Mean 
CH4 production is low across all landscape features, though outliers suggest that certain 
lagoons exhibit relatively high CH4 production. The top two outliers are the same as in 
Figures 7.3c and 7.3d, highlighting that young, low-connected lagoons experience the 
highest CH4 production under brackish conditions.  

CO2 production is higher in the active layer compared to permafrost, likely because 
microbial communities require time to establish themselves (Knoblauch et al., 2013). A 
key finding is that CO2 and CH4 production per gC is higher in lagoon sediments than 
in the sediment of the surrounding thermokarst lakes. This is remarkable, as 
thermokarst lakes are known as GHG hotspots (Elder et al., 2021; Serikova et al., 2019; 
Walter Anthony et al., 2006, 2007, 2021). These studies measured in situ emissions, which 
includes more than gas production in the sediment, like also in the benthic zone and the 
water column, processes which are not reflected in the small-scale lab incubation 
experiments I conducted. However, there are no studies reporting in situ emissions from 
thermokarst lagoons. Nevertheless, the microbial analysis presented in Chapter 3.3.5, 
which shows that microbial diversity increases following seawater inundation and is 
highest in brackish thermokarst lagoons, underscores the unique nature of these 
habitats. Thermokarst lagoons act as ecotones, which are defined as transition zones 
between two distinct ecosystems (Risser, 1995), where both conditions are combined. In 
the lagoon system, high levels of organic carbon and non-competitive methanogenic 
substrates allow for the coexistence of methanogens and other sulfate-reducing 
organisms (Yang et al., 2023, see Appendix C), which may be the reason for the elevated 
GHG production in these sediments.  

7.2.2 Variations Across Regions 

While the study regions Teshekpuk Lake coast, Reindeer Island Lagoon System, and 
Bykovsky Peninsula share common characteristics — such as their location in the 
continuous permafrost zone, the strong influence of thermokarst processes, the presence 
of mostly shallow waterbodies (with water depths below 2.5 meters), and a wide range 
of pore water salinities (from freshwater to hypersaline) – they differ in terms of 
geological history, soil organic carbon content, and sediment and organic matter input 
pathways.  
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Microbial composition plays a key role in GHG production (Ernakovich et al., 2022; 
Jenrich et al., 2024a; Liebner et al., 2015; Mitzscherling et al., 2019). Although microbial 
analyses were not conducted for all sites, literature suggests that microbial communities 
can vary significantly even over small spatial scales (Li et al., 2019; Malard et al., 2021). 
Despite the unique characteristics of each region, the mean GHG production is relatively 
similar. Teshekpuk (Alaska) shows a slightly higher mean CO2 production (3.8 mg gC⁻¹), 
followed by the Reindeer Island Lagoon System (Canada) (3.0 mg gC⁻¹) and the 
Bykovsky Peninsula (Siberia) (2.7 mg gC⁻¹). The high variability in CO2 production 
within each location reflects the differences between landscape features, which are more 
pronounced than the regional differences. CH4 production, on the other hand, shows 
less variability and remains consistently low across all regions, with means close to zero. 

7.2.3 Variations Across Connectivity Stages 

The connectivity of lagoons with the sea—essentially, their openness—reflects 
different stages of the lake-to-sea transition. Low-connected (Class 1-2), young lagoons 
exhibit the highest mean CO2 and CH4 production rates, as well as the greatest 
variability, and they also record the highest measured CO2 production. These lagoons, 
which represent over 50% of pan-Arctic lagoons (Chapter 2), are unique environments 
that combine both lake and marine characteristics, possess higher carbon content than 
lagoons of other connectivity classes, and support diverse microbial communities, 
including both methanogens and SRB. Their sheltered nature fosters stable conditions 
for microbial activity. Since CH4 has a greater global warming potential than CO2, the 
GHG production in CO2 equivalents can be up to 18 times higher than more open 
lagoons (Chapter 4). 

In contrast, medium-connected lagoons (Class 3) and highly connected lagoons 
(classes 4-5) show similar mean CO2 and CH4 production rates, although the CO2 
production of class 3 lagoons shows greater variability. When comparing the medians, 
however, the differences between classes become less pronounced, which might indicate 
that local conditions (microbial composition and activity, organic matter characteristics, 
freezing processes) have the greatest influence on GHG production. 

Terrestrial sites which include permafrost, active layer and lake deposits produce 
significantly less CO2 and CH4 than lagoon sites. This finding highlights the importance 
of lagoons, in contributing to GHG emissions in Arctic regions. 

7.2.4 Variations by Salinity Level 

The incubation under freshwater, brackish, and marine conditions allowed to 
simulate GHG production across different stages of coastal permafrost landscape 
development (lake formation, lagoon formation, and subsequent transition to subsea 
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environments). As seen in Figure 7.3d, CO2 and CH4 production is highest under 
brackish conditions.  

This suggests that intermediate salinity levels may promote the colonization of a 
greater variety of microbes, each capable of metabolizing different types of substrates, 
leading to overall higher carbon turnover. In contrast, extreme conditions—whether 
freshwater or saline—favor the growth of specialist microbial communities, which may 
occur in smaller numbers and may have lower metabolic rates. This could explain the 
lower GHG production observed under these conditions, and further highlight the 
special function of lagoons as transition environments.  

7.3 Potential Carbon Release from pan-Arctic Lagoons 

Carbon release from gradually and rapidly thawing terrestrial permafrost has been 
estimated in various studies (e.g. Matthews et al., 2020; Miner et al., 2022; Turetsky et al., 
2020) and is now considered to be incorporated into global climate models. Although 
thermokarst lagoons currently cover only a small area, their significance is likely to 
increase as rising sea levels and intensified coastal erosion, such as that observed in the 
Mackenzie Delta/Tuktoyaktuk Area (see Chapter 4), lead to more flooding of coastal 
lowlands. As demonstrated in Chapters 3, 4, 6 and Appendix A and B saltwater 
inundation accelerates permafrost thaw and promotes long-term GHG production in 
surface layers. However, a specific estimation of carbon loss from thermokarst lagoons 
is still missing. Using GHG data from Chapters 3, 4, and 6, I estimated carbon loss for all 
mapped lagoons (see Chapter 2) as outlined in Section 1.3.5. Shallow parts of lagoons 
(<2 m water depth) may freeze to the bottom in winter, causing seasonal refreezing of 
surface sediments. Since there is no pan-Arctic dataset on the area and duration of 
bottom-fast ice formation in lagoons, I had to simplify the calculation by assuming the 
sediment does not refreeze seasonally, resulting in an estimate of maximum yearly 
carbon loss.  

The highest total carbon loss is seen in brackish lagoons (Table 7.1). If the surface 
sediment of all mapped lagoons were brackish a maximum of 5 TgCO2eq per year could 
be released by 2100, which is comparable to the annual emissions from approximately 
1.1 million gasoline-powered cars in the US (EPA, 2023). 2.3 TgCO2eq per year could be 
released from low connected, young lagoons (class 1 and 2). This estimation includes 
brackish and marine treatments accounting for the great diversity of sediment salinities.  
Carbon loss in CO₂ equivalents is much lower for more open lagoons with significant 
marine influence due to the absence of CH₄ production. On average, an estimated 3 Tg 
CO₂eq per year could be released from all mapped thermokarst lagoons by 2100 given 
the sediment remains unfrozen all year.  
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Table 7.1 Maximum carbon loss per year in form of CH4 and CO2 in CO2-equivalents from 
thermokarst lagoons upscaled to the extent of the mapped lagoons. Calculated CO2 equivalents are 
based on 36 gCO2eq/gCH4 for GWP100, which includes climate-carbon feedback and oxidation 
processes (IPCC, 2014).  

Thermokarst Lagoons 
Area 

(km2) 

C loss 

in CH4 

(Tg CO2eq) 

C loss 

in CO2 

(Tg) 

Total 

C loss 

(Tg CO2eq) 

by Connectivity  

Class 

1-2 1 450 1.897 0.461 2.358 

3 989 0.026 0.215 0.241 

4-5 1 018 0.019 0.333 0.352 

by Treatment Brackish 3 457 4.008 1.124 5.132 

 Marine 3 457 0.055 0.759 0.814 

Average  3 457 1.928 1.091 3.019 

 

C release from thermokarst lakes (covering an area of 1.1 × 10⁶ km²) based on flux 
measurements was estimated at 14 to 18 Tg CH₄ per year, which corresponds to 108 days 
of thaw (Matthews et al., 2020). This equates to 174–223 Tg CO₂ equivalent (CO₂eq) 
when accounting for the higher global warming potential of CH₄. In terms of yearly 
emissions per unit area, thermokarst lagoons release an average of 0.87 × 10⁻³ Tg 
CO₂eq/km² for year-round thaw or 0.26 × 10⁻³ Tg CO₂eq/km² for 108 days of thaw. This 
exceeds emissions from thermokarst lakes, which emit 0.16–0.2 × 10⁻³ Tg CO₂eq/km² for 
108 days of thaw. These findings align well with results from my incubation studies, 
which showed that greenhouse gas production in surrounding thermokarst lake 
sediments was lower than in lagoon sediments (Figure 7.3a). 

Carbon emissions from gradual and abrupt permafrost thaw (including features such 
as lakes and thaw slumps) result in releases of 0.034–0.045 × 10⁻³ Tg CO₂eq/km² per year 
(613–802 Tg CO₂eq over 18 × 10⁶ km²) and 0.39 × 10⁻³ Tg CO₂eq/km² (624 Tg CO₂eq 
over 1.6 × 10⁶ km²), respectively (Turetsky et al., 2020). These estimates are based on 
aerobic incubation results used to model carbon pool turnover times at 5°C (Koven et 
al., 2015). Although these results are not directly comparable to my own estimates due 
to differences in methodology, both approaches yield values within the same order of 
magnitude, indicating a similar scale of carbon release.  

Given the relatively higher potential C release per area and the expected increase in 
lagoon formation, thermokarst lagoons may play a more important role in the carbon 
budget of rapidly thawing Arctic landscapes than previously anticipated.  
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7.4 Conclusion and Outlook 

CONCLUSION 

The section addresses the research questions stated in Chapter 1.2 and provides an 
outlook on future research opportunities. 

Concerning the first question on ‘the spatial pan-Arctic extent of thermokarst lagoons, 
how are they distributed and how can they be classified according to their development 
stages’, I mapped 520 thermokarst lagoons distributed along five Arctic shelf seas 
(Laptev, East Siberian, Chukchi, Alaskan Beaufort, and Canadian Beaufort seas) from 
the Taymyr Peninsula to the Tuktoyaktuk Peninsula. These lagoons cover an area of 
3,457 km². They differ in size and distribution across the regions, with the majority found 
along the Canadian Beaufort Sea. I classified the lagoons based on their connectivity to 
the sea into five classes (high connected, always open lagoons to very low connected, 
nearly-closed lagoons), with 55% categorized as very low to low connected lagoons, 
which are in the early stage of lake to lagoon transition. From 2000 to 2021, lagoon area 
expanded across all regions, with the most significant growth occurring along the 
Alaskan Beaufort Sea coast, at a rate of 1.34%. 

Concerning my second question on the effect of increasing seawater influence on 
GHG production and microbial community composition, I found an initial decrease in 
CO2 production when freshwater permafrost sites are flooded with seawater. This 
reduction occurs due to the disruption of established microbial communities, which 
require time to adapt to increased salinity and anaerobic conditions. Over time, however, 
as salt-tolerant, anaerobic microbial communities establish, CO₂ and CH4 production 
tends to increase, especially under brackish conditions in young lagoons where both 
terrestrial and marine microbes are present. This increase can be as much as eight times 
the CO₂ levels in terrestrial permafrost. Methane production is higher under brackish 
conditions than under either freshwater or marine conditions. This is due to the presence 
of both methanogenic archaea and SRB that can coexist in low-sulfate, brackish 
environments. Under fully marine conditions, SRB outcompete methanogens due to the 
higher sulfate concentrations. Therefore, methane emissions decline as the lagoon fully 
transitions to marine conditions, with CO₂ becoming the dominant greenhouse gas. 

Finally, concerning my third question whether GHG production of inundated Arctic 
coastal lowlands differ between landscape features and regions. My clear answer is: Yes. 
CO₂ and CH₄ production are highest in lagoon sediments, followed by the active layer, 
permafrost, and then lake sediments. In lagoon sediments, which have been inundated 
prior to incubation, microbial communities are already adapted to saline conditions, 
unlike those in terrestrial features. This adaptation likely explains why GHG production 
is higher below lagoons. 

Despite the unique environmental characteristics of each region, mean GHG 
production remains relatively consistent across Arctic coastal areas, with the Teshekpuk 
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Coast showing a slightly higher average CO₂ production than Reindeer Island and the 
Bykovsky Peninsula. As a result, the differences in GHG production are more 
pronounced on a local scale between distinct landscape features than across broader 
regional scales, where local variations tend to even out. 

 

OUTLOOK 

The incubation experiments I developed were useful for understanding the impact of 
changing salinities on microbial dynamics and GHG production in seawater-inundated 
terrestrial and lagoon sediments, as coastal permafrost landscapes transition to marine 
environments. The back-of-the-envelope upscaling of potential carbon loss from 
thermokarst lagoons, which revealed based on the incubation results a higher C 
production per area than the release for lakes and thawing permafrost, highlights the 
need for targeted research, especially as these lagoons continue to develop along Arctic 
coastlines. 

To improve predictions of GHG release from inundated permafrost, it is essential to 
enhance in situ flux measurements, conduct more detailed characterizations of microbial 
communities, and improve our understanding of the environmental variables that 
influence carbon cycling. To my knowledge, there are currently no published in situ 
GHG flux data for thermokarst lagoons. Such measurements are crucial for accurately 
predicting GHG emissions from these lagoons, as they account for processes such as CH₄ 
oxidation, additional GHG production in the benthic zone and water column, seasonal 
changes, and other natural conditions that I was unable to capture in my laboratory 
experiments. Additionally, these measurements help validate lab-based incubation 
results and inform global climate models by capturing fluxes in real-time. 

To build a more comprehensive dataset, a network of flux measurement sites across 
different lagoon types and regions should be established. Continuous measurements 
over extended periods would enhance our understanding of seasonal and long-term 
changes in GHG emissions. 

Given that the decomposition of organic matter and the subsequent release of CO₂ 
and CH₄ is done by microbial communities, detailed characterization of these 
communities across various lowland coastal environments and lagoon types would be 
helpful. Different microbes respond distinctly to factors like temperature, salinity, and 
oxygen availability, which influence GHG production. 

The organic carbon content and quality, along with the availability of nutrients, 
significantly impact GHG production. However, only a limited number of thermokarst 
lagoons have been analyzed so far. Establishing long-term monitoring sites would be 
beneficial for generating extensive datasets. This monitoring can be accomplished 
through a combination of remote sensing and ground-based measurements to track 
lagoon sediment and nutrient flow (e.g., using ocean color remote sensing techniques), 
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lagoon ice thickness, and water and sediment characteristics. Furthermore, remote 
sensing could be used to predict likelihoods where and when new lagoons may be 
developed, and to monitor changes in lagoon size, data, which is needed for upscaling 
approaches. 

The combined dataset would enable detailed simulations of future GHG release from 
inundated Arctic coastal lowlands under various climate warming. 
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Thermokarst Lagoons: A Core-Based
Assessment of Depositional
Characteristics and an Estimate of
Carbon Pools on the Bykovsky
Peninsula
Maren Jenrich1,2*, Michael Angelopoulos1,2, Guido Grosse1,2, Pier Paul Overduin1,
Lutz Schirrmeister1, Ingmar Nitze1, Boris K. Biskaborn3, Susanne Liebner4,5,
Mikhail Grigoriev6, Andrew Murray7, Loeka L. Jongejans1,2 and Jens Strauss1

1AlfredWegener Institute, Helmholtz Centre for Polar andMarine Research, Section of Permafrost Research, Potsdam, Germany,
2University of Potsdam, Institute of Geosciences, Potsdam, Germany, 3Alfred Wegener Institute, Helmholtz Centre for Polar and
Marine Research, Section of Polar Terrestrial Environmental Systems, Potsdam, Germany, 4GFZ German Research Centre for
Geosciences, Section Geomicrobiology, Potsdam, Germany, 5Institute of Biochemistry and Biology, University of Potsdam,
Potsdam, Germany, 6Melnikov Permafrost Institute, Russian Academy of Sciences, Siberian Branch, Yakutsk, Russia, 7Nordic
Laboratory for Luminescence Dating, Department of Geoscience, Aarhus University and DTU Physics, Risø Campus, Roskilde,
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Permafrost region subsurface organic carbon (OC) pools are a major component of the
terrestrial carbon cycle and vulnerable to a warming climate. Thermokarst lagoons are an
important transition stage with complex depositional histories during which permafrost and
lacustrine carbon pools are transformed along eroding Arctic coasts. The effects of
temperature and salinity changes during thermokarst lake to lagoon transitions on
thaw history and lagoon deposits are understudied. We analyzed two 30-m-long
sediment cores from two thermokarst lagoons on the Bykovsky Peninsula, Northeast
Siberia, using sedimentological, geochronological, hydrochemical, and biogeochemical
techniques. Using remote sensing we distinguished between a semi-closed and a nearly
closed lagoon. We (1) characterized the depositional history, (2) studied the impact of
marine inundation on ice-bearing permafrost and taliks, and (3) quantified the OC pools for
different stages of thermokarst lagoons. Fluvial and former Yedoma deposits were found at
depth between 30 and 8.5 m, while lake and lagoon deposits formed the upper layers. The
electrical conductivity of the pore water indicated hypersaline conditions for the semi-
closed lagoon (max: 108mS/cm), while fresh to brackish conditions were observed
beneath a 5m-thick surface saline layer at the nearly closed lagoon. The deposits had
a mean OC content of 15 ± 2 kg/m3, with higher values in the semi-closed lagoon. Based
on the cores we estimated a total OC pool of 5.7 Mt-C for the first 30 m of sediment below
five mapped lagoons on the Bykovsky Peninsula. Our results suggest that paleo river
branches shaped the middle Pleistocene landscape followed by late Pleistocene Yedoma
permafrost accumulation and early Holocene lake development. Afterward, lake drainage,
marine flooding, and bedfast ice formation caused the saline enrichment of pore water,
which led to cryotic talik development. We find that the OC-pool of Arctic lagoons may

Edited by:
Alexandra V Turchyn,

University of Cambridge,
United Kingdom

Reviewed by:
Brendan O’Neill,

Geological Survey of Canada, Canada
Edward A. Johnson,

University of Calgary, Canada

*Correspondence:
Maren Jenrich

maren.jenrich@awi.de

Specialty section:
This article was submitted to

Biogeoscience,
a section of the journal

Frontiers in Earth Science

Received: 05 March 2021
Accepted: 15 June 2021
Published: 23 July 2021

Citation:
Jenrich M, Angelopoulos M, Grosse G,
Overduin PP, Schirrmeister L, Nitze I,
Biskaborn BK, Liebner S, Grigoriev M,
Murray A, Jongejans LL and Strauss J
(2021) Thermokarst Lagoons: A Core-

Based Assessment of Depositional
Characteristics and an Estimate of

Carbon Pools on the
Bykovsky Peninsula.

Front. Earth Sci. 9:637899.
doi: 10.3389/feart.2021.637899

Frontiers in Earth Science | www.frontiersin.org July 2021 | Volume 9 | Article 6378991

ORIGINAL RESEARCH
published: 23 July 2021

doi: 10.3389/feart.2021.637899

179 



comprise a substantial inventory of partially thawed and partially refrozen OC, which is
available for microbial degradation processes at the Arctic terrestrial-marine interface.
Climate change in the Arctic leading to sea level rise, permafrost thaw, coastal erosion, and
sea ice loss may increase the rate of thermokarst lagoon formation and thus increase the
importance of lagoons as biogeochemical processors of former permafrost OC.

Keywords: talik, Arctic Siberia, Yedoma, inundation, permafrost carbon, OSL (optically stimulated luminescence),
coastal erosion

INTRODUCTION

Over the last 2 decades, the Arctic has been warming more than
twice as fast as the global average (Johannessen et al., 2004;
Berner et al., 2005; Notz and Stroeve 2016). This amplified
warming has led to rapid surface warming in Siberia with
modeled temperature rise of up to 4°C over the last 5 decades
(Romanovsky et al., 2010; Biskaborn et al., 2019; Lenssen et al.,
2019; GISTEMP Team, 2020). As a consequence, permafrost is
thawing in many regions, mobilizing large amounts of
sediments including organic carbon and allowing microbial
decomposition of previously frozen organic matter (Strauss
et al., 2013; Strauss et al. 2021; Schuur et al., 2015). Arctic
coastal systems are especially affected by rapid permafrost thaw
and mobilization of organic matter by erosion and marine
inundation (Fritz et al., 2017). Lagoons, a frontier
environment between land and ocean, are transitional and
dynamic coastal landforms combining characteristics of both
terrestrial and marine systems (Kjerfve, 1994; Tagliapietra et al.,
2009; Harris et al., 2017). Globally, coastal lagoons are defined as
shallow coastal water bodies separated from the sea by a barrier,
connected at least intermittently to the ocean by one or more
restricted inlets, and usually have a shore-parallel orientation
(Kjerfve, 1994). As lagoons are complex and diverse systems,
there are many different approaches to classify them, for
example based on geomorphological and geological origin,
their morphological properties such as size and water depth
(Kosyan, 2016), the degree of isolation from the sea (Kjerfve,
1994), their physicochemical state (for example, salinity, ionic
composition, temperature, turbidity, nutrients) (Tagliapietra
et al., 2009), or the degree of influence by living organisms
such as corals and humans (Brovko 1990).

Permafrost thaw results in landscape change as melting
excess ground ice causes surface subsidence, eventually
forming thermokarst lakes (Osterkamp et al., 2009; Jones
et al., 2011; Lenz et al., 2016). Along eroding sections of
Arctic coasts, lowered thermokarst terrain is affected by
flooding of nearshore thermokarst lakes and basins with
seawater, transforming them into thermokarst lagoons (Ruz
et al., 1992; Romanovskii et al., 2000). Thermokarst lagoons are
also formed by natural thermokarst lake dynamics in the course
of lake drainage at coasts (Arp et al., 2010). However, rates of
formation are expected to intensify as a result of ongoing climate
change in the Arctic. Increasing coastal erosion (Günther et al.,
2015; Jones et al., 2018), sea-level rise (Proshutinsky et al., 2001;
Watson et al., 2015; Nerem et al., 2018), and higher sea water
temperatures (Bindoff et al., 2007) are likely to result in an

acceleration of erosion of permafrost coasts and in particular
lagoon formation. Incubation experiments performed by Tanski
et al. (2019) indicate that along eroding permafrost coastlines,
large amounts of carbon dioxide can be produced. Therefore,
thermokarst lagoon formation is an important process affecting
permafrost carbon pools along rapidly changing permafrost
coasts. In addition, marine inundation affects the
temperature and salinity of taliks formerly beneath
thermokarst lakes during their transition to the marine
environment (Angelopoulos et al., 2020a). The formation of
hypersaline, unfrozen ground beneath thermokarst lagoons may
preserve existing thermokarst lake taliks, forming migration
pathways for methane (Shakhova et al., 2019; Angelopoulos
et al., 2020a). However, lagoon formation can also cause taliks to
partially refreeze, provided that heat loss is faster than salt
diffusion (Angelopoulos et al., 2020a). Ascending gas can get
trapped below low-permeability sediment layers (Ruppel and
Kessler, 2017) and be released when conditions warm up. These
pathways, which may contain low-permeability ice-saturated
zones, become part of the offshore environment with sufficient
coastal erosion and so become potential sources of gas release in
subsea permafrost areas (Frederick and Buffett, 2014; Shakhova
et al., 2017).

Although thermokarst lagoons are widespread along the pan-
Arctic coast (Jenrich, 2020), there is still no qualitative or
quantitative assessment of their distribution or of the size of
the total carbon reservoir they represent. Until now, Arctic
thermokarst lagoon research has concentrated on the
Mackenzie Delta region in Northwest Canada (Hill, 1990; Ruz
et al., 1992; Héquette et al., 1995; Campeau et al., 2000; Solomon
et al., 2000) and the Bykovsky Peninsula in Northeast Siberia. On
the Bykovsky Peninsula, several lagoons have evolved from
thermokarst lake basins in ice-rich Yedoma Ice Complex
permafrost, and these are now actively developing in different
stages (Romanovskii et al., 2000; Romanovskii et al., 2004;
Ulyantsev et al., 2017; Schirrmeister et al., 2018). Still, little is
known of the sedimentary history of thermokarst lagoons, the
impact of marine inundation, and the amount and quality of
carbon stored in greater depths.

To address these research gaps, we applied a multidisciplinary
approach to characterize the sedimentological, geochronological,
hydrochemical, and biogeochemical properties of two
approximately 30 m deep (below lagoon ice surface level in
spring) sediment cores from two typical thermokarst lagoons
on the Bykovsky Peninsula (Figure 1). We paired this with
remote sensing observations to identify, map, and characterize
thermokarst lagoons in a regional context along the coast of the
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Bykovsky Peninsula. The specific aims of this paper are to
characterize (1) the sediments and (2) pore water below the
lagoons and (3) to quantify the regional carbon inventory based
on spatially explicit lagoon areas in the region.

Study Area
The lagoons investigated here are the semi-closed Uomullyakh
Lagoon (UoL) and the nearly closed Polar Fox Lagoon (PFL)
(Table 1), located on the southern coast of the Bykovsky
Peninsula (71°51′ N, 129°19′ E) (Strauss et al., 2018,
Figure 1D). The peninsula is located in Northeast Siberia
(Figure 1B), at the mouth of the Bykovskaya Channel, one of
the main outflow channels of the Lena River Delta (Figure 1A).

The hinterland of the Bykovsky Peninsula is the Kharaulakh
Range with elevations up to 500 m above sea level (asl), which is
part of the northern foothills of the Verkhoyansk Mountains. The
peninsula consists of the remains of a former late Pleistocene
sediment accumulation plain with elevations of up to 45 m asl
(Schirrmeister et al., 2002; Schirrmeister et al., 2018). It lies within
the continuous permafrost zone and is characterized by thick, ice-
rich Yedoma Ice Complex deposits (Grosse et al., 2007).
Postglacial sea level rise during the Lateglacial interstadial and
the early Holocene inundated the shallow Laptev Sea shelf and
transformed terrestrial permafrost into subsea permafrost
(Romanovskii et al., 1998; Lantuit et al., 2011). Cliffs and
thermokarst basins are the typical backshore coastal

FIGURE 1 |Bykovsky Peninsula in Northeast Siberia, south of Lena Delta (A, B). Both the Stepanenko① and Safroneeva② lagoons (C) as well as the Uomullyakh,
Polar Fox, and Ivashkina lagoons are located at the southern coast of the Bykovsky Peninsula (D). The drilling locations in the lagoon centers of Uomullyakh and Polar Fox
lagoons are indicated by yellow dots (D). Source imagery: (A, C): ESRI Satellite World Imagery b: Permafrost extent regions based onBrown et al. (1997) (D)WorldView3
false colour satellite image (8-5-3), acquired 2016-09-02.
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landforms. Sixteen large thermokarst depressions are found on
the peninsula (Grosse et al., 2005; Fuchs et al., 2018). In total,
more than 50% of the Bykovsky Peninsula is strongly influenced
by thermokarst and thermo-erosion landforms (Grosse et al.,
2005; Lantuit et al., 2011).

According to the Köppen–Geiger world climate classification
(Peel et al., 2007), the peninsula is located in the polar tundra
climate zone (ET). Despite the coastal location, the climate is
strongly continental with long, cold winters (September–May)
and short, cool summers. In January, the mean air temperature is
−30.0°C and rises to +8.5°C in July (1987–2016). The mean
annual precipitation does not exceed 350 mm (Tiksi
Hydrometeorological Observatory, WMO 218240). The open-
water season in the southern Laptev Sea starts on average in mid-
June and extends to mid-October (Lantuit et al., 2011).

During drilling campaigns within the Russian-German science
cooperation Lena Expedition in 2017, deep sediment cores from
two thermokarst lagoons (UoL and PFL) and one thermokarst
lake (Goltsovoye Lake (GoL)) were drilled on the Bykovsky
Peninsula (Figure 1D). Furthermore, sediment characteristics
of a 6.2 m deep core from the Ivashkina Lagoon (IvL) drilled in
1999 were published by Schirrmeister et al. (2018). The results
showed several stages of landscape development from the initial
Yedoma Ice Complex through thaw-induced lake development
and eventually lagoon formation. In this study, we report on
results from the approximately 30 m deep cores from Polar Fox
and Uomullyakh lagoons.

The Uomullyakh Lagoon (71°43′51″N, 129°16′21″E,
Figure 1D) is a 2.1 km2 large, shallow lagoon (water depth
0.8 m at the borehole location) with underlying former
Yedoma and Alas permafrost (Strauss et al., 2018). The lagoon
is well connected with the Tiksi Bay via a 90 m wide opening in
the center of the narrow and flat sand spit, which can be flooded
by storm surges. In April 2017, test hole drilling (17 locations)
with a Kovacs 5 cm diameter ice auger revealed bedfast ice at all
locations. However, bathymetry surveys in summer 2017 (Strauss
et al., 2018) suggest that small isolated water pockets might have
existed in April 2017. We recorded 40 cm of compacted snow on
top of 80 cm ice, which was overlying the frozen lagoon bed at the
drilling location (71°43′51″N, 129°16′29″E). In the west, the
lagoon is connected to two drained thermokarst lakes basins
by a former drainage channel.

The Polar Fox Lagoon (71°44′35″N, 129°20′16″E;
Figure 1D) is a smaller sized (0.6 km2), brackish to salty

water body (water depth 3.30 m in the lagoon center) formed
after partial lake drainage. This nearly closed lagoon is located in
a partially drained thermokarst basin (Alas in Figure 1D) and is
connected to the sea only during the open water season via an 800m
long and roughly 50m wide outlet channel. The water level in the
lagoon is at about sea level and water flow occurs in both directions
depending on wind, wave, and tide conditions. Ice thickness
measurements from April 2017 and bathymetry from July 2017
suggest that the lagoon was 75% covered with bedfast ice
(Angelopoulos et al., 2020a). In the center of the lagoon, at the
borehole location (71°44′58″N, 129°20′30″E), a 175 cm salty water
layer was present underneath the 155 cm thick seasonal ice layer in
April 2017 (Strauss et al., 2018).

Both lagoons are strongly impacted by warm freshwater
discharge from the Lena River into the Buor Khaya and Tiksi
bays (Juhls et al., 2019). This discharge causes large seasonal and
interannual variations in temperature and salinity
(Supplementary Table S1). For example, Polar Fox Lagoon
had a salinity of 13 psu (practical salinity unit) and 44 psu
below the ice cover in April 2017 and April 2019, respectively.
In July 2017, the salinity dropped to less than 1 psu.

METHODS

Field Work
Fieldwork on the Bykovsky Peninsula was carried out in April
2017 (Strauss et al., 2018). Over eight days, a 33.5 m deep
borehole was drilled from the ice surface on UoL (core
number PG2410) and a 31 m deep borehole was drilled from
the ice surface of neighboring PFL (PG2411) (Figure 1) using a
URB2-4T drilling rig mounted on a tracked vehicle. The sediment
core retrieved at UoL was 32.3 m long and at PFL 27.7 m long.
Immediately after recovery, the cryolithology of the sediment
cores was visually described and the cores were packed and
transported frozen to AWI Potsdam. GeoPrecision
temperature chains were installed in both boreholes, each with
an accuracy of ± 0.1°C at 0°C and a resolution of 0.01°C. The
thermistors had been calibrated in a MilliQ water-ice bath to
measure their offset from 0°C prior to deployment. The chains
remained in the boreholes for 5 days at Polar Fox Lagoon and
11 days at Uomullyakh Lagoon. To account for drilling heat
effects, the observed temperature drift for each thermistor was
analyzed following Lachenbruch et al. (1982) to estimate the

TABLE 1 | Classification of lagoons into “open”, “semi-closed” and “nearly closed” lagoon systems which occur along a gradient of coastal erosion.

Lagoon
class

Connectivity
with the sea

Impact
of coastal erosion

Examples

Open Full and broad exchange with the sea Fully affected and far ahead in the
transition to an open marine system

Stepanenko and Safroneeva lagoons (Figure 1), many in
the northern Lena Delta, and on the Cape Halkett coast of
Beaufort Sea

Semi-
closed

Barrier islands or sand spits partially block exchange
with the sea either temporally or spatially

Moderately to substantially affected Uomullyakh Lagoon (Figure 1), many on Tuktoyaktuk
Peninsula, eastern Alaskan Beaufort Sea (Harris et al.,
2017)

Nearly
closed

Narrow outlet/inlet channel connecting lagoon and sea,
with the possibility of having lake character temporarily

Not yet affected Polar Fox Lagoon (Figure 1), and other lagoons connected
through small channels
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undisturbed temperature. Both sediment cores were mostly
unfrozen but had some partially frozen layers. The heat
generated during the drilling of the cores caused the cores to
partially thaw, so that the on-site haptic observation of the frozen
state included some uncertainty. The PFL raw temperature data is
available from Angelopoulos et al. (2020a) and the UoL
temperature data and processing are described in the
supporting information (Supplementary Figure A4).

Laboratory Analyses
In the cold lab (−9°C), the sediment cores were opened, cleaned
and split, and the cryolithology was described in more detail.
Furthermore, the core halves were photographed and subsamples
were taken approximately every 50 cm for laboratory analyses.
For the Polar Fox core, a higher sampling resolution of about
every 10 cm was used for pore water extraction.

Hydrochemical Analyses
Porewater was extracted from thawed samples using Rhizons™with
a membrane pore size of 0.15 µm and analyzed for pH, electrical
conductivity (EC, mS/cm), DOC (mg/L) and stable water isotopes
(δD, δ18O (‰ vs. VSMOW)). The pH and EC values weremeasured
with aWTWMultilab 540 (accuracy:± 0.01/± 1mV). DOC samples
were acidified with 50 μL of 30%HCl supra-pure and stored at + 4°C
until measured with a Shimadzu Total Organic Carbon Analyzer
(TOC-VCPH) (accuracy: ± 1.5%) following Fritz et al. (2015). For
analyzing the ratios of δD and δ18O, water and ice samples were
processed following Meyer et al. (2000) and measured with a
Finnigan MAT Delta-S mass spectrometer.

Sedimentology Analyses
Grain size measurements were conducted to gain information
about the transportation medium and the level of sediment
accumulation at the study areas. Mass specific magnetic
susceptibility, describing the ability of a material to be
magnetized, gives an indication of the amount of ferri- and
ferromagnetic minerals in a sample. Differences in mineral
composition between samples usually indicate sediment sources
and changes in stratification (Liu et al., 2010). For both
measurements the samples were pre-weighed and freeze-dried.
The absolute ice or water content was determined based on the
difference in weight before thawing and after freeze drying related
to the wet weight (Phillips et al., 2015). The bulk density (BD in
kg/m3) was calculated from the ice content according to Strauss
et al. (2012). The grain size distributions of 74 samples from both
cores weremeasured with aMalvernMastersizer 3000 laser particle
size analyser with a measuring range of 0.01–1000 µm. Additional
details on BD calculation and grain size measurement can be
found in the supplementary material. Mass-specific magnetic
susceptibility (MS in 10–8 m3/kg) was measured with a
Magnetic Susceptibility Meter (Model MS2, Sensor Type MS
2B, Bartington Instruments) on the freeze-dried, but not
homogenized samples at a frequency of 0.465 kHz (low frequency).

Bulk Biogeochemistry
To gain information about changes in the nutrient cycle during the
transformation of terrestrial permafrost into sub-aquatic permafrost,

the biogeochemical parameters total nitrogen (TN), total carbon
(TC) and total organic carbon content (TOC), and their stable
isotopes (δ13C and δ15N) were measured and the TOC/TN ratio
determined. The parameters TOC/TN and δ13C are widely used as a
broad indicator for the degree of decomposition and source of
organic matter (OM) (e.g. Mary et al., 1992; Meyers 1994; Meyers,
1997; Gundelwein et al., 2007; Andersson et al., 2012; Strauss et al.,
2015). Generally, a lower TOC/TN ratio and higher δ13C indicate
more decomposed organic material (Schirrmeister et al., 2011;
Strauss et al., 2015). Since microorganisms prefer easily accessible
carbon compounds, the organic carbon quality decreases with
increasing organic matter decomposition (Schowalter, 2016).
Using δ13C and TOC/TN, it is possible to distinguish between
land plants and marine, brackish and freshwater algae
(decreasing δ13C is associated with decreasingly saline
environment) (Meyers et al., 1994) (Supplementary Table S2).

To determine TC and TN content, the homogenized, freeze
dried and ground samples were measured with a
carbon–nitrogen–sulfur analyzer (Vario EL III, Elementar).
TOC was measured with a TOC analyser (Vario Max C,
Elementar). We measured two replicates of each sample and
accepted only <5% deviation for the replicates. The TOC/TN
ratio is expressed as atomic TOC/TN value to ensure
comparability between studies. The atomic TOC/TN value was
calculated following Meyers et al. (1994) by multiplying the
weight ratio with 1.167, which is the ratio of the atomic
weights of nitrogen (14.007 amu, atomic mass unit) and
carbon (12.001 amu). The rate of mineralization was
considered high at TOC/TN < 12, moderate between 12 and
25, and low at values >25 (Walhert et al., 2004).

The volumetric TOC content (carbon density, kg TOC/m3)
was calculated following Strauss et al. (2013) according to Eq. 1:

organic carbon content " Vref · BD · TOCwt%

100
, (1)

where Vref is the reference volume of 1 m3, BD in kg/m3 and TOC
in wt%.

The stable carbon and nitrogen isotopic composition was
measured for all samples with TOC or TN values above the
detection limit (0.1 wt%) with a ThermoFisher Scientific Delta-V-
Advantage gas mass spectrometer equipped with an organic
elemental analyser Carlo-Erba NC2500 (accuracy: < 0.2‰).
Measured δ13C and δ15N was compared to the standardized
Vienna Pee Dee Belemnite (VPDB) and expressed in per mille
(‰ vs. VPDB). TOC and TN values below the detection limit
were neglected in further calculations.

Geochronology
For radiocarbon dating, we chose samples about every 3 m (n " 19
for both cores). When present, macroplant remains were hand-
picked under a stereomicroscope, otherwise bulk sediment was
selected and dated using Accelerator Mass Spectrometry in the
AWI MICADAS (MIni radioCArbon DAting System)
Laboratory in Bremerhaven. Radiocarbon dates were calibrated
using Calib 7.04 software after (Reimer et al., 2013) and the
IntCal13 calibration curve (Stuiver et al., 2020) to calculate
calibrated years before present (cal. years BP).
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For optically stimulated luminescence (OSL) dating, three core
segments were selected in the field from the Uomullyakh core,
and two from the Polar Fox core. The core segments were frozen
in their original state, wrapped in black foil, and delivered frozen
to Aarhus University’s Nordic Laboratory for Luminescence
Dating (Roskilde, Denmark). The core segments were then
thawed in a controlled-light environment and the outer
∼5 mm removed to minimize the effects of smearing, and to
ensure that thematerial used for OSLmeasurements had not been
exposed to daylight during or after retrieval. Luminescence
measurements were made using a Risø TL/OSL reader, model
TLDA 20. A standard SAR protocol based on Murray and Wintle
(2000; 2003) was used for quartz dose estimation, and a
comparison with feldspar data was used to investigate the
degree of bleaching at deposition (e.g. Möller and Murray,
2015). Radionuclide concentrations were measured using high
resolution gamma spectrometry (Murray et al., 1987; Murray
et al., 2018), calibrated using Certified Reference Materials
produced by Natural Resources Canada (NRCAN). For
detailed information see supplementary material.

Borehole Temperature Measurements and
Calculation of Freezing Conditions
Ground temperature was recorded for 11 days in the Uomullyakh
borehole and for 5 days in the Polar Fox borehole in April 2017.
The freezing point depression ΔTf of the sediment was calculated
from the molality of dissolved ions estimated from the measured
pore water electrical conductivity according to Eq. 2 (Atkins,
2018) and then compared with the measured borehole
temperatures.

ΔTf "
R(Tm,fw)2

Lf
c (2)

This equation describes the lowering of the freezing point of
free water with the salt content c (mol/kg). R is the universal gas
constant 8.314 J/(K mol), Tm,fw is the freezing point of free water
(273.15 K) and Lf is the latent heat of fusion of water
(334,000 J/kg). For the conversion of the measured EC to
molality (mol/kg) the MATLAB implementation of TEOS-10
(McDougall and Barker 2011) was used. It has been demonstrated
that TEOS-10 also performs well for hypersaline solutions
(Pawlowicz, 2012). Further details can be found in the
supplementary material.

Lagoon Mapping
Along the coast of the Bykovsky Peninsula six lagoons exist, five of
them originated from thermokarst basins (Jenrich, 2020). All of
them are located in the southern part of the peninsula (Figure 1).We
used a simple geomorphological approach to further differentiate
them based on their connectivity with the ocean into open, semi-
closed and nearly closed thermokarst lagoons (Table 1).

The extent of each of the five lagoons was determined using
the Global Surface Water dataset which is based on Landsat-5, -7,
and -8 satellite images from 1984 to 2018 at 30 m resolution
(Pekel et al., 2016). Water bodies were defined by a water

occurrence threshold of >75% over this time period. The
raster dataset was vectorized and smaller geometric errors,
which occurred during vectorization, were solved with the Fix
Geometry function in QGIS3.6. The five Bykovsky Peninsula
lagoon polygons were selected manually and these water bodies
were split from the ocean by using the function “split by line”. The
resulting lagoon polygons were re-projected in UTM Zone 52N
(EPSG:32652) to calculate the polygon area in km2.

Upscaling Carbon Pools
The organic carbon pools of Uomullyakh and Polar Fox lagoons
were estimated after Jongejans et al. (2018) using Equation 3,
based on a deposit thickness of 30 m, the lagoon size, bulk density,
and TOC content. We assume that there is no form of massive ice
in the thermokarst lagoon sediments, so that the TOC pool can be
calculated as:

TOCpool(Mt) " thickness · coverage · BD · TOC
100

106
(3)

with thickness and coverage in m, BD in kg/m3 and TOC in wt%.
For further calculations, we assumed a TOC of 0.05 wt% for the
samples with TOC below the detection limit (n " 21). To
compensate for data gaps caused by core loss or larger
sampling distances, the BD and TOC values were first
multiplied, and the depth interval given as the difference of
two adjoining depths was calculated. For core loss sections,
this interval was accordingly higher. The product of BD and
TOC was weighted and replicated for each depth interval. To
interpolate the carbon content of point measurements to greater
areas, the data was resampled using the bootstrapping method
after Jongejans and Strauss (2020). Assuming that the deposition
of organic material in the study area did not show significant
differences, the calculated C-budgets of UoL and PFL were
averaged and upscaled on the three further lagoons on the
peninsula. Therefore, the size of each lagoon was multiplied
with the mean of the TOC pool of UoL and PFL, and divided
by the mean size of UoL and PFL.

Statistics
We used the R environment to perform various statistical
analyses on 10 parameters (R Core Team (2016); R version
3.6.3). In order to compare the differently scaled parameters,
the data was normalized with the function "normalize". To
subdivide the cores into stratigraphic zones, the
stratigraphically constrained, incremental sum of squares
cluster analysis (CONISS) was applied. Thereby, only
stratigraphically adjacent clusters are considered for merging.
The CONISS clustering was performed in R with the ’chclust’
function from the package ’rioja’. The used dissimilarity index
was ’bray’. In order to compare the properties at the time of
sediment deposition, only sedimentological and
biogeochemical parameters were included in the calculation.
In total 10 parameters: mean depth, grain size (mean,
volumetric proportion of clay, silt and sand), mass specific
magnetic susceptibility, TOC, TN, TOC/TN and δ13C.
Hydrochemical parameters were not used as pore water in
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unfrozen soil is flowing and mixing constantly and so does not
represent the hydrochemical composition at the time of
sediment deposition. The results were visualized in a
dendrogram. The cutting point was selected based on visual
validation and dating results.

A principal component analysis (PCA) was performed on the
same parameters to reduce this high-dimensional data set to
fewer dimensions and to detect patterns in the distribution of
sedimentological and biogeochemical parameters over depth. The
results were visualized in a biplot. The arrows show the loading
on each variable, with the length approximating the variance and
the angle between the arrows their correlation. Points close
together correspond to depth that have similar scores on the
PCA components. PCA was performed using the ‘prcomp’
function from the Package ‘stats’.

RESULTS

The cores are described according to the depositional record from
bottom to top. All depth specifications refer to the top of the ice
cover (contains a compacted snow layer on top of lagoon ice)
unless they are specifically stated as sediment depth, in which case
we refer to the depth from the top of sediment. The units were
separated according to a vertical cut in the dissimilarity
dendrogram at height 7 for the Uomullyakh sediment core
(Figure 2) and at height 4 for the Polar Fox sediment core
(Figure 3). Therefore, the Uomullyakh core (PG2410, core
recovery of 85%) was divided into three units, whereby Unit I
was divided into two subunits: UoL-UIII ranges from 3350 to
1480 cm, UoL-UII from 1480 to 820 cm, UoL-UIa from 820 to
320 cm and UoL-UIb from 320 to 120 cm depth. The Polar Fox

FIGURE 2 | Summary of sedimentological, geochronological and biogeochemical parameters for the Uomullyakh Lagoon core: bulk density (upper axis), mass
specific magnetic susceptibility (lower axis), grain size (upper axis: volumetric proportions, lower axis: mean grain size), total organic carbon content (TOC), total nitrogen
content (TN), organic carbon and nitrogen ratio (TOC/TN), stable carbon and nitrogen isotope composition (δ13C, δ15N), radiocarbon dating (14C) and luminescence
dating (pIRIR, OSL). The top 120 cm is the overlying ice cover. The core was divided into three stratigraphic units based on a CONISS analysis. Color bar at the
y-axis indicates frozen (blue), unfrozen (red) and partially frozen (shaded) core segments. Note that “frozen” includes visibly frozen core sections and re-constructed
frozen conditions. Arrows indicate non-finite ages.
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sediment core (PG2411, core recovery of 70%) was also divided
into three units: PFL-UIII from 3070 to 2080 cm, PFL-UII from
2080 to 860 cm and PFL-UI ranges from 860 to 330 cm depth.

Core Description
At UoL, from core bottom up to 1480 cm depth (UoL-UIII), the
grain-size of the sediments alternated several times from silty
fine sand to coarse-grained sand. Rounded pebbles up to 2 cm in
diameter were found up to 1030 cm depth. In UoL-UII, layers of
silty fine sand became thicker and coarse-grained layers thinner.
From 820 cm to the top (UoL-UI), the sediment consisted of
black to dark grey clayish to silty fine sand with parallel
sediment structures. UoL-UIb was partially frozen. From
2100 cm downwards the sediment was rich in structureless
ground-ice. Between the frozen parts the core was thawed.
Several organic-bearing layers were encountered along the

core. At 1530 cm, a layer of large wood pieces (up to 5 cm
in size) was observed.

At PFL, the sediment gradually became finer upwards in the
core. From core end up to 860 cm (PFL-UIII & II), the sediment
was sandy with fine, medium and coarse sand alternating
frequently. Rounded pebbles up to 3 cm in diameter were
found up to 1120 cm depth. Above 860 cm in PFL-Unit I, the
sediment was dark grey and increasingly silty. From 630 cm
onwards, shell and plant remains were encountered. Between
2245 cm and 2100 cm two 5–10 cm thick macro organic
containing layers were observed. At 1810 cm, a 5 cm layer of
large wood pieces (up to 8 cm in size) similar to UoL was found.
The upper 1500 cm of sediment contained only sparse organic
remains. The core was mostly thawed and had only small frozen
sections (1815–1855 cm, 2040–2050 cm and 2970–2985 cm, and
ground ice structures between 810 and 1160 cm).

FIGURE 3 | Summary of sedimentological, geochronological and biogeochemical parameters for Polar Fox Lagoon core: bulk density (upper axis), mass specific
magnetic susceptibility (lower axis), grain size (upper axis: volumetric proportions, lower axis: mean grain size), total organic carbon content (TOC), total nitrogen content
(TN), organic carbon and nitrogen ratio (TOC/TN), stable carbon and nitrogen isotope composition (δ13C, δ15N), radiocarbon dating (14C) and luminescence dating
(pIRIR). The top 330 cm is the overlaying ice and water layer. The core is divided into three stratigraphic units based on a CONISS analysis. Color bar at the y-axis
indicates frozen (blue), unfrozen (red) and partially frozen (shaded) core segments. Arrows indicate non-finite ages.
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Geochronology
Radiocarbon dates for the Uomullyakh Lagoon core ranged from
>53.2 cal ka BP to 2.6 cal ka BP (Figure 2, Supplementary Table
S3) and showed several age inversions from 1036 cm depth
downwards. The upper two samples until 478 cm depth were
of early Holocene age. Both the oldest sample (>53 cal ka BP) at a
depth of 2049 cm, and the (even deeper) youngest sample
(2.6 cal ka BP) at 3033 cm, were from plant macrofossils. Bulk
organic samples also showed inversions although not so extreme,
and varied between 18 and 34 cal ka BP. The luminescence ages of
quartz (OSL) and feldspar (pIRIR) (Supplementary Table S4)
were similar in range to the radiocarbon dates at 1107 cm [37 ±
2 ka (OSL), 29.9 ± 1.6 ka (pIRIR) and 43.0 ± 0.6 ka cal BP
(radiocarbon)] and 2108 cm depth [63 ± 3 ka (OSL), 59 ± 4 ka
(pIRIR) and >53.2 ka cal BP (radiocarbon)]. Since quartz dose
recovery was satisfactory for these samples from UoL, the OSL
ages are considered more reliable for these samples than the
feldspar and radiocarbon ages. The lowermost luminescence age
at 2978 cm was non-finite for both quartz (>100 ka) and feldspar
(>300 ka). Since feldspar provided the more limiting constraint,
the minimum feldspar age is shown in Figure 2.

Radiocarbon dates for Polar Fox Lagoon ranged from
> 53.3 cal ka BP to 33.5 cal ka BP (Figure 3,
Supplementary Table S3). For the uppermost sample, the
radiocarbon dating failed due to insufficient organic carbon
content, so that available dates started at 480 cm sediment
depth (corresponding to depth of 813 cm measured from ice
surface). As seen at UoL, the age dating revealed no linear trend
over depth. The youngest age was found in the greatest depth
(2761 cm), while the oldest sample was found at 1130 cm
sediment depth. The luminescence ages included only non-
finite ages for quartz and feldspar of >100 ka and >300 ka at
2771 cm and of >100 ka and >320 ka at 3002 cm depth
(Supplementary Figure S1, Table S4). Therefore, the feldspar
pIRIR ages were used for interpretation of the lowest core ages, as
with UoL.

The radiocarbon ages of the lowest unit UIII of both cores
were not used in the discussion because of low carbon content
and high risk of contamination. The results of the luminescence
dating, aiming at a depositional age of mineral grains, were
considered more reliable. The two samples with quartz OSL
ages from the Uomullyakh Lagoon core had ages well within
the range of the method and they were in stratigraphic order.

We acknowledge the fact that shore erosion and sediment
mixing in such permafrost thaw-affected aquatic environments
may easily result in radiocarbon age inversions and thus challenge
chronological interpretation.

Detailed dose rate results and luminescence ages are
summarized in Supplementary Table S4. Information on
radionuclide concentrations are shown in Supplementary
Table S5.

Sediment Characteristics
Uomullyakh Lagoon
The sediments of UoL-UIII (Figure 2) were very poorly sorted.
Up to 2000 cm depth, sand dominated with a share of up to 96 wt%,
mainly fine to medium sand (measured mean grain size of the

< 1 mm fraction: 161 µm) and visually observed rounded pebbles
up to 2 cm in size. The upper part of UoL-UIII was also
characterized by an alternation of coarser deposits (mean
grain size: 193 µm) with low MS of 20 × 10–8 m3/kg and
fine deposits (mean grain size: 37 µm) with high MS values
of 59 × 10–8 m3/kg. At the lower end of UoL-UII, the TN content
decreased below the detection limit of 0.1 wt%. In UoL-UII,
coarse sand layers with pebbles and silty fine sand layers
alternated. The sand fraction decreased (mean grain size:
24.3 µm). At 1110 cm, TOC (6.7 wt%) and TN (0.4 wt%)
values were at a maximum and were associated with low
δ13C (−27.5‰ VPDB) and low δ15N (1.3‰) values
(Supplementary Table S3). In Unit Ia of UoL, poorly sorted
clay and silt deposits were predominant with a share of 16 and
73% respectively (mean grain size: 12.5 µm) (Figure 2). The
TOC content ranged between 3.2 and 4.5 wt% and the TN
content between 0.2 and 0.3 wt%. UoL-UIb, containing the
upper 200 cm, was distinguished from the lower unit UoL-
UIa by coarser grain size and lower TOC and TN content
(1.9 wt% and 0.15 wt%, respectively). In samples with a mean
grain size below 63 µm (mainly Units I and II), the δ13C values
were mostly below −26‰ VPDB, whereas they were higher
in coarse-grained samples. The bulk density decreased from the
core bottom to the top (1600–100 kg/m3, mean 1200 kg/m3). For
further details of the biogeochemical results see Supplementary
Table S6. The MS ranged from 5 to 154 × 10–8 m3/kg, with
variations mainly in areas of abrupt changes in grain size. Fine
deposits corresponded with high TOC content over the core
length.

Polar Fox Lagoon
The lowermost Unit III (PFL-UIII) stretching up to 2080 cm
depth was characterized by a large proportion of coarse material
(sand and gravel, measured mean grain size of the <1 mm
fraction: 230 µm) and a very low organic carbon content of
0.1 wt%. The sediment of this unit was mostly moderately well
sorted.

In the overlying PFL-UII the sorting was poor. Silty fine sand
and medium sand layers alternated (mean grain size: 72.3 µm)
along with MS changes. Changes in MS correspond to rapid
increases in grain size (at 630 and 530 cm depth). MS ranged
between 6 and 66 × 10–8 m3/kg, with particularly strong variation
in the small frozen core sections. Overall, the Polar Fox Lagoon
core had coarser material composition of the < 1 mm fraction
than the Uomullyakh Lagoon core. The TOC content was low
(0.7 wt%) and the TN content decreased to below the detection
limit at 1200 cm depth.

The uppermost Unit I (PFL-UI) comprised approximately the
uppermost 5 m of sediment (corresponding to a depth of 860 cm)
and was characterized by clay, silt and fine sand (mean grain size:
15.1 µm). Samples of the upper and the lower half of this unit
show the same pattern of decreasing grain size, associated with
increasing TOC and TN contents, as well as an increase in TOC/
TN ratio and a depletion in δ13C. In contrast to UoL-UI, TOC,
maximal at 4 wt%, was highest in the uppermost sample
(Supplementary Table S7). TN ranged between 0.14 and
0.27 wt%. Changes in MS corresponded to rapid increases
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in grain size (at 630 and 530 cm). MS ranged between 6 and 66 ×
10–8 m3/kg, with particularly strong variation in the small frozen
core sections.

Hydrochemistry and Reconstructed
Freezing Conditions
Results of the hydrochemical analyses of pore water are shown
in Figure 4 and also in Supplementary Table S8. The pore
water pH of both lagoons was neutral to slightly alkaline with a
median of 7.5 for UoL and 8.0 for PFL. The EC was much higher
in the pore water of the UoL-core with a maximum of 108 mS/cm
at 1955 cm depth (median: 83.1 mS/cm) and showed higher
variations over depth. Relatively low EC values at 2267 and
2745 cm depth were correlated with heavy stable water
isotopes (Supplementary Figure S2A). The EC of the Polar
Fox core pore water was highest in the upper sediment layer
(max: 41 mS/cm) and showed freshwater to brackish conditions
from 800 cm depth downwards (median: 3.3 mS/cm). The DOC
distribution differed between the two lagoons, while the median
value was similar (UoL: 58 mg/L, PFL: 50 mg/L). In UoL, the

DOC concentration varied most in the uppermost unit and was
highest at 360 cm depth (282 mg/L), while in PFL the greatest
variation was found in the lower 5 m with the highest DOC
concentration measured at 2835 cm depth (221 mg/L; Figure 4
and Supplementary Table S8).

The stable water isotope composition was generally heavier in
the pore water of the semi-closed Uomullyakh Lagoon (mean
δ18O/δD: −20.9‰/−163.4‰) (Supplementary Figure S2A) than
in the nearly closed Polar Fox Lagoon (mean δ18O/δD:
−17.7‰/−133.7‰) (Supplementary Figure S3A). In the UoL
core, the pore water of the upper sample had the lightest isotope
composition with δ18O of −19.8‰, which is comparable to the
upper 5 m of PFL core pore water where its isotope composition
was heaviest. There was no significant difference in isotopic
composition between frozen and unfrozen samples
(Supplementary Figure S2B, S3B). For UoL, we found a
depletion of δ18O with increased salinity. This was not found
in the mainly freshwater to brackish dominated PFL core.

High freezing point depressions were observed for hypersaline
samples (Figure 4) (e.g. for Uomullyakh at a depth of 1955 cm).
For UoL, the borehole temperature was below the calculated

FIGURE 4 | Hydrochemical parameters of the pore water and borehole temperature of the Uomullyakh Lagoon (left) and the Polar Fox Lagoon cores (right): pH,
electrical conductivity (EC), dissolved organic carbon concentration (DOC), measured borehole temperature (point) and freezing point (line) estimated from pore water
salinity. Color bar at the y-axis indicates frozen (blue), unfrozen (red) and partially frozen (shaded) core segments. Note that at UoL “frozen” includes visibly frozen core
sections and re-constructed frozen conditions.
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freezing points in the lower core (1880 cm sediment depth and
deeper) and thus the sediment could have been frozen at the time
of drilling. In comparison to Uomullyakh, the Polar Fox borehole
temperatures were significantly warmer (up to 5.2°C warmer) and
significantly exceeded the calculated freezing point in the upper
480 cm of sediment above the partially frozen layer. Within Unit
II and III of PFL, the calculated freezing point was very close to
the observed temperature, suggesting that the system was close to
equilibrium. This confirms the observations made in the field on
the mostly thawed state of the core.

Carbon Pool Calculation
The surface areas for the Uomullyakh, Polar Fox, Ivashkina,
Stepanenko, and Safroneeva lagoons were determined with remote
sensing to be 2.10, 0.64, 3.87, 2.88, and 1.89 km2, respectively. The total
thermokarst lagoon area is 11.4 km2. Table 2 presents C-budgets and
C-density calculated for the upper 3m and 30m of the sediment
deposited in the Uomullyakh and Polar Fox lagoons. Results were
extrapolated for the deposits below the other three thermokarst

lagoons on the southern Bykovsky Peninsula using mean
values for C-budget and C-density of Uomullyakh and Polar
Fox lagoons. Below UoL, a carbon stock of 0.15 ± 0.01 Mt with a
carbon density of 24.37 ± 2.09 kg/m3 for the upper 3 m and
1.14 ± 0.2 Mt with a carbon density of 18.03 ± 3.12 kg/m3 for
30 m thick deposits was calculated. The upper 3 m of PFL stored
0.05 ± 0.001 Mt organic carbon with a density of 26.50 ±
0.57 kg/m3. The carbon stock amounts to 0.24 ± 0.04Mt with a
carbon density of 12.55 ± 0.04 kg/m3 for 30 m thick deposits. The
total carbon pool of the thermokarst lagoons on the southern
Bykovsky Peninsula is 5.72 ± 0.63 Mt with an average carbon
density of 15.29 ± 1.94 kg/m3 for the upper 30 m (for the upper
3 m: 0.85 ± 0.09 Mt, 25.44 ± 0.75 kg/m3).

PCA
The first two PCA axes explained 88% of the variation in the data
for the Uomullyakh Lagoon core and 82% for PF Lagoon core
(Figure 5). Though the variance is small, two groups were
distinguished for both lagoon cores. Shallow depth correlated

TABLE 2 | Calculated carbon pools for the upper 3 m and 30 m deposits below Uomullyakh and Polar Fox lagoons and estimated carbon pools below the three additional
thermokarst lagoons of the southern Bykovsky Peninsula. Calculation is based on the bootstrapping method. The C-density of Stepanenko, Ivashkina and Safroneeva
lagoons is the mean of the C-density calculated for Uomullyakh and Polar Fox lagoons.

Lagoon Lagoon size
(km2)

C-budget (Mt) C-density (kg/m3)

3 m 30 m Yedoma deposits 3 m 30 m Yedoma deposits

Uomullyakh 2.10 0.15 ± 0.01 1.14 ± 0.20 0.42 ± 0.03 24.37 ± 2.09 18.03 ± 3.12 30.86 ± 1.91
Polar fox 0.64 0.05 ± 0.001 0.24 ± 0.04 0.13 ± 0.02 26.50 ± 0.57 12.55 ± 0.04 18.58 ± 2.95
Stepanenko 2.88 0.22 1.45 0.58

25.44 15.29 24.72Ivashkina 3.87 0.29 1.95 0.78
Safroneeva 1.89 0.14 0.95 0.38
Total 11.39 0.85 ± 0.09 5.72 ± 0.63 2.29 ± 0.24 25.44 ± 0.75 15.29 ± 1.94 24.72 ± 4.34

FIGURE 5 | Principal component analysis of biogeochemical parameter (TN, TOC/TN, TOC and δ13C) and sedimentological parameter (volumetric and mean grain
size, MS) for Uomullyakh Lagoon (left) and Polar Fox Lagoon (right). Main variance in the data is explained by differences in grain size and organic matter content and
composition along the core.
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with fine deposits and high organic matter content and quality,
while in the deeper core, the variables sand content and δ13C were
decisive. The main variance in the data was explained by
differences in grain size and organic matter contents and
composition along the core.

DISCUSSION

Depositional History and Sediment Facies
At both lagoons, we identified four phases of landscape
development based on sedimentological and biogeochemical
parameters. These are: 1. Middle/Late Pleistocene fluvial
deposition, 2. Late Weichelian (MIS 2) Yedoma deposition, 3.
Holocene thermokarst lake formation and 4. Holocene lagoon
formation.

The grain size distribution of sediments beneath Uomullyakh
Lagoon and Polar Fox Lagoon indicates a changing depositional
environment over time. In both lagoons, the sediments represent
accumulation over the last glacial and interglacial cycles

(Table 3). It is very likely that only the top few meters were
accumulated since the previous interglacial. Based on
stratigraphically constrained cluster analysis (CONISS) and
visual observation, we distinguished four main stages of the
late Quaternary history of the study area. The horizontal axis
of the dendrogram (heights) represents the distance and therefore
dissimilarity between clusters. The CONISS analysis of the 10
sedimentological and biogeochemical parameters at UoL showed
a greater dissimilarity between clusters as for PFL. That hints to a
more diverse depositional history for UoL. The cut of the
dendrogram at height 7 for UoL (Figure 2) and height 4 for
PFL (Figure 3), divided the cores into three main units, which is
supported by the results of the PCA (Figure 5).

Radiocarbon ages out of stratigraphic order due to reworking
of sediment as part of thawing and re-freezing processes are
common for sedimentary deposits in thermokarst landscapes
(Wetterich et al., 2009; Biskaborn et al., 2013; Schirrmeister
et al., 2017, 2018; Jongejans et al., 2018). In the case of UoL,
radiocarbon age reversals occur in Unit II (11–17 m) and Unit III
(below 17 m). Possible reasons for unexpected high radiocarbon

TABLE 3 | Summary of stratigraphy, geochrononoly, sedimentology, biogeochemistry, facies, temperature, and pore water hydrochemistry deduced from multiproxy
records.

Stratigraphy Properties UoL-core PFL-core

Holocene lagoon deposition Unit Ib 320–120 cm
Age 7.4 cal ka BP (radiocarbon)
Sediment Dark gray clayish silt, fine sand layers → marine deposition
Carbon Low OC content, moderately mineralized
Pore water Lower salinity than UoL-UIa due to brine rejection from

seasonal freezing, high decrease in DOC content
Temperature −3.2°C, frozen due to bedfast ice

Holocene thermokarst lake
deposition

Unit Ia 820–320 cm Unit I 860–330 cm
Age 10.5 cal ka BP (radiocarbon) No clear radiocarbon data
Sediment Mostly clayish silt (grayish-black), two sandy layers → lake

deposition and external sediment input
Overall sandy silt (dark grey), plant and shell remains, slightly
layered, two patterns of decreasing grain size → lake
deposition, two phases of lake drainage or expansion

Carbon High OC content, moderately mineralized Increasing OC content and quality with deposition of fine
grained sediment

Pore water Hypersaline, ongoing depletion of stable water isotopes →
increasingly heavy isotope signature with increasing depth
suggest downward transport

Brackish to hypersaline conditions → less advanced salt
intrusion than UoL

Temperature −3.2°C, unfrozen 0 to −0.6°C, unfrozen

Late Weichelian (MIS 2) fluvial
and Yedoma deposition

Unit II 1480–820 cm Unit II 1200 cm–860 cm
Age 37 ± 2 ka (OSL) 43 ± 0.6–18.4 ± 0.3 ka cal BP (radiocarbon) 36.1 ka cal BP (radiocarbon)
Sediment Alternating, increasing thickness of silty layers (21–42%

sand) → change in river discharge or orientation
Medium to coarse sand with pebbles overlaid by sandy silt
(14–56% sand) → change in river orientation or dry up

Carbon Increasing OC content and quality Low OC content, highly degraded
Pore water Hypersaline, depletion of stable water isotopes Brackish conditions
Temperature −3.7 to −4.4°C, unfrozen → high freezing point depression

due to high salinity
−0.1°C, partly frozen

(Middle)/Late Pleistocene
fluvial deposition

Unit III 3350–1480 cm Unit III & II 3070–1200 cm
Age >300 ka (pIRIR) – 63 ± 3 ka (OSL) >360 ka – > 320 ka (pIRIR)
Sediment Alternating coarse and fine grained layers with pebbles

(51–96% sand) → changing current conditions
More continuous and coarser grained sediment with larger
pebbles (67–96% sand) → fluvial current conditions

Carbon Generally low OC content, highly degraded Very low OC content, highly degraded
Pore water Hypersaline up to core end→was once completely thawed,

isotopic composition similar to Tiksi Bay water
Fresh water conditions, light isotopic composition in
comparison to UoL-UIII → different water sources of both
lagoons

Temperature Alternating between −4.4 and −5.1°C→ still partly unfrozen,
refrozen talik from bottom of core up to 2000 cm depth

Uniform between −0.2 and 0.1°C → sediment completely
thawed
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concentrations include processes associated with the melt of
large ice wedges and subsequent mixing, which transport
younger material into older layers. Also, possible
contamination by younger material during the drilling
process and sample preparation have a larger effect when
sample TOC contents are very low and available material is
limited and can lead to dating bias (Oswald et al., 2005; Vyse
et al., 2020). Unit II is characterized by thawed Yedoma Ice
Complex deposits (see chapter 5.1.2). Existing intact Yedoma
deposits, in north-east Siberian Arctic lowlands consist of
massive syngenetic ice wedges several tens meters in height
(Schirrmeister et al., 2002, 2011, 2013; Wetterich et al., 2014;
Strauss et al., 2017; Möller et al., 2019; Fuchs et al., 2020).
On the Bykovsky Peninsula only 10 km northeast of the
lagoons, the Mamontovy Khayata Yedoma exposure is an
example with syngenetic ice wedges up to 40 m high and
5–6 m wide (Schirrmeister et al., 2002). Likely, the same
deposits were present at our drilling sites before thermokarst
degradation. To estimate total thaw subsidence for the sites
we measured the elevation difference of lagoon bottoms and
the surrounding Yedoma upland based on height information
of the ArcticDEM (Porter et al., 2018). The results suggest
that Holocene permafrost degradation subsided the Yedoma
surface by up to 25 m for UoL and 27 m for PFL, potentially
causing mass flux of sediment and its organic carbon. At
many locations across the landscape, large ice wedges thawed
and the surface subsided, leaving ice wedge casts and water
bodies, both of which infilled with local sediment. Where young
near-surface organic matter slumped, and mixed into lower,
older layers, age inversions as seen at UoL would have been
created.

Though sediment mixing in such thaw-affected aquatic
environments challenges chronological interpretation,
comparison with deposits at other sites on the peninsula are
consistent with our interpretation of the landscape development.
In general, the radiocarbon age ranges of both cores correspond
to previous dating from Yedoma sequences of Mamontovy
Khayata (58.4–12 ka BP), about 10 km northeast (Schirrmeister
et al., 2002), of Cape Razdelny (core 103/81: 40.8–21.63 ka BP)
about 10 km southwest (Slagoda, 1993; Grosse et al., 2016) and of
the Goltsovoye Lake (47.5–21.39 cal ka BP) less than 500 m north
(Jongejans et al., 2020). Furthermore, the luminescence dating at
1107 cm and 2106 cm depth is consistent with the corresponding
radiocarbon ages, showing an overall chronological succession.
This sequence comprises Pleistocene ages in deep fluvial deposits,
followed by late Weichelian ages in overlying Yedoma deposits.
Therefore, the age range for the upper sections (UII, UI) appear
reasonable. We correlate stratigraphic units between cores to
assign the late Pleistocene ages of UoL-UII to the upper part of
PFL-UII.

For deeper layers, especially Unit III of both cores, the results
of the luminescence dating were used. The dose recovery ratios
are satisfactory, and the comparison with the more-difficult-to-
bleach feldspar IR50 and post-IRIR signals indicates that it is very
likely that the quartz was well bleached at deposition (see
Supplementary Material Chapter 1.3 for a more detailed
technical discussion of these issues).

Unfortunately, the quartz luminescence signals from the
bottom Uomullyakh Lagoon sample, and both samples from
the Polar Fox Lagoon, are saturated, and so all give minimum
quartz age estimates of >100 ka. Interestingly, the feldspar pIRIR
signals are also saturated, and since the dose range of the feldspar
signal is considerably larger than that for the quartz OSL signal,
the implied minimum age is > 300 ka. At least for the two lagoons
located in a similar morphological setting and with similar
sedimentology (see below) it is reasonable to assume that the
bleaching history of the sediment entering the two water bodies is
also similar. Luminescence dating from the adjoining Goltsovoye
Lake supports this assumption (Supplementary Table S4). The
quartz and feldspar signals of the bottom sample (fluvial deposits
at 3513 cm depth) are also saturated and in the same age range as
for UoL and PFL (quartz age: >90 ka, feldspar age: >280 ka). The
implication of the broad agreement between the pIRIR and OSL
signals in the top two Uomullyakh samples is that both were well
bleached before deposition. If we extrapolate this observation to
the bottom-most Uomullyakh sample and the two Polar Fox
samples, we may assume that the pIRIR minimum ages should
also be reliable, and since they are the most constraining, they are
used in further discussion.

Middle/Late Pleistocene Fluvial Deposition – UoL-UIII
(3350–1480 cm) and PFL-UIII + II (3070–1460 cm)
The first phase of landscape history at the study area is mainly
characterized by fluvial deposits. Under the Polar Fox Lagoon,
they range in age from >360 to >320 ka (pIRIR) and include the
units PFL-UIII and the lower part of PFL-UII (in total 1590 cm).
Below Uomullakh Lagoon, these deposits (Uol-UIII) have an age
between >300 ka (pIRIR) to 63 ± 2 ka (OSL). This long time
period is represented by only about 9 m of sediment, indicating
an overall low accumulation rate under a dynamic fluvial regime
with frequently alternating phases of accumulation and erosion in
Unit III.

The presence of coarse sediments, rounded gravel and pebbles
up to 2 cm, as well as driftwood indicates fluvial transportation
and deposition (Supplementary Figure S4). Several studies also
found fluvial sediments in similar depth underneath the
neighboring Ivashkina Lagoon (Romankevich et al., 2017;
Schirrmeister et al., 2018) and underlying Yedoma deposits on
the Bykovsky Peninsula (Slagoda 1993; Slagoda, 2004; Siegert
et al., 2002; Grosse et al., 2007; Jongejans et al., 2020). Kunitsky
(1989) and Wetterich et al. (2008) assumed that the paleo-Lena
River crossed the present Bykovsky Peninsula in an early
Weichselian period (MIS 4 and maybe older). Our
luminescence ages suggest that river transport existed over a
long period from >360 ka (pIRIR) to 63 ± 2 ka (OSL).

While in UoL-UIII, discontinuous grain sizes, very poor
sorting and higher organic matter content reflect frequently
varying water runoff in a shallow river branch or near-shore
area, PFL-UIII is distinguished by very little organic material,
more continuous and coarser grain sizes, and a higher degree of
sorting. Such properties reflect stable fluvial current conditions
(Wetterich et al., 2008). This could suggest that UoL core was
located in the near-shore area and PFL core closer to the center of
a paleo river. However, the large distance between both cores
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(2.5 km) and the deposition of fine grained sediment underneath
the Goltsovoye Lake, located in the middle of both lagoons,
makes this scenario improbable. It is more likely that two
neighboring river branches, part of a braided river system or
delta run through the location of today’s lagoons. This
assumption is encouraged by finds of fluvial deposits across
the peninsula. Alternation of fine and coarse grained layers at
UoL-UIII indicate ongoing changes in river morphology. In
PFL-UII until 1200 cm depth, organic containing fine sand
layers were interbedded with coarser sand and gravel layers
similar to the upper part of UoL-UIII also indicating varying
water runoff or change in river course.

A layer of large driftwood pieces of similar shape and size
found in UoL-UIII (at 1530 cm), PFL-UII (at 1810 cm) as well as
GoL (at 2045 cm) (Unit II in Jongejans et al., 2020) are
presumably deposited at the same flood event. In comparison
to PFL and GoL, UoL core showed coarser grained fluvial deposits
after the flood event which go along with increased erosion of
overlying sediment explaining the higher elevation of the
driftwood layer at UoL. Based on biomarker analyses carried
out for the Goltsovoye Lake core, Jongejans et al. (2020)
concluded that the area at time of flooding was a wetland,
dominated by low-centered polygons formed during the
Kargin Interstadial (MIS 3).

Late Weichelian (MIS 2) Yedoma Deposition – UoL-UII
(1480–820 cm) and PFL-UII (1200–860 cm)
In the second phase of the landscape development an increase
in silt deposition and organic matter content, as well as a
depletion of δ13C point to changing environmental conditions
away from high energy fluvial processes toward lower
energy alluvial and other transport processes. Luminescence
dating for UoL at 1107 cm to 37 ± 2 ka (OSL) revealed a late
Pleistocene age (beginning of late Weichelian stadial).
Radiocarbon dates from sediments of similar depth for both
UoL (43 ± 0.56 cal ka BP at 1063 cm) and PFL (36.1 ± 0.39 cal ka
BP at 1128 cm) are in a similar time range. Paleo-ecological data
from the nearbyMamontovy Khayata Yedoma cliff (Andreev et al.,
2002; Schirrmeister et al., 2002) and biomarker analyses from GoL
(Jongejans et al., 2020) revealed that the climate was drier and
colder, transforming the former wetland into a steppe-like tundra,
which probably caused decreasing river run off and changing river
morphology.

When comparing the data with those of the Yedoma Ice
Complex of Mamontovy Khayata, they appear to resemble
mostly the fine-grained layer of the units Uo-UII and PFL-
UII. Thus, it can be deduced that ice-rich Yedoma Ice
Complex deposits started accumulating when either the
previously existing river fell dry or changed its course.

Holocene Thermokarst Lake Formation – UoL-UIa
(820–320 cm) and PFL-UI (860–330 cm)
The third phase involves the formation of a thermokarst lake,
which is a prerequisite for a thermokarst lagoon. High
proportions of clay and silt as well as high TOC and TN
content and shell remains (PFL at 400–440 cm) indicate that
Unit I of both cores represent the lake stage. Based on the results

of the CONISS analysis, we discovered ∼5.5 m thick lake
sediments for both lagoons, which are likely mixed with
Yedoma deposits from the lake shore.

In northeast Siberia, thermokarst lake formation began
with rapid warming and wetting between 14 and 11.7 ka
(Kaplina and Lozhkin, 1979; Kaplina, 2009; Anthony et al.,
2014; Subetto et al., 2017). Grosse et al. (2007) estimated that
major lakes and basins on the Bykovsky Peninsula were formed
in the early Holocene, probably starting between 12.5 and
9.4 cal ka BP when a sedimentation gap on top of local Yedoma
deposits suggests widespread reorganization of the landscape.
This is in agreement with a radiocarbon date of 10.5 ka cal BP
at 480 cm for UoL-UIa which we interpret as lacustrine
deposits.

The gravimetric ice content of Yedoma deposited at
Mamontovy Khayata is between 60 and 180% (Schirrmeister
et al., 2002). Assuming that the Yedoma deposits were similarly
ice-rich underneath the lagoons, thawing of these ice-rich
sediments explains the large surface subsidence discussed
before and suggests a substantial deposit compaction during
lake stage.

The size of the drained thermokarst lake basins, shown
in the landform classification map of Fuchs et al. (2018)
(Supplementary Figure S5), indicates that Uomullyakh
and Polar Fox basins were once significantly larger than
the current water bodies and that drainage events occurred
in the past. Lake drainages are common for thermokarst
landscapes and are often rapid events with formation of
drainage channels cutting deep into ice-rich permafrost
(Grosse et al., 2013).

In UoL-UIa, a rapid increase in grain size at 630 and 530 cm
depth corresponds to erratic changes in mass specific magnetic
susceptibility indicating an external input of sediment at least
twice. Upstream, south-west and north-west of UoL, two drained
lake basins (Supplementary Figure S5) are located. Drainage
channels connecting the basins with UoL, still visible at satellite
images, suggest that UoL has been flooded while these lakes
drained. As lake drainage may cause sediment erosion and
downstream deposition, it is possibly the reason for the
external sediment and organic matter input found in the
UoL core.

In PFL-UI, two repetitive patterns of decreasing grain size
associated with increasing TOC and TN content and organic
matter quality are visible and might indicate drainage events.
Therefore, Polar Fox Lagoon may have drained twice during the
lake phase. The first drainage could have been northwards toward
the adjoining lake basin (Supplementary Figure S5) and the
second drainage southwards to the sea leading to lagoon
formation.

A wider TOC/TN ratio and lighter δ13C composition of the
sediment beneath UoL indicates that the organic matter was
less mineralized than beneath PFL. That is likely because the
UoL-UIb horizon is frozen in winter due to bedfast ice
formation and subsequent lagoon bottom freezing, while
PFL-UI is mostly thawed throughout the year, allowing
more time for microbial degradation of organic matter.
Seasonal freezing under floating ice conditions at PFL is also
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possible but would likely only result in partial sediment
freezing and a thinner seasonally frozen layer compared to
UoL (Angelopoulos et al., 2020a).

Holocene Lagoon Formation – UoL-UIb (320–120 cm)
Indications for the fourth phase of landscape development, the
formation of a thermokarst lagoon, were found at the boundary
between UoL-UIb and UoL-UIa (between 360 and 280 cm). The
increase in mass specific magnetic susceptibility and grain
size, the decrease in TOC and TN content, as well as a slight
decrease in TOC/TN ratio indicate a system change. In our
interpretation, this shift is caused by marine inundation and
marks the beginning of the third stage, the lagoon formation.
Postglacial rising sea levels caused by melting of continental ice
sheets led to the inundation of former terrestrial permafrost on
the Laptev Sea shelf until about 5 ka (Bauch et al., 2001) when
sea levels stabilized and coastal erosion of ice-rich permafrost
started to dominate the coastline (Romanovskii et al., 2000;
Romanovskii et al., 2004). Likely, the Uomullyakh thermokarst
lake was breached by the transgressing sea and coastal erosion
in the early to mid-Holocene. A similar breaching and
submergence of thermokarst lakes and drained lake basins
has been observed in thermokarst-affected coastal lowlands
on the Alaska North Slope (Arp et al., 2010), in the Mackenzie

Delta region (e.g. Ruz et al., 1992), and on Banks Island (Grasby
et al., 2013).

Satellite images (e.g. Figure 1) indicate that the Uomullyakh
Lagoon is characterized by stronger turbidity due to lack of
topographical wind shadow (compared to the Yedoma upland
surrounded PFL) and its connection to the sea, which enables
waves to enter. High connectivity to the sea likely leads to an
increased input of marine sediment (Grotheer et al., 2020). This is
in agreement with sediment analyses indicating marine
deposition in Uomullyakh Lagoon for the upper 2 m mixed
with lacustrine deposits.

At Polar Fox Lagoon, this distinction could not be made. This
is very likely caused by the different morphology of both
lagoons. The Polar Fox Lagoon was formed as a result of
thermokarst lake drainage, which led to the formation of a
shallow and winding channel connecting lake and sea
(Angelopoulos et al., 2020a). The connection to the Tiksi Bay
is cut off during winter when ice formation reaches the channel
bed, restricting water and sediment exchange (Spangenberg
et al., 2021).

Impact of Marine Inundation
Our data suggests that deep (∼20 m) hypersaline taliks (UoL)
preserve organic carbon better than taliks that contain mostly

FIGURE 6 | Schematic diagram showing two types of lagoon systems in summer and winter. (A) semi-closed lagoon system (similar to Uomullyakh Lagoon).
Bedfast ice in winter leads to salt enrichment of the pore water up to great depth. (B) nearly closed lagoon system (similar to Polar Fox Lagoon) which is connected during
the open-water season only. The long and shallow channel mitigates sediment exchange. Floating ice that thickens in winter leads to salt enrichment of free water and
upper sediment. Modified after Angelopoulos et al. (2020a).
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freshwater below a thin saline layer (PFL). Drawing on microbial
subsea permafrost research (Mitzscherling et al., 2017),
hypersaline cryotic taliks can stress microbes and slow the
decay of organic matter.

Once a connection from the lake to the sea is established, salts
from seawater can diffuse into the sediment (Angelopoulos et al.,
2020a) or transport into the sediment more rapidly via
convection (Shakhova et al., 2017). Therefore, the frozen/
thawed state of the sediment is largely a reflection of recent
marine sediment deposition and salt transport. In the
Uomullyakh Lagoon core, the EC of pore water generally
increased with depth, from 30 mS/cm just below the seasonally
frozen layer (240 cm below ice) to 108 mS/cm at 1525 cm depth
below ice (mean 77 mS/cm for the entire core). The salinities were
significantly higher than the Tiksi Bay water (3.8 mS/cm)
(Supplementary Table S1) for the same time of the year. At
the Polar Fox Lagoon core, the maximum EC (41 mS/cm) was
measured in the uppermost sample just below the sediment
surface. The relatively high EC in both lagoons suggests that
brine rejection from lagoon ice formation and the seasonal
isolation of the water bodies from Tiksi Bay are key processes
affecting the pore water salinity.

Uomullyakh is a semi-closed lagoon, especially during the
open water season when it may experience flooding and enhanced
marine sediment deposition from storm surges (e.g. Nazarova

et al., 2017) (Figure 6A). Polar Fox Lagoon, on the other hand, is
a nearly closed lagoon (Figure 6B). It is isolated from the sea once
bedfast ice forms at the shallow inlet (∼0.5 m) of the connecting
channel (Spangenberg et al., 2021).

At Uomullyakh Lagoon, all 17 ice-auger measurements in
April 2017 revealed bedfast ice, suggesting that there was nearly
no surface water exchange with Tiksi Bay. Despite a seasonally
closed system for the surface water, lateral groundwater
exchange in the sediment can still occur if the sub-lagoon
and subsea permafrost taliks are connected. This talik
connection is possible, because the sediment just offshore of
the spit is also characteristic of the lagoon talik when the spit was
located further south. Furthermore, permafrost aggradation
beneath the spit is controlled by limited sub-aerial exposure
time as the spit retreats further north with coastal erosion. The
large difference in isotopic composition of the pore water
between the lagoons confirms that the Uomullyakh Lagoon
sediment had a larger source water contribution from Tiksi
Bay (Figure 7). Tiksi Bay as a heavy endmember likely caused
the enrichment in heavier water isotopes of the Uomullyakh
Lagoon pore water. Pedrazas et al. (2020) used electrical
resistivity surveys to map continuous unfrozen sediment
from an onshore cryopeg to a sub-lagoon talik down to a
depth of 20 m in northern Alaska, and suggested it could be
a conduit for groundwater and nutrient exchange. The isotopic
composition of the pore water, along with the near vertical
profile of salinity with depth (5–20 m and 25–33 m;
Supplementary Figure S3) suggests that convective processes
influenced the salt distribution (Harrison and Osterkamp,
1982). In addition, there was a likely high salt content
injection into the sediment following bedfast ice formation.
The seasonally frozen layer can still have been permeable and
susceptible to brine flow (Osterkamp et al., 1989). Although
temperatures were as low as −4.4°C (at 1540 cm), the freezing
point of the hypersaline sediment was calculated to have been as
low as −5.1°C (at 1520 cm), resulting in a cryotic talik. At a depth
of 2040 cm, the observed temperature (−4.7°C) was below the
freezing point (−3.82°C), indicating the approximate depth to
ice-bearing permafrost. It is unclear how the ice-bearing
permafrost table evolved, but the decreasing temperature
trend with depth suggests the lagoon sediment column might
be warming. Therefore, it is plausible that hypersaline sediment
partially froze once sufficient sediment deposition in the lagoon
created a mostly bedfast ice regime with some small isolated
water pockets. Now, the ice-bearing permafrost table may be
degrading under warmer, but still cryotic bedfast ice conditions.
This is similar to terrestrial cryopeg expansion under warming
subaerial conditions (Streletskaya, 1998).

At Polar Fox Lagoon, the contemporary distribution of ice-
bearing permafrost and taliks is somewhat different. Polar Fox
Lagoon is presumably younger than Uomullyakh Lagoon and still
contains a floating ice area with a maximum water depth of
340 cm. In the floating ice area, coupled heat and salt diffusion
models suggest that the thin partially frozen permafrost layer (830
to 480 cm below the sediment surface) developed sub-aquatically
after the lake to lagoon transition. The partially frozen layer depth
and thickness are transient, as the top-down chemical

FIGURE 7 | Comparison of the stable water isotope composition of
lagoon core pore water and surface water of different possible endmember;
sediment pore water from April 2017 (this study); water of Polar Fox Lagoon,
Goltsovoye Lake, and Tiksi Bay were sampled in July 2017 (P. Overduin,
unpublished data); Laptev Sea water was sampled during expedition with the
research vessel Pavel Bashmakov at the end of August 2002 (H. Meyer,
unpublished data); Lena River water from summer 2005–2016 (clustered
points) and one sample from April 2013 (isolated point) (H. Meyer, unpublished
data). Stable water isotopes δD and δ18O relative to Vienna Standard Mean
Ocean Water (VSMOW).
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degradation of newly formed frozen sediment lags behind the
talik refreezing (Angelopoulos et al., 2020a). In bedfast ice zones
(approximately 75% of Polar Fox Lagoon), electrical resistivity
surveys showed that the thickness of the frozen layer and that of
the overlying saline layer increased and decreased toward the
shoreline, respectively.

The transient nature of frozen sediment and taliks beneath may
affect CO2 and CH4 fluxes in the sediment column, because partially
frozen sedimentwith an ice saturation exceeding 60%has proven to be
an effective barrier to gas flow (Chuvilin et al., 2016). In the case of a
shallow lagoon with bedfast ice, the frozen sediment can be saline and
have a lower freezing point compared to frozen sediment without salt.
Therefore, lagoons may precondition the frozen sediment for rapid
thawing (compared to Yedoma permafrost) once it is exposed to
warmer coastal waters in the subsea permafrost environment. This, in
turn, could contribute to the development of offshore gas migration
pathways for greenhouse gas released from thawing subsea permafrost
(Shakhova et al., 2019). Any released gas might not reach the
atmosphere, as it has to bypass numerous sinks, including
anaerobic oxidation in the sediment column (Overduin et al.,
2015), dissolution in the pore water and surface water, low-
permeability layers, and lagoon ice. Angelopoulos et al. (2020b)
provide a review of subsea permafrost within the context of global
climate change, and Ruppel and Kessler (2017) provide a review
specific to climate change interactions with gas hydrates.

Carbon Pool Upscaling
Permafrost thaw beneath thermokarst lakes is more rapid than
gradual thaw of near-surface permafrost and could double

permafrost carbon emissions this century (Walter Anthony
et al., 2018; Turetsky et al., 2020). Field-based observations on
carbon turnover and greenhouse gas production in thermokarst
lake sediments are scarce (Heslop et al., 2015; Heslop et al., 2019a;
Heslop et al., 2019b) and completely missing for thermokarst
lagoons. In order to estimate potential future greenhouse gas
release from emerging thermokarst lagoons, we assessed the size
of the lagoon C-pool by extrapolating our TOC and BD of the two
analyzed lagoons to the other three thermokarst lagoons on the
Bykovsky Peninsula.

The calculations of the carbon budgets show that the carbon
density differs between the neighboring lagoons, especially for
greater depths (upper 3m: 22.5 kg/m3 (Uo) vs. 26.5 kg/m3 (PFL);
upper 30 m: 17.4 kg/m3 (UoL) vs. 10.2 kg/m3 (PFL), which
demonstrates the small scale spatial variability of the carbon
deposits. The input and output of organic matter are strongly
dependent on environmental conditions and lake drainage events.
Schirrmeister et al. (2018) estimated the carbon density for the upper
6 m of the thermokarst lagoons on the Bykovsky Peninsula at 25 ±
5 kg/m3, which is in the same range as the carbon density we
calculated for the upper 3m (24.5 ± 1.4 kg/m3), but 45% higher than
the mean carbon density of the 30 m-long sediment cores (13.8 ±
3 kg/m3). We explain this with the higher TOC values we measured
in the lake influenced sediments (UoL-UIa, PFL-UI), which were the
stratigraphic class dominating the Schirrmeister et al. (2018) dataset.

A similar carbon storage was estimated for thermokarst
lagoons on northern Richards Island, Mackenzie Delta,
Canada. Based on an average carbon content of 2.75–3% for
marine and lacustrine deposits, Solomon et al. (2000) estimated

TABLE 4 | Comparison of biogeochemistry characteristics with different lagoons, Yedoma sites and a thermokarst lake: total organic carbon content (TOC), total nitrogen
(TN), atomic carbon nitrogen ratio, stable carbon isotope composition (δ13C). Note that given depth are measured from the sediment surface for better comparability of
the sites.

Site Sediment TOC range
(mean) (wt%)

TN range
(mean) (wt%)

Atomic
TOC/TN
range
(mean)

δ13C range
(mean)

(‰ VPDB)

Citation

Uomullyakh Lagoon
(Bykovsky) core length:
32.3 m

Marine 0–2 m 1.7–2.0 (1.9) 0.13–0.17 (0.15) 13–17 (15) −26.8 to −26.1 (−26.6) This study
Lacustrine 2–7 m 2.0–4.1 (3.4) 0.17–0.30 (0.24) 14–19 (16) −27.7 to −26.7 (−27.3)
Former terrestrial Yedoma
7–15 m

0.6–6.7 (2.5) <0.1–0.14 (0.05) 13–18 (16) −27.5 to −25.0 (−26.0)

Fluvial deposits 15–32.3 m <0.1–3.3 (0.6) <0.1 — −26.3 to −24.1 (−25.1)

Polar Fox Lagoon
(Bykovsky) core length:
27.7 m

Lacustrine 0–5.3 m 1.5–4.0 (2.8) 0.14–0.27 (0.22) 11–18 (15) −27.5 to −25.5 (−26.8) This study
Former terrestrial Yedoma
5.3–9 m

0.5–1.0 (0.8) <0.1–0.14 (0.05)
(0.12 for upper 2
samples)

8–10 (9)
n " 2

−25.6 to −24.1 (−25.0)

Fluvial deposits 12–31.5 m <0.1–1.0 (0.2) <0.1 — −24.9 to −23.4 (−24.2)

Goltsovoye Lake (Bykovsky)
core length: 31.5 m

Lacustrine 0–5 m 1.0–4.3 (3.0) 0.14–0.33 (0.25) 8–16 (13) −28.6 to −24.8 (−27.0) Jongejans et al. (2020)
Former Yedoma 5–28 m <0.1–3.1 (0.7) <0.1–0.22 (0.05) 0–36 (4) −26.6 to −23.8 (−24.8)
Fluvial deposits 28–31.5 m <0.1–17.8 (3.1) <0.1–0.46 (0.08) 0–171 (20) −23.6 to −24.5 (−25.7)

Ivashkina Lagoon
(Bykovsky) core length:
6.15 m

Marine 0–0.24 m 2.0–2.5 (2.2) 0.19–0.24 (0.21) 9–12 (11) −26.4 to −26.2 (−26.3) Schirrmeister et al. (2018)
Lacustrine 0.24–2.51 m 1.7–2.8 (2.6) 0.14–0.26 (0.20) 10–14 (12) −27.2 to −25.5 (−26.6)
Former terrestrial Yedoma
2.53–6.15 m

0.9–5.6 (2.7) 0.10–0.84 (0.26) 3–18 (13) −27.8 to −23.9 (−26.4)

Mamontovy Khayata
(Yedoma on Bykovsky)
profile length: ca. 38 m

Terrestrial 14–34 m 1.3–27.0 (4.8) 0.17–1.38 (0.40) 8–34 (20) −28.7 to −23.9 (−26.1) Schirrmeister et al. (2002),
Schirrmeister et al. (2011)
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a carbon deposition of ca. 25 × 104 t in the investigated embayment
area (10.3 km2) since thermokarst lake development. This
corresponds to a carbon density of 25 kg/m3 for the upper
10 m, which is similar to the carbon density of the lacustrine
sediments of the Bykovsky lagoons. Comparing the carbon stored
in undisturbed, previously unthawed ice-rich Yedoma deposits of
Mamotovy Khayata (Schirrmeister et al., 2011) with the TOC of
Yedoma thawed under thermokarst lake and lagoon conditions
(Table 4), we would expect to find a gradient of C loss in thawed
Yedoma underneath thermokarst landforms that is linked to thaw
histories. Using a simple mass balance approach, the difference in
mean TOC content between the Mamotovy Khayata Yedoma and
the thawed Yedoma beneath thermokarst sites (Table 4) can be
expressed as percentage carbon loss. This approach suggests a C
loss of 85% for thawed Yedoma under Goltsovoye Lake, 83% C loss
for PFL, 48% C loss for UoL, and 44% C loss for IvL due to
subaquatic permafrost thaw. These estimations imply that less
organic carbon is lost in the more open UoL and IvL compared to
the younger, nearly closed PFL and the freshwater GoL. If our
assumptions are valid, this would signify that a freshwater
dominated lake and the floating ice areas of nearly closed
lagoon systems like PFL result in strong organic carbon loss
upon thaw while seawater dominated systems seem to better
preserve organic carbon. In addition, higher TOC/TN and
lower δ13C values for thawed Yedoma underneath UoL and IvL
indicate lower organic matter degradation both more open
lagoons, further supporting this hypothesis. Since approximately
75% of PFL was characterized by bedfast ice in April 2017
(Angelopoulos et al., 2020a), additional C is likely preserved in
areas with thick frozen sediment. At UoL, the hypersalinity of the
cryotic talik can stress microbial communities, leading to reduced
population, diversity, and decay of organic matter (Mitzscherling
et al., 2017). Although bacterial communities can adapt to
increasingly saline conditions, past refreezing events in the
upper 20m of the sediment core (refer to “Impact of Marine
Inundation” Section 5.2), can also preserve C at UoL.

The calculated average C-density of the core section referred to
Yedoma deposits of the five thermokarst lagoons on Bykovsky
Peninsula is 24.72± 4 kg/m3 and therefore in the upper range of the
C-density estimated for the 0.41 × 106 km2 large Yedoma region
(19 + 13/-11 kg/m3) (Strauss et al., 2013) and in the lower range of
terrestrial thermokarst deposits of the Yedoma region (33 + 25/-
19 kg/m3) (Schirrmeister et al., 2011; Strauss et al., 2013).

Using the lagoon C-density mean, we calculated 5.7 Mt C in
the first 30 m of lagoon sediments covering an area of 11.4 km2.
This is a substantial inventory of formerly frozen C, which is now
largely unfrozen and thus available for microbial degradation
processes. δ13C and TOC/TN values indicate that the degradation
of the primarily terrestrial plant material is advanced. Highest
organic matter degradation was indicated for the fluvial deposits
possibly because the alluvial material was already strongly
degraded at the time of deposition.

The comparison of different sites shows that the biogeochemical
parameters differ between sediment types rather than between the
sites (Table 4). For example, the lacustrine sediments at all four sites
(PFL, UoL, GoL and IvL) have very similar TOC and TN contents
as well as similar TOC/TN ratios and δ13C signals, but they differ

from the over- or underlying sediment facies (Schirrmeister et al.,
2018; Jongejans et al., 2020). The lacustrine sediments in the deep
sediment cores of UoL, PFL and GoL are richer in TOC and TN
than the underlying former terrestrial or overlying marine
sediments. High carbon accumulation in thermokarst lake
sediments can be caused by shore erosion and deposition of
terrestrial organic matter, high aquatic productivity, and unique
preservation conditions (Anthony et al., 2014). In contrast, the
biogeochemical parameters of lacustrine and underlying Yedoma
deposits of the Ivashkina Lagoon differ only slightly (Schirrmeister
et al., 2018). This is not surprising, as the upper part of the Yedoma
deposits (IvL core reaches only to 6.15m depth) tend to have higher
carbon and nitrogen contents and lower degradation rate than the
deeper deposits. An exception are the deep fluvial deposits under
the GoL, where allochthonous organic material leads to very high
TOC and TN contents (Jongejans et al., 2020). The TOC content of
thawed talik sediments (former Yedoma deposits) is highest for
the UoL, with similar values found in Taberites (2.7 ± 1.4 wt%)
and late Weichelian (MIS 2) Ice Complex deposits (2.2 ± 0.9 wt
%) of the Siberian permafrost region (Schirrmeister et al., 2011).
The organic matter mineralization is highest for former Yedoma
deposits below GoL (TOC/TN " 4) and lowest for Yedoma
deposits at Mamontovy Khayata (TOC/TN " 20). The high
mean TOC/TN ratio of fluvial deposits below GoL is based on
five samples with very high TOC/TN ratios. The median TOC/
TN ratio of 0 shows that the carbon mineralization is high for
most samples of the fluvial deposits below GoL. In general, the
carbon mineralization is mostly high (TOC/TN < 12) or in the
lower moderate range (TOC/TN 12–25) for thermokarst
affected sites. This is a common phenomenon in the
warming Arctic, as rising permafrost temperatures result in
increasing thermokarst development which favors the microbial
decomposition of thawing organic matter (Strauss et al., 2017).

Greenhouse gas production in thermokarst lagoons connected
to the marine environment is expected to differ substantially from
that in thermokarst lakes: the supply of electron acceptors,
specifically of sulfate, will promote sulfate reduction and
anaerobic methane oxidation thus favoring the release of CO2

relative to that of methane (Segers and Kengen, 1998). In line with
this, substantial CO2 release was recently reported for a laboratory
study that incubated permafrost with seawater (Tanski et al., 2019).
In addition, anaerobic methane oxidation was observed in thawing
seawater-affected permafrost (Winkel et al., 2018) and thermokarst
lake sediments with temperatures close to 0°C (Winkel et al., 2019).
Given both our first estimate of thermokarst lagoon carbon
budgets, and the expectation that the rate of formation of such
lagoons will increase due to coastal erosion, thermokarst lagoons
are considered important biogeochemical processors of former
permafrost carbon and a critical component of the future Arctic
greenhouse gas system.

CONCLUSION

This study shows that thermokarst lagoons are highly dynamic
landforms at the boundary between terrestrial permafrost and
marine systems. Based on two ∼30m long sediment cores from
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two contrasting thermokarst lagoon systems, we examined the
depositional history, the impact of marine inundation and the
amount of stored organic carbon for different stages of thermokarst
lagoons. We identified several different phases of sediment
deposition in the semi-closed Uomullyakh Lagoon and the
nearly closed Polar Fox Lagoon. The sedimentological analysis
of both lagoon cores shows that fluvial deposition from a paleo-
river system dominated at the sites from >360 ka to the late
Pleistocene, when silty to sandy ice-rich Yedoma deposits
started to accumulate in this region. These former Yedoma
deposits are now present as thawed talik sediments. With the
beginning of the warmer Late Glacial to Holocene period, the
formation of thermokarst lakes began and resulted in lacustrine
sediment deposition at both lagoons. At the more open
Uomullyakh Lagoon, marine sediments overlying lacustrine
deposits indicate the onset of the lagoon phase starting in the
early to mid-Holocene. Inundation with seawater and formation of
seasonal bedfast ice caused the saline enrichment of the pore water,
which led to cryotic talik formation.

Our case study from the Bykovsky Peninsula provides a first
estimate of organic carbon quantity and quality based on deep
sediment cores below thermokarst lagoons. We have identified
large organic carbon stocks in these special Arctic lagoon
systems. We measured a mean C-density of 15.3 ± 2 kg/m3

for the 30 m thick deposits below the lagoons, with higher
values found below the semi-closed lagoon. The measured
carbon density for the Yedoma deposits (24.72 ± 4 kg/m3) is in
the upper range of the estimate of terrestrial Yedoma (19 + 13/-
11 kg/m3), but lower range of terrestrial thermokarst deposits
(33 + 25/-19 kg/m3) in the Yedoma region. Based on the mean
C-density and the remote sensing-based spatial extent of
thermokarst lagoons, we calculate a total C storage of
5.7 Mt C in the upper 30 m of sediment in five thermokarst
lagoons on the southern Bykovsky Peninsula.

Our data indicate that open thermokarst lagoons under high
seawater influence seem to better preserve organic carbon more
then freshwater dominated systems. This shows the potential
importance of the role and contribution of thermokarst lagoons
in the transformation of terrestrial permafrost carbon under
increasingly marine influence.
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1. Introduction
Subsea permafrost degradation rates are poorly constrained, mostly because we lack observational data. 
However, numerous modeling studies demonstrate that the degradation rate varies with sediment prop-
erties and porewater salinity (Frederick & Buffett, 2015; Nicolsky & Shakhova, 2010; Nicolsky et al., 2012; 
Overduin et al., 2019) and bottom water conditions (Dmitrenko et al., 2011; Golubeva et al., 2018; Harrison 
& Osterkamp, 1978). Repeated borehole observations close to the mouth of the Lena River suggest that deg-
radation rates since the 1980s are increasing (Shakhova et al., 2017), which may have implications for shal-
low gas and carbon entrapped in ice-bearing permafrost (IBP) or shallow metastable inter-pore gas hydrates 
(Shakhova et al., 2019). Gas released from the dissociation of gas hydrates must bypass numerous physical 
and microbial sinks. Analyses of atmospheric methane fluxes (Kirschke et al., 2013; Saunois et al., 2020) 

Abstract The response of permafrost to marine submergence can vary between ice-rich late 
Pleistocene deposits and the thermokarst basins that thawed out during the Holocene. We hypothesize 
that inundated Alases offshore thaw faster than submerged Yedoma. To test this hypothesis, we estimated 
depths to the top of ice-bearing permafrost offshore of the Bykovsky Peninsula in northeastern Siberia 
using electrical resistivity surveys. The surveys traversed submerged lagoon deposits, drained and refrozen 
Alas deposits, and undisturbed Yedoma from the coastline to 373 m offshore. While the permafrost 
degradation rates of the submerged Yedoma were in the range of similar sites, the submerged Alas 
permafrost degradation rates were up to 170 % faster. Remote sensing analyses suggest that 54 % of lagoons 
wider than 500 m along northeast Siberian and northwest American coasts originated in thermokarst 
basins. Given the abundance of thermokarst basins and lakes along parts of the Arctic coastline, their 
effect on subsea permafrost degradation must be similarly prevalent.

Plain Language Summary Permafrost is defined as any ground or rock colder than 0  C 
for two or more consecutive years. In unglaciated regions of Siberia during the last ice age, the ground 
froze 1 km deep. When the ice sheets and glaciers melted at the end of the last Ice Age, millions of 
square kilometers of this cold permafrost were inundated with seawater on shallow Arctic shelves, 
creating subsea permafrost. Even today, new permafrost is submerged because of coastal erosion. Once 
submerged, heat and salt flow thaw the permafrost. However, the rate of subsea permafrost thaw partially 
depends on its temperature, ice content, and sediment type. Some permafrost areas called Alases already 
experienced deep thaw and refreezing from Arctic lake formation and drainage. On the southern coastline 
of the Bykovsky Peninsula in Siberia, we carried out non-invasive marine geophysical surveys parallel 
to the coastline to estimate how fast permafrost thaws beneath a submerged Alas next to a lagoon and 
permafrost areas without Alases. We discovered that subsea permafrost degradation was up to 170 % 
faster beneath the submerged Alas nearshore. To highlight the broader relevance of these Alas-lagoon 
landscapes along the Arctic coastline, we map out Arctic lagoons.
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and global hydrate distribution (Ruppel, 2015) rule out subsea permafrost-associated gas hydrate forcing for 
currently observed climate warming (Ruppel & Kessler, 2017). Therefore, the mobilization of subsea perma-
frost organic carbon could be of greater importance (Sayedi et al., 2020; Wild et al., 2018).

Thermokarst is the process by which the thawing of ice-rich permafrost creates new landforms. These land-
forms are often depressions occupied by thermokarst lakes. When these lakes drain, the resulting topograph-
ic lows are called Alases. Thermokarst lakes and Alases become part of the marine environment because of 
transgressions and ingressions (Grosse et al., 2007) or through the development of channels (Romanovskii 
et al., 2000). If a thermokarst lake does not completely drain during the land to sea transition, then the talik 
underneath the lake can refreeze if a negative temperature profile develops in the sediment (Romanovskii 
et al., 2000). However, the newly formed frozen sediment can re-thaw later as the chemical degradation lags 
behind sediment refreezing (Angelopoulos, Overduin, Westermann, et al., 2020). Submerged thermokarst 
lake taliks may facilitate open talik development for gas migration (Frederick & Buffett, 2014). Nicolsky 
et al. (2012) modeled subsea permafrost on the East Siberian Arctic Shelf for the last several glacial cycles 
and demonstrated that open taliks can develop beneath thermokarst depressions in sediments with low 
porosity or in fault zones with high geothermal heat fluxes.

When thermokarst lakes drain, taliks can refreeze quickly under sub-aerial conditions, as much as 53 m 
in 157 yr (Ling & Zhang, 2004). O'Neill et al. (2020) provide a review of recent terrestrial talik research 
(2010–2019) and key terminology. Loss of high Pleistocene ground ice contents through thermokarst is gen-
erally not replaced by Holocene ice re-accumulation (Jorgenson & Shur, 2007). Therefore, relatively young 
drained lake basins have different permafrost characteristics compared to Yedoma remnants. For example, 
Alas deposits can hold three times more organic carbon per unit volume compared to Yedoma deposits 
(Jongejans et al., 2018) and trap large amounts of methane (Kraev et al., 2019). The high organic carbon 
contents are concentrated in lacustrine deposits, while the underlying taberal deposits tend to contain less 
organic carbon per unit volume than the original Yedoma (Kholodov et al., 2003; Shmelev et al., 2017). 
Snow can accumulate in topographic lows, leading to warmer ground temperatures (Kaverin et al., 2018). 
In cryopeg formations beneath a migrating river channel in northern Alaska, Stephani et al. (2020) showed 
that the epigenetic permafrost that formed beneath freshly exposed surfaces was ice-poor. However, the 
total volumetric ice content in an old Alas can be similar to that of Yedoma deposits due to large amounts 
of pore and segregated ice, especially in northeastern Siberia (Strauss et al., 2013; Ulrich et al., 2014). The 
altered latent heat content in Alas-permafrost can affect thawing rates for the next thermokarst phase. This 
hysteresis has been demonstrated in the modeling of thaw/refreeze cycles for onshore permafrost (Eliseev 
et al., 2014). Depending on its age, Alas-permafrost can be warmer, less ice-rich, and potentially more or-
ganic carbon-rich.

In this study, the term Yedoma is used to describe ice-rich Pleistocene permafrost deposits with syngenetic 
ice wedges where an Alas has not formed (Strauss et al., 2017). Electrical resistivity surveying has been 
successfully applied to map the top of subsea IBP (Angelopoulos et al., 2019; Overduin et al., 2012, 2016; 
Sellmann et al., 1989), onshore cryopegs connected to sub-lagoon taliks (Pedrazas et al., 2020), and seawater 
intrusion beneath the base of thin coastal permafrost (Kasprzak et al., 2017). Offshore, former lake basins 
infilled with sediment were detected with seismic methods (Portnov et al., 2018; Rekant et al., 2015) and 
transient electromagnetic surveys detected the top of subsea IBP and possibly deep paleo-taliks beneath sub-
merged thermokarst (Shakhova et al., 2017). In this study, we applied marine electrical resistivity surveying 
to test the following hypothesis: Alas permafrost landscapes submerged by seawater are pre-conditioned to 
degrade faster than previously undisturbed Yedoma permafrost deposits. The results have implications for 
subsea permafrost on Arctic shelves and along coastal stretches with abundant thermokarst terrain.

2. Study Area
The fieldwork took place on the Bykovsky Peninsula's southern coastline in northeastern Siberia in July 
2017. Thermokarst processes here have a major impact on the landscape and lakes alone characterize ap-
proximately 15 % of the peninsula (Grosse et al., 2008). Including drained lake basins, thermokarst-affected 
landscapes exceed 50 % of the total land area (Grosse et al., 2005). Approximately 23 % of the coastline is 
dominated by Alas terrain and 13 % by sand bar or lagoon barriers (Lantuit, Atkinson, et al., 2011). Between 
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1951 and 2006, the mean erosion rate was more than twice as fast for Alas coastlines compared to Yedoma, 
possibly due to lower ice content and a lower cliff height to erode. However, the differential erosion rate can 
create embayments that reduce hydrodynamic forcing along Alas coastlines. Then, the erosion rate along 
Alas coastlines can decrease. The balance of these processes may explain why the Alas coastline is not fur-
ther inland than the Yedoma for the southern coastline.

3. Methods
In our study area, we aimed to quantify relative thaw rates of the different terrain units once submerged, 
providing an insight into the priming of subsea permafrost degradation by prior thermokarst lagoon de-
velopment along the Arctic coast. To quantify the abundance of these features, we mapped thermokarst 
lagoons along Arctic coasts in the Canadian and Alaskan Chukchi and Beaufort seas, as well as the north-
eastern Siberian seas.

3.1. Arctic Lagoon Mapping and Remote Sensing

We manually mapped the number and distribution of lagoons wider than 500 m along the Arctic coast 
from the Taimyr Peninsula in Russia to the Tuktoyaktuk Peninsula in Canada. Our study area includes the 
Laptev, East Siberian, Chukchi, and Beaufort sea coasts. The mapping was conducted in Google Earth En-
gine and QGIS3.6 using Sentinel-2 imagery. We created a mosaic covering the entire coastal study domain 
and consisting of August–September 2018 median pixel values for a false color near-infrared, red, green 
band combination (8-4-3) at 10 m pixel resolution. We visually identified thermokarst lagoons according to 
the following criteria:

1.  Located in a thermokarst environment
2.  Had a round to oval-shaped depression with a discernible shoreline
3.  At least intermittent connection with the sea through (a) a visible channel with a maximum length of

1 km, (b) separation only by a narrow sand barrier; or (c) high likelihood of regular water exchange via 
spring tides or storm surges if the maximum elevation difference to the sea is  1.5 m.

Elevation differences between land and sea were measured using the ArcticDEM digital elevation mod-
el (DEM) and its hillshade (HSarcticDEM) (Porter et al., 2018). In the Sentinel Hub Playground (https://
apps.sentinel-hub.com/sentinel-playground) the “Moisture Index” (band combination (B8A − B11)/
(B8A + B11)) and “Geology” layers (band combination 12-4-2) were used to visually determine the nature 
of barriers between coastal water bodies and the sea. Interconnected lagoons were defined as one system.

3.2. Electrical Resistivity Surveys

We performed four electrical resistivity surveys parallel to the southern coastline of the Bykovsky Peninsula 
in July 2017 (Figure 1). We extrapolated all onshore terrain units to offshore and assumed that our off-
shore surveys parallel to shore traversed all the units. An additional transect perpendicular to the Yedoma 
shoreline combined with a terrestrial survey is presented in Angelopoulos et al. (2019). The profiles were 
collected with an IRIS Syscal Pro Deep Marine system. The system was equipped with an echo-sounder 
to measure water depths and apparent resistivity data was collected approximately every 5 m. The geoe-
lectric cable consisted of two current electrodes and eleven potential electrodes arranged in a reciprocal 
Wenner-Schlumberger array with a 10 m electrode separation. The array was quasi-symmetrical and each 
vertical sounding had alternate electrode pairs that were slightly off center. Ten apparent resistivity readings 
were taken at each sounding location. Conductivity, depth, and temperature casts were taken to constrain 
the water layer resistivity in the inversions. The depth to IBP was interpreted where the maximum rate of 
change of the natural logarithm of inverted resistivity vs. depth occurred. The depth of investigation (DOI) 
provides an estimate of the depth to which the inverted electrical resistivity can be considered reliable (Vest 
Christiansen & Auken, 2012). The laterally constrained 1D inversions (Auken et al., 2005) and IBP determi-
nation are described in the Supporting Information.
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4. Results
4.1. Arctic Lagoon Mapping and Remote Sensing
Of all 469 mapped lagoons, 253 (54 % ) originated in thermokarst basins (Figure 2). Most of the thermokarst 
lagoons (117) were located along the Beaufort Sea coastline. Along the coast of the Laptev Sea, 81 lagoons 
were mapped, 20 of which were thermokarst lagoons. In addition, all lagoons identified in the Lena River 
Delta originated from tapped thermokarst lakes. The observations showed that thermokarst lagoons were 
mainly restricted to lowland areas and were most abundant in delta regions. Six lagoons were identified on 
the Bykovsky Peninsula, all of them located in the south of the peninsula. Five of the six originated from 
thermokarst basins. Figure S1 shows all 469 lagoons mapped along the Arctic coast between the Taimyr 
Peninsula and the Tuktoyaktuk Peninsula west of the Mackenzie Delta. The Beaufort Sea coast featured the 
most lagoons (153), but was also the longest coastline investigated.

4.2. Submerged Yedoma Deposits

Offshore of the Bykovsky Peninsula's southern coastline, the most highly resistive subsurface layers were 
observed beneath submerged Yedoma (Figure 3). For each profile, there was a clear lateral transition in re-
sistivity and depth to IBP at the submerged Alas/Yedoma transition. Similar to Angelopoulos et al. (2019), 

Figure 1. Top: Electrical resistivity survey locations from July 2017 superimposed on a high resolution satellite image (30 cm ground resolution WorldView-3 
image from September 2, 2016 (DigitalGlobe © )). For context, the 1969 coastline and Yedoma temperature borehole (Schirrmeister et al., 2018) are also shown. 
The lagoon/Alas and Alas/Yedoma boundaries are extrapolated offshore and denoted “L” and “Y” respectively in Figure 3. To ease interpretation of the 
electrical resistivity profiles (Figure 3), easting (m) indicators are shown every 200 m. Bottom left: 1969 CORONA satellite image of the study area with the 
fieldwork map extent outline in the red rectangle. This is preferentially shown instead of an image available from 1951 because of better resolution. Bottom 
right: 2016 satellite image (WorldView-3) of the study area with the fieldwork map extent outline in the red rectangle.
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the transition to IBP occurred between 16 and 130  m. Within the frozen sediment body, the resistivity 
increased to 250  m for profiles 1 and 2, but exceeded 500  m for profile 3. For profile 3, the DOI was 
slightly below the depth to IBP and above the highly resistive zone in the submerged Yedoma. Along profile 
4, the farthest from shore, the maximum resistivity of the IBP was only 75  m. The depth to IBP increased 
from 1 to 2 m within 10 m of the coastline, to 8 m at 110 m offshore, and finally to 12 m at 300 m from the 
shoreline (Figure S2).

4.3. Submerged Alas and Lagoon Deposits

For profile 1, there was a clear distinction between the submerged Alas and the submerged lagoon deposits. 
Beginning at the submerged Alas/Yedoma boundary, the depth to IBP increased from approximately 5 to 
15 m toward the lagoon/Alas boundary (Figure 3). Beneath the submerged lagoon deposits, the depth to IBP 
increased with distance away from the Alas. Furthermore, the unfrozen to frozen transition occurred at a 

Figure 2. Arctic coastline map of the 253 thermokarst lagoons along the Arctic coast between the Taimyr Peninsula (Siberia) and the Tuktoyaktuk Peninsula 
(Northwest Territories, Canada); number of lagoons in brackets.
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lower resistivity (around 8  m) compared to the submerged Alas and Yedoma. In addition, a relatively high 
resistivity feature (up to 30  m) 5 m thick was detected just below the seabed for the submerged lagoon. For 
both the Alas and the lagoon, the depth to IBP was above the DOI. Along profile 2, both the Alas and lagoon 
segments were similar. From the westernmost edge of the survey line to 800 m, the depth to IBP was 19 m 
and the frozen sediment had a maximum resistivity of 75  m. The depth to IBP was slightly above the DOI 
for most of the profile west of the Yedoma. Along profile 3, the depth to IBP was 19 m in the Alas and as 
deep as 24 m in the lagoon, but the profile drifted toward the shoreline past the lagoon boundary (Figure 1). 
For both submerged landscape units, the depth to IBP was above the DOI. For profile 4, the IBP depth was 
12 m in both the submerged lagoon and Alas. While the resistivity at the unfrozen to frozen interface was 
similar to profile 3, the depth to IBP was shallower despite being more than 100 m further offshore. The 
data residual for each sounding of all profiles was less than 1.0 assuming an uncertainty level of 5 % on the 
apparent resistivity.

Overall, there was a strong linear fit between IBP depth and the natural logarithm of offshore distances 
less than 120 m for the Alas, but not for the lagoon, which yielded a negative correlation (Figure S2). When 
considering the natural logarithm of all offshore distances, both landscape units yielded weak linear fits 
with IBP depths. For coastal erosion rates of 0.25 and 0.50 m/yr, the maximum IBP degradation rate was 
0.16–0.32 m/yr for the Alas at a 30 m offshore distance compared to 0.06–0.12 m/yr for Yedoma, represent-
ing an increase of up to 170 % for the Alas. This disparity was present up to 120 m from shore.

Figure 3. Electrical resistivity of four surveys parallel to shore in July 2017. The surveys traverse submerged lagoon, as well as submerged Alas and Yedoma 
terrain. The boundaries between each unit were extrapolated offshore as shown in Figure 1. On the X axis of the profiles, “L” denotes the lagoon to Alas 
boundary and “Y” the Alas to Yedoma boundary. The thick black line is the water depth, the dotted black line is the interpreted depth to the top of ice-bearing 
permafrost (IBP), and the black circles indicate the depth of investigation (DOI).

210 



Geophysical Research Letters

ANGELOPOULOS ET AL.

10.1029/2021GL093881

7 of 11

5. Discussion
The depth to IBP beneath submerged Yedoma increased logarithmically with distance offshore and thus 
inundation time. The warm discharge of the Lena River results in faster IBP degradation rates in this area 
compared to the western Laptev Sea (Angelopoulos, Overduin, Miesner, et al., 2020). Since the coastline 
cuts approximately perpendicular across terrain unit boundaries, relative differences in degradation rates 
between submerged Yedoma and Alas therefore hold, irrespective of the coastal erosion rate. As shown in 
Figure 1, the 1969 coastline intersects profile 2, showing that the Alas was submerged after coastal erosion. 
The coastal erosion rate was approximately 0.5 m/yr for the Alas coastline from 1969 to 2017, corresponding 
to 48 yr of inundation. For further offshore distances (profiles 3 and 4), there is more uncertainty regarding 
the lagoon/Alas and Alas/Yedoma boundaries, as well as the Alas inundation history. Lower lying Alases 
could have been submerged earlier from rising sea levels (Gavrilov et al., 2006; Romanovskii et al., 2000), 
but this does not contradict the high rate of subsea IBP degradation for the submerged Alas deposits close 
to shore (up to 19 m in 48 yr). Shakhova et al. (2017) showed that the depth to IBP for submerged Yedoma 
permafrost offshore of Muostakh Island's north tip increased from 4.2 m after 49 yr of inundation (1982 
borehole) to 8.6 m after 81 yr of inundation (2014 borehole).

The high rate of subsea IBP degradation for submerged Alas deposits within 30 m of the coastline suggests 
that conditions prior to submergence favor thawing. This may be partially due to a warmer ground thermal 
regime upon submergence, as borehole measurements showed that the average ground surface temperature 
in an Alas depression from 2012 to 2015 was  7 C compared to  10 C  for Yedoma (Figure S3). However, this 
effect is less important than the reduced latent heat content associated with relatively ice-poor refrozen talik 
deposits. In this region, the total ice content (segregated ice + wedge ice) can reach up to 87 % by volume for 
Yedoma deposits (Fuchs et al., 2020; Günther et al., 2015). The Alas had been sub-aerially exposed since at 
least 1951 (year of oldest available image), but partial lake drainage and lagoon formation likely occurred cen-
turies earlier (Jenrich et al., 2021). The Stefan solution for permafrost formation (Riseborough et al., 2008) 
yields a sub-aerial refrozen talik down to 21 m in just 66 yr and 37 m in 200 yr, using a ground tempera-
ture of  7 C , a volumetric ice content of 50 % , and a frozen sediment thermal conductivity of 2.6 W/(mK).  
The conductivity is representative for sediment in the East Siberian Arctic seas (Chuvilin et al., 2020). We 
conclude that the deep IBP (19 m within 30 m of shore) is indicative of marine-induced thaw and not relict 
thaw from the original thermokarst lake. We further suggest that in addition to warmer sediment tempera-
tures and potentially low ice contents in the Alas, salt intrusion from lagoon-Alas interaction could precon-
dition the sediment for rapid thaw.

Lateral seawater intrusion beneath a thin permafrost base was interpreted by electrical resistivity surveys 
several decameters inland in Svalbard (Kasprzak et al., 2017), leading to the concept of an onshore-perma-
frost wedge (Kasprzak, 2020). Due to seawater intrusion, this concept explains that the thickness of onshore 
permafrost increases with distance from the coastline. On the Bykovsky Peninsula, we suspect that lateral 
saltwater intrusion from the lagoon occurred beneath the sub-aerial Alas during refreezing. The driftwood 
on the Alas surface (Figure 1) indicates that it is also susceptible to storm surges and tidal flooding from the 
lagoon. A borehole drilled in the center of Uomullyakh Lagoon in April 2017 showed unfrozen hypersaline 
sediment down to a depth of 20 m below the top of the bedfast ice (1.2 m thick), despite temperatures as low 
as  4 4. C (Jenrich et al., 2021). Below 20 m, the temperature was as cold as  5 0. C and below the freezing 
point estimated from porewater electrical conductivity. The nearly uniform salt distribution vs. depth is 
not indicative of slow vertical diffusive salt transport (Harrison & Osterkamp, 1982). The Alas is part of the 
same basin and should have similar sediment properties conducive to density-driven water flow. The depth 
to IBP in the borehole was deeper than the maximum depth of the Yedoma (15 m below sea level), indicat-
ing that all the massive ice melted during the thermokarst lake phase. The IBP discovered in the borehole 
was characterized by sands underlying the Yedoma. Although remnants of the Yedoma can exist below 
drained lake basins (Kholodov et al., 2003), the lower resistivity of the IBP below the Alas deposits com-
pared to Yedoma indicates that the submerged Yedoma IBP has a higher ice content than the Alas IBP. The 
lateral intrusion of saltwater into an Alas that starts to refreeze could create saline sub-aerial permafrost and 
cryopegs. Even if the saline Alas layers freeze, thawing would still be faster because of the reduced freez-
ing point of the porewater and a higher unfrozen water content at temperatures below the freezing point 
(Nicolsky & Shakhova, 2010). The re-worked Alas deposits might also be more susceptible to convective salt 
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transport offshore. As observed in Prudhoe Bay, Alaska, the convective transport of salt to the phase bound-
ary can greatly increase the subsea permafrost degradation rate (Osterkamp, 2001; Osterkamp et al., 1989).

The Alas IBP depth showed a strong linear fit with the natural logarithm of offshore distances, but only less 
than 120 m from shore. For offshore distances greater than 200 m, the depth to IBP in the Alas was only 
12 m compared to 19 m for offshore distances between 90 and 120 m (Figure S2). This is possible because 
the terrain unit extrapolation shown in Figure 1 is more unreliable at large distances from shore. However, 
if the terrain unit extrapolation is correct, we attribute the aforementioned finding to the fact that the sub-
merged Alas more than 200 m offshore was pre-conditioned with salt and low ice content to a shallower 
depth or not at all. After a partially frozen saline layer thaws, the IBP degradation rate slows considerably. At 
this point, numerical models suggest that the IBP can degrade from salt diffusion from the overlying saline 
sediment (Figure S4). After enough time, the 0 C isotherm will catch up to the thawing front to accelerate 
IBP degradation. In Tiksi Bay, the mean annual bottom water temperature is above 0 C . The thermal models 
are described in the supporting information and are based on CryoGrid2 (Westermann et al., 2013) adapted 
for salt diffusion (Angelopoulos et al., 2019).

The interpreted IBP depths beneath the submerged lagoon were the deepest, based on the assumption that 
an unfrozen to frozen transition occurred at the maximum rate of change of the natural logarithm of invert-
ed electrical resistivity vs. depth. It is possible that the transition was the shift from unfrozen saline ground 
to less saline, but still unfrozen ground. The very low resistivity transition to IBP (8  m) is corroborated by 
Overduin et al. (2012) and Wu et al. (2017), who demonstrated that the bulk resistivity of hypersaline sed-
iment can be 2–3  m at the freezing point. Furthermore, IBP depths beneath the submerged lagoon were 
complicated by the spit, which moves along with the retreating coast. In profile 1, the high resistivity feature 
just below the seabed was likely relict IBP aggradation from the spit's position in earlier years. Cooling from 
the sub-aerially exposed spit could have also created permafrost upwards from the bottom of the talik. In 
the eastern Beaufort Sea, Ruppel et al. (2016) attributed shallower and thicker IBP to the presence of barrier 
islands. Permafrost aggradation also occurs below tidal flats, like in the Kara Sea (Vasiliev et al., 2017), as 
well as emerging polar coasts from isostatic rebound (Boisson et al., 2020). However, it is unlikely that the 
Alas was once submerged and uplifted, because the Bykovsky Peninsula lies in an area of tectonic subsid-
ence (Morgenstern et al., 2020).

Spits and barrier islands may be important controls on subsea IBP preservation in the Arctic where large 
lagoons (  500 m) are widespread, like in the Beaufort Sea (Figure S1). The capacity for thermokarst-affected 
landscapes to increase subsea permafrost degradation is most significant where thermokarst lagoons and 
Alases interact with each other, such as along some stretches of the Laptev and Beaufort seas (Figure 2). 
Higher elevated Alas-rich coastlines with comparatively few lagoons like in Eastern Siberia may experience 
slower subsea permafrost degradation rates, but still thaw faster than Yedoma dominated coastal stretches.

6. Conclusions
We performed marine electrical resistivity surveys parallel to the southern coastline of the Bykovsky Pen-
insula to map the depth to the top of subsea IBP. The resistivity data indicate that the subsea permafrost 
degradation rate was up to 170 % faster below submerged Alas deposits compared to submerged Yedoma 
permafrost. The deeper IBP table observed beneath submerged Alases adjacent to thermokarst lagoons 
is consistent with our hypothesis. While subsea permafrost thaw is generally slower than thaw beneath 
thermokarst lakes, reworked low-lying Alas deposits are primed for rapid degradation upon marine inun-
dation. Arctic coastal erosion rates are also increasing, leading to faster inundation of terrestrial permafrost 
(Jones et al., 2018; Lantuit, Overduin, et al., 2011). The thermokarst lake phase can generate deep taliks that 
facilitate subsea open talik development through bottom-up thawing, providing conduits for gas migration 
from degrading gas hydrates (Malakhova,  2016; Malakhova & Eliseev,  2018). We suggest that low-lying 
thermokarst-affected landscapes adjacent to lagoons are susceptible to more rapid top-down thaw once they 
become part of the marine environment. While the more rapid thaw we observed occurred in the uppermost 
20 m, subsea permafrost is estimated to contain 500 Gt of carbon not embedded in hydrates in the upper 
25 m of sediment (Shakhova et al., 2010; Zimov et al., 2006). Given the abundance of thermokarst lagoons 
in this large portion of the Arctic, as revealed by our remote sensing effort, large-scale thermal assessments 
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of subsea permafrost should consider reworked sediments beneath thermokarst depressions in numerical 
models. The presence of salt in IBP reduces the energy required for phase change, and thus submerged 
refrozen marine sediments are also pre-conditioned to degrade faster than submerged Yedoma deposits. 
Along Arctic coastal stretches of ice-rich permafrost, young Alases with low ice content, as well as Alases 
lying in thermokarst lagoon basins, are potential hot spots for rapid subsea permafrost degradation.

Data Availability Statement
The PANGAEA portal provides access to the apparent electrical resistivity data and water depths (https://
doi.pangaea.de/10.1594/PANGAEA.934169), as well as the KML files for the Arctic lagoon mapping 
(https://doi.pangaea.de/10.1594/PANGAEA.934158). The borehole temperature data is available from the 
Arctic Data Center Portal of the Geophysical Institute, University of Alaska Fairbanks. The Yedoma bore-
hole data can be accessed from https://permafrost.gi.alaska.edu/site/by1 and the Alas borehole data from 
https://permafrost.gi.alaska.edu/site/by3.
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Abstract
Thermokarst lagoons represent the transition state from a freshwater lacustrine to a 
marine environment, and receive little attention regarding their role for greenhouse gas 
production and release in Arctic permafrost landscapes. We studied the fate of methane 
(CH4) in sediments of a thermokarst lagoon in comparison to two thermokarst lakes on 
the Bykovsky Peninsula in northeastern Siberia through the analysis of sediment CH4 
concentrations and isotopic signature, methane- cycling microbial taxa, sediment geo-
chemistry, lipid biomarkers, and network analysis. We assessed how differences in geo-
chemistry between thermokarst lakes and thermokarst lagoons, caused by the infiltration 
of sulfate- rich marine water, altered the microbial methane- cycling community. Anaerobic 
sulfate- reducing ANME- 2a/2b methanotrophs dominated the sulfate- rich sediments of the 
lagoon despite its known seasonal alternation between brackish and freshwater inflow and 
low sulfate concentrations compared to the usual marine ANME habitat. Non- competitive 
methylotrophic methanogens dominated the methanogenic community of the lakes and 
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1  |  INTRODUC TION

Northern permafrost contains an estimated 1035 ± 150 PG of or-
ganic carbon within the top three meters (Hugelius et al., 2014), 
which is more than 30% of total terrestrial soil organic carbon 
(Strauss et al., 2021) and disproportionally high, given its limited 
coverage of 15%– 22% of the terrestrial area (Schuur et al., 2015). 
The warming climate has triggered permafrost degradation with a 
variety of consequences for the landscape (Biskaborn et al., 2019), 
including top- down thaw, increasing active layer over long term, 
thermo- erosion along coasts, rivers, and lake shores, rapid thawing 
associated with thermokarst processes (Strauss et al., 2017; Turetsky 
et al., 2020) and significant land subsidence (Anders et al., 2020; 
Antonova et al., 2018). Thermokarst develops in the lowland areas of 
ice- rich permafrost, and typically results in formation of thermokarst 
ponds or lakes (Bouchard et al., 2016) and reassembly of permafrost 
microbiomes (Ernakovich et al., 2022). Thermokarst landscapes 
are estimated to cover approximately 20%– 40% of permafrost 
regions (Olefeldt et al., 2016; Strauss et al., 2017). Thermokarst 
lakes are hotspots of CH4 emission (Pellerin et al., 2022; Walter 
Anthony et al., 2016), especially those lakes that formed in organic- 
rich Yedoma permafrost, which contains approximately 40% of 
total permafrost carbon. As CH4 has approximately 34 times the 
global warming potential of carbon dioxide (CO2) over 100 years  
(Dean et al., 2018; Myhre et al., 2013), excessive CH4 emissions from 
thermokarst landscapes can yield disproportionate CO2 equivalents 
and feedback to the climate system (Serikova et al., 2019; Walter 
Anthony et al., 2018).

Marine systems only contribute 1%– 2% of global CH4 emissions 
even though they cover approximately 70% of the earth's surface, 

due to effective reduction of CH4 emissions through anaerobic 
methane oxidation coupled with sulfate reduction termed S- AOM 
(Hinrichs & Boetius, 2002; Knittel et al., 2019; Wallenius et al., 2021). 
S- AOM consortia, symbiosis between anaerobic methanotrophic 
archaea (ANMEs) and sulfate- reducing bacteria, are widespread in 
marine systems, although ANMEs are very slow growing (Knittel 
& Boetius, 2009). There are three main clades of marine ANMEs: 
ANME- 1, ANME- 2 (further split into subclusters ANME- 2a/2b and 
ANME- 2c), and ANME- 3. The differentiation between the clades is 
based on their relation to already cultivated methanogens, for exam-
ple the ANME- 2 clade is closely related to Methanosarcinales (Hinrichs 
et al., 1999; Knittel et al., 2005; Timmers et al., 2015). Because ANME 
organisms are ubiquitous in marine environments where CH4 and sul-
fate are present, they potentially also establish in Arctic lagoons.

Thermokarst lagoons represent a transitional state between 
freshwater thermokarst lakes and a fully marine environment. The 
functionality of thermokarst lagoons in carbon turnover and green-
house gas release has received little attention so far despite their 
importance in coastal carbon dynamics (In 't Zandt et al., 2020) 
and widespread occurrence along Arctic coasts (Angelopoulos 
et al., 2021). Lagoon formation occurs when intrusion of marine 
water introduces high concentrations of ions, especially sulfate, to 
the geochemical profiles of previous freshwater lakes (Spangenberg 
et al., 2021). Vertical diffusion of these salts also changes the ion 
composition of the freshwater sediments, creating a salt gradi-
ent across several meters of sediment (Angelopoulos et al., 2020). 
The sediment geochemistry of thermokarst lagoons largely depend 
on their hydrological connection with the sea. For example, open 
lagoons have a constant exchange with the sea leading to a more 
stable mixing regime and higher salinity and sulfate concentrations, 
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the lagoon, independent of differences in porewater chemistry and depth. This poten-
tially contributed to the high CH4 concentrations observed in all sulfate- poor sediments. 
CH4 concentrations in the freshwater- influenced sediments averaged 1.34 ± 0.98 μmol g−1,
with highly depleted δ13C- CH4 values ranging from −89‰ to −70‰. In contrast, the
sulfate- affected upper 300 cm of the lagoon exhibited low average CH4 concentrations of 
0.011 ± 0.005 μmol g−1 with comparatively enriched δ13C- CH4 values of −54‰ to −37‰
pointing to substantial methane oxidation. Our study shows that lagoon formation specifi-
cally supports methane oxidizers and methane oxidation through changes in pore water 
chemistry, especially sulfate, while methanogens are similar to lake conditions.

K E Y W O R D S
13C, ANME, AOM, coastal permafrost, methanotrophs, methylotrophic methanogenesis, MOB, 
permafrost thaw, sulfate- methane transition zone, sulfate reduction
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while semi- closed lagoons have a seasonal connection that is often 
interrupted during winter months due to ice thickening result-
ing in seasonally more variable environmental conditions (Jenrich 
et al., 2021; Schirrmeister et al., 2018).

One impact of marine- water intrusion could be a change in 
methane production pathway and the methanogenic community. 
Methanogenesis is accomplished through three main pathways: 
hydrogenotrophic, which utilizes hydrogen and carbon dioxide; ac-
etoclastic, which utilizes acetate; and methylotrophic, which uses 
simple methylated compounds, such as methanol or methylamines 
(Liu & Whitman, 2008; Sollinger & Urich, 2019). Acetoclastic and 
hydrogenotrophic methanogenesis are more susceptible to com-
petition (Froelich et al., 1979; Jørgensen, 2006), such as from sul-
fate reducing bacteria (SRB), whereas methylotrophic methanogens 
are thought to be non- competitive and therefore could continue 
under conditions unacceptable for the other two pathways (Liu & 
Whitman, 2008; Lyu et al., 2018). Indeed, recent studies have shown 
methylotrophic methanogenesis occurring in sulfate- rich areas, for 
example in the sulfate– methane transition zone of estuaries (Maltby 
et al., 2018; Sela- Adler et al., 2017).

We investigated sediments of two thermokarst lakes and a 
thermokarst lagoon on the Bykovsky Peninsula in northeastern 
Siberia as a natural laboratory for the impacts of marine- water intru-
sion on methane cycling through the analysis of sediment CH4 con-
centrations and isotopic signature, methane- cycling microbial taxa, 
sediment geochemistry, and lipid biomarkers.

2  |  MATERIAL S AND METHODS

2.1  |  Site description

The study area is located on the Bykovsky Peninsula, southeast of the 
Lena Delta in the Buor- Khaya Gulf of the Laptev Sea in northeastern 
Siberia, Russia (Figure 1). Three of the water bodies on the penin-
sula were selected for this study: two freshwater thermokarst lakes, 
Lake Golzovoye (also anglicized as Goltsovoye, abbreviated as LG in 
this study) and Northern Polar Fox Lake (LNPF) and one thermokarst 
lagoon, Polar Fox Lagoon (PFL). Initial thermokarst lake formation 
occurred between 12,500 and 9400 years cal BP (calibrated, before 
present), before the peninsula itself was shaped (Grosse et al., 2007). 
Lake Golzovoye is relatively young, and formed approximately 
8000 years cal BP (Jongejans et al., 2020). Northern Polar Fox Lake 
and Polar Fox Lagoon lie within the same partially drained thermo-
karst basin (Angelopoulos et al., 2020), with the lake to the north 
of the lagoon. The basin may have gone through repeated draining 
events between initial formation and present (Grosse et al., 2007; 
Jenrich, 2020). The channel between the lagoon and Tiksi Bay likely 
only formed within the last 2000 years cal BP. Thus, we view Northern 
Polar Fox Lake and Polar Fox Lagoon as two successive stages in the 
transition of coastal thermokarst landscapes into marine environ-
ments. The lagoon in its present state is a nearly closed system with 
a wide, shallow, and winding channel supplying it with water from 

Tiksi Bay during the summer, with large seasonal variation in salinity 
and ion concentrations such as sulfate and chloride (Angelopoulos 
et al., 2020; Spangenberg et al., 2021). The mean annual electrical 
conductivity of Tiksi Bay is 7.1 mS cm−1, but values as high as 15 mS 
cm−1 have been observed in winter (Angelopoulos et al., 2020).

2.2  |  Field work and sampling

During a drilling campaign on the Bykovsky Peninsula in April 2017, 
cores PG2420, PG2426, and PG2423 were retrieved from LG, LNPF, 
and PFL, with drilling depths from the sediment surface of 5.2, 5.4, and 
6.1 m, respectively. Water height above sediment surface was 510, 
560, and 310 cm for LG, LNPF and PFL, respectively. The cores were 
recovered with a hammer- driven 60 mm Niederreiter piston corer 
(UWITEC™) in overlapping sections retrieved in 3- m- core barrels. All 
cores consisted of unfrozen sediment at time of sampling. After re-
trieval, the cores were cut into 10 cm liner segments. The cores were 
cut with an electric saw. To avoid contamination, the saw blade was 
wiped with ethanol in between the cuttings and handling was done 
using nitrile gloves. The segments were packed in N2- flushed, vacuum 
sealed opaque bags and were stored at approximately 4°C (pore water 
analysis) or frozen (molecular analysis, lipid biomarkers, bulk analysis) 
before processing. Samples were frozen at −20°C on- site and were 
kept frozen until further processing in the lab starting in September 
2019. Sampling for sediment CH4 concentrations and isotopes as 
well as molecular work was done in a cleaned and weather- protected 
tent at the coring site without time delay after a core was retrieved. 
Defined sediment plugs (3 cm3) were obtained from the edges of the 
10 cm core slices using cut syringes and placed into 20 mL vials con-
taining saturated NaCl (gas analysis) or into sterile 15 mL falcon tubes 
(molecular work). A total of 139 of the 10 cm segments were used for 
analyses: 41 from LG, 39 from LNPF, and 59 from PFL.

2.3  |  Porewater sampling and analysis

Porewater samples were extracted using a hydraulic press in an 
anoxic glovebox and then filtered through a 0.45 μm microporous 
membrane. pH was measured with a WTW MultiLab 540 probe 
(WTW, Germany). Samples were analyzed by suppressed ion chro-
matography for all major cations and anions. Alkalinity was meas-
ured by colorimetric titration. Dissolved iron (ferric and ferrous) 
concentrations in pore water were measured via spectrophotom-
etry by the ferrozine method (Viollier et al., 2000), with a detection 
limit of 0.25 μM. Samples were measured at GFZ German Research 
Centre for Geosciences.

2.4  |  CH4 concentrations and carbon isotopes

Concentrations of CH4 were determined by static headspace gas 
chromatography (GC7890, Agilent Technologies, USA) with a flame 
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ionizing detector (FID). Before each GC measurement, the instru-
ment was checked against standard gasses and was newly calibrated 
if necessary. Plug samples were mixed into a slurry before analysis, 
and concentrations are presented in units of micromoles of CH4 per 
gram of whole sediment plug (μmol g−1). A sediment plug was de-
fined as 3 cm3 of the in- situ mixture of sediment, pore water, and 
pore gas. Stable carbon isotope signatures of CH4 were analyzed by 
isotope- ratio mass spectrometry (Delta V plus, Thermo Scientific, 
Dreieich, Germany) coupled to a GC- Isolink/Trace- GC (Thermo 
Scientific, Dreieich, Germany) at Universität Hamburg. Values are 
expressed relative to Vienna Peedee belemnite (VPDB) using IAEA 
NGS3, (−73.3‰ VPDB) as external standards. The analytical error of 
these analyses was ±0.2‰.

2.5  |  Bulk parameters

Samples were analyzed for total carbon (TC), total organic carbon 
(TOC), total nitrogen (TN), and total sulfur (TS) at the University of 
Cologne. For analysis of TC, TN, and TS, 20– 30 mg aliquots of dry 
sample were combined with 20 mg of tungsten trioxide (an oxidation 
catalyst) and were measured on an Elementar Micro Vario elemental 
analyzer. For TOC measurements, samples were first processed to 
remove inorganic carbon by adding 1% HCl to 20– 50 mg of dry bulk 

sample for 1 h at 60°C, and then allowed to continue to react over-
night at room temperature. Samples were then thoroughly rinsed 
with 18.2 MΩ purified water until pH was back to neutral values and 
dried in the oven at 60°C. Afterwards, 20 mg of tungsten oxide were 
added to each and samples were analyzed using the same Elementar 
Micro Vario elemental analyzer.

2.6  |  Lipid biomarker indices

Lipid extraction was performed to obtain n- alkanes for use in sev-
eral biomarker indices to characterize the origin of organic matter in 
the lakes. Samples (6– 10 g dry weight) were extracted following the 
method of Bligh and Dyer (1959). The total lipid extracts were then 
separated into neutral lipid, glycolipid and phospholipid fractions 
using hand- packed SiOH columns and eluting with dichloromethane, 
acetone, and methanol, respectively. The neutral fractions (contain-
ing n- alkanes) were further separated using activated SiO2 column 
chromatography and n- hexane as eluent. The n- alkanes were meas-
ured on a gas chromatograph equipped with an on- column injec-
tor and flame ionization detector (GC- FID, 5890 series II, Hewlett 
Packard, USA). A fused silica capillary column (Agilent DB- 5MS; 
50 m × 0.2 mm; film thickness: 0.33 μm) was used with helium as car-
rier gas. n- Alkane identification and quantification was performed 

F I G U R E  1  Location and map of the study site showing (a) location with respect to the Northern Hemisphere and permafrost extent 
regions (b) location with respect to the Bykovsky Peninsula, and (c) relative location of the lakes and the lagoon. Note the small channel at 
the bottom of PFL connecting to Tiksi Bay. Symbols show location of coring sites: Triangle— Polar Fox Lagoon; Circle— Northern Polar Fox 
Lake; Cross— Lake Golzovoye. Map in (a) based on Brown et al. (1997), (b) ESRI Satellite World Imagery, and (c) based on WorldView- 3 false 
color satellite image (8– 5– 3), acquired 2016- 09- 02 (©DigitalGlobe). Map lines delineate study areas and do not necessarily depict accepted 
national boundaries.
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using an external standard mixture of C21- C40 n- alkanes (PN 04071, 
Sigma- Aldrich).

Detailed information about the indices used can be found in the 
corresponding references, but briefly:

The carbon preference index (CPI) indicates the maturity of the 
organic matter, where higher values are generally indicative of less 
degraded organic matter. Crude oil, for example, has a CPI value of 
approximately 1. The CPI is calculated after Marzi et al. (1993):

The proxy Paq was proposed by Ficken et al. (2000) and first applied 
to permafrost by Zheng et al. (2007). The Paq expresses the portion 
of organic matter derived from submerged or floating macrophytes 
(Paq > 0.4) as opposed to emergent and terrestrial plant input (Paq < 0.4). 
We used the general trend of Paq rather than the absolute values due 
to the proxy being applied to permafrost regions only recently, and not 
developed for this soil type

2.7  |  DNA extraction and Illumina sequencing of 
amplicons and metagenomic DNA

Total nucleic acids were extracted in duplicate using the PowerSoil- 
Kit (MO- BIO, Qiagen) according to the manufacturer's protocol. The 
concentration of DNA extracts was checked via gel electrophoresis 
and on a Qubit fluorometer (Invitrogen).

Amplicon libraries were prepared with the barcoded primer 
pair Uni515- F/Uni806- R to cover both bacterial and archaeal 16S 
rRNA genes (Caporaso et al., 2011). Each sample was run in techni-
cal duplicate. The 50 μL PCR reactions contained 10x Pol Buffer C 
(Roboklon GmbH), 25 mM MgCl2, 0.2 mM deoxynucleoside triphos-
phate (dNTP) mix (ThermoFisher Scientific), 0.5 mM each primer 
(TIB Molbiol, Berlin, Germany) and 1.25 U of Optitaq Polymerase 
(Roboklon). The PCR program started with a denaturation step at 
95°C for 10 min, followed by 35 cycles at 95°C for 15 s, annealing 
at 60°C for 30 s, extension at 72°C for 45 s and a final extension 
step at 72°C for 5 min. The tagged PCR products were then purified 
with the Agencourt AMPure XP kit (Beckman Coulter, Switzerland) 
and eluted in 30 μL DNA/RNA- free water. The purified product was 
quantified and then the equilibrated PCR product, together with 
positive and negative controls, were pooled. The sequencing was 
performed on an Illumina MiSeq system (paired- end, 2 × 300 bp) by 
Eurofins Scientific.

In addition to amplicon sequencing, metagenomic sequencing 
was done on six samples of sediment from the lagoon by using the 
Illumina HiSeq 2500 platform by Eurofins Scientific. These six sam-
ples are representative of the sulfate zone (combination of the 40, 
100, and 130 cm core segments), the upper (190 cm core segment), 
middle (220 cm core segment), and bottom (250 cm core segment) 

of the sulfate– methane transition zone, freshwater sediment (com-
bination of the 310, 420, and 480 cm core segments), and the talik 
(570 cm core segment).

2.8  |  Amplicon and metagenomic data processing

For the amplicon data, raw sequences were processed according 
to Yang et al. (2021). The community composition was reported in 
ASV (amplicon sequence variants) tables using the DADA2 algorithm 
(Callahan et al., 2016) and the taxonomy was assigned against the 
SILVA138 database (https://www.arb- silva.de). In this study, special 
attention was paid to methanogens and aerobic/anaerobic metha-
notrophs. The ASV table was filtered by taxonomy to keep only 
methane producing archaea, and methanotrophic prokaryotes. The 
technical duplicates of each sample were merged. The resulting data 
set had 264 ASVs including methanogenic archaea, aerobic methane 
oxidizing bacteria (MOB) and anaerobic oxidizers of methane (AOM). 
A total of 23 samples (excluding technical duplicates) were analyzed: 
7 each from LG and LNPF, and 9 from PFL.

Metagenomic data for the lagoon were processed including steps 
of quality control, assembly, and functional annotation according 
to the flow described by Kieser et al. (2020). Briefly, we performed 
quality control on Illumina data using the BBtools suite (https://sourc 
eforge.net/proje cts/bbmap), and assembled with metaSpades (Nurk 
et al., 2017) with default settings. For the genes predicted by Prodigal 
(Hyatt et al., 2010), functional annotation was processed by eggNOG- 
mapper (v2) with DIAMOND (v0.8.22.84) (Buchfink et al., 2015) 
against the associated reference database eggNOG 5.0 (Cantalapiedra 
et al., 2021). The abundance of key functional genes (in transcripts per 
kilobase million, TPM) involved in methanogenesis, aerobic methane 
oxidation (MOB), dissimilatory nitrate reduction (DNR) and sulfate 
reduction (DSR) was compared to provide additional insight to the 
amplicon- derived data for the lagoon. To check the taxonomy bearing 
these genes, we taxonomically annotated the translated protein se-
quences of these genes using DIAMOND and compared against the 
UniProt90 reference database (https://www.unipr ot.org).

2.9  |  Network analysis

First, the ASVs with mean relative abundances of less than 0.05% 
across all samples were removed from downstream analysis. The 
resulting dataset was further filtered to only keep those ASVs with 
a Spearman correlation coefficient with an absolute value greater 
than 0.6 and a statistically significant p value of less than 0.01. These 
filtering steps removed poorly represented ASVs and reduced net-
work complexity, facilitating the determination of the non- random 
co- occurrence of the core community. The network was then ex-
plored and visualized using the igraph package (v 1.2.5, Csardi & 
Nepusz, 2006). Community modularity was detected via a walktrap 
algorithm according to the internal ties and the pattern of ties be-
tween different groups with the igraph package.

CPI23−33 =
Σ odd C23−31 + Σ odd C25−33

2 ∙ Σ even C24−32

.

Paq =
C23 + C25

C23 + C25 + C29 + C31

.
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To explore the association between network modularity and en-
vironment conditions, the ASV members were first used for corre-
spondence analysis, and then the ordination object was fitted by the 
environmental variables with the envfit function in R package vegan 
(version 2.5– 6) (Oksanen et al., 2019).

2.10  |  Numeric and statistical analysis, and 
structural equation modeling

The contribution of different consortia to the total abundance and 
beta diversity (Bray– Curtis dissimilarity) was calculated with R pack-
age otuSummary (Yang, 2020). A constrained analysis, Canonical 
Correspondence Analysis, was used to explore the linkage between 
microbial community variation and environmental variables (which 
includes the sediment, pore water chemical composition, and CH4 
concentration and isotopic signatures) by using R package vegan 
(Oksanen et al., 2019). Variation partitioning was subsequently 
performed based on the returned canonical correspondence analy-
sis object to resolve the explanatory power of pore water chemis-
try and sediment nutrient condition by using the varpart function 
in package vegan. In addition, structural equation modeling (SEM) 
was implemented with R package lavaan (v0.6.9) (Rosseel, 2012) in 
order to numerically estimate the observed relation between com-
munity structure and different environmental features and eco-
logical functionality. Data visualization of environmental data, qPCR 
and bubble plot was performed with the ggplot2 package (v3.3.2) 
(Wickham, 2016).

3  |  RESULTS

3.1  |  Geochemistry

The porewater and bulk geochemistry of the two freshwater lakes 
were very similar, though differences were seen in the CH4 concen-
trations, CH4 carbon isotopes, and iron profiles (Figure 2). While the 
pore water chemistry results of the lower half of the lagoon sedi-
ment were quite similar to the lakes, large differences in alkalinity, 
salinity, chloride and sulfate concentrations, pH, and δ13C- CH4 were 
observed in the upper 300 cm. These results reflected the freshwa-
ter condition of the porewater of the lakes, LG and LNPF, and brack-
ish condition pore water in the upper sediment (and surface water) 
of the lagoon, PFL, and demonstrated that the pore water in the 
deeper lagoon sediment was still in a freshwater condition. The C:N 
ratio was roughly similar over the entire sediment profiles of both 
lakes, ranging from 7– 12. The C:N ratio of the upper 430 cm of sedi-
ment in the lagoon was similar to that of the lakes. However, from 
430– 510 cm the C:N ratio, and TOC and TN content of the lagoon 
were much higher than that of the lakes, and of the upper lagoon 
sediment.

The δ13C- CH4 values in all three water bodies, except for in the 
sulfate- rich region of the lagoon, were highly depleted, indicating 

that the most dominant production pathways were either methy-
lotrophic or hydrogenotrophic methanogenesis. Within the sulfate- 
rich region of the lagoon sediments, comparatively less negative, or 
heavy, δ13C- CH4 values indicated high rates of methane oxidation.

3.2  |  Biomarker indices

The upper 200 cm of sediment of each water body generally had 
higher Paq values than the rest of the profile, indicating that those 
layers were composed of more submerged and floating plants, 
while the deeper sediments had a larger portion of emergent 
macrophytes and terrestrial plants. The CPI values for both lakes 
and the lagoon were similar for the top 100 cm, with values be-
tween 5.5– 6.5, converging again at their respective maximum 
core depths with CPI values of 8– 9. This indicated that the or-
ganic matter in the upper sediment column was slightly more de-
graded (lower CPI value) than that of the deeper sediment (higher 
CPI value). In- between these regions the CPI was quite different 
for each lake indicating differences in the maturity of the organic 
matter and decomposition processes, or changes in the vegetation 
cover. For example, PFL had very degraded organic matter at ap-
proximately 350 cm compared to the less degraded organic matter 
at approximately 410 cm. Interestingly, the highest Fe2+ concen-
tration in the pore water of PFL was also observed at this depth. 
This potentially signifies very reduced conditions which may be 
slowing degradation.

3.3  |  Microbial consortia of the methane cycle

Methane cycling microbes which were derived from ampli-
con sequencing were separated into three main groups: metha-
nogens, aerobic methanotrophs (methane oxidizing bacteria: 
MOBs), and anaerobic methanotrophs (AOMs) (Figure 3). Across 
all samples, methanogens were dominated by the methy-
lotrophic Methanomassiliicoccales and Methanofastidiosales, fol-
lowed by the hydrogenotrophic Methanoregula and obligatory 
acetoclastic Methanothrix (commonly referred to as Methanosaeta). 
Methanosarcina (generally acetoclastic) were scattered in some sam-
ples with relatively low abundances. This, coupled with the isotope 
results, indicated that methylotrophic methanogenesis is the most 
dominant methane production pathway.

Of the anaerobic methanotrophs, ANME- 2a/2b were very 
abundant in the sulfate- rich sediments of the lagoon (upper 
300 cm). Members of the candidate family Methylomirabilaceae, 
such as Sh765B- TzT- 35 and Z114MB74, generally prevailed across 
all samples but were almost absent from the upper 300 cm of sed-
iment of the lagoon. Other members of this same family, such as 
“Candidatus Methylomirabilis oxyfera”, have been shown to couple 
methane oxidation to nitrite reduction (Versantvoort et al., 2018). 
Canonical aerobic methane oxidizers (MOBs) had very low rela-
tive abundances except for the upper 10 cm of sediment of all 
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three water bodies. This indicated that aerobic methane oxida-
tion was likely limited in the sediment column. Prevalent MOBs 
included mostly type I Gammaproteobacteria, such as members 
from Crenothrix, Methylobacter, and Methyloprofundus which had 
the highest relative abundance. Quantification of taxonomic and 
functional gene copy numbers through qPCR provided overall 
support of the relative abundances obtained from sequencing and 
downstream analysis. The qPCR method and results are presented 
in Data S1.

Metagenomic data of the lagoon sediments demonstrated a 
high ocurrence of genes responsible for dissimilatory sulfate re-
duction in the sulfate zone, and the key genes for methanogenesis 
(mcrABG) also exhibited slightly higher abundance in the sulfate 
zone (Figure 4). Genes which are involved in dimethylamine and 
trimethylamine metabolism (mtbB and mttB) were detected in the 
sulfate zone while the mtmB gene for monomethylamine metabo-
lism was identified beneath the sulfate zone (Figure 4). The com-
positional variation of taxa annotated from the key genes supports 
this trend (Figure S1). The pmoA gene which is key for the canonical 
aerobic MOB occurred in low abundance in the two upper layers 
of the sulfate zone. In the sulfate zone of PFL, the mcrABG genes 
were highly associated with the taxonomic lineages of ANME- 2a 
(ANME- 2 cluster archaeon HR1, 47.4%– 59.5%), followed by Ca. 
Methanoperedens (2.7%– 19.3%) (Table S2). Aligned with the high 
occurrance of sulfate- dependent ANME2 lineage, abundant sulfate 
reducing genes and bacteria were also identified in the sulfate zone 
of the lagoon.

In the ordination space of the canonical correspondence 
analysis, the samples from 20– 60 cm of the lagoon were gener-
ally separated from all other samples (the rest of the lagoon and 
the lakes) (Figure S2a). The environmental variables can explain 

approximately 74% of the total inertia (i.e., community variations) 
in the CCA analysis. The variation partition suggested that pore 
water chemistry was responsible for around 44% of total vari-
ance, followed by only 11% contribution by sediment features, 
which included TOC, TN, C:N, CPI, and Paq (Figure S2b). The SEM 
further highlighted the strong influence of pore water chemistry 
on microbial assemblages versus the influence of sediment fea-
tures (Figure 5). Methanogens and MOB respectively had positive 
and negative influences on the concentration and isotopic signa-
ture of sediment CH4 underlining their direct role on the fate of 
CH4.

3.4  |  Co- occurrence and modularity

After quality filtering, 93 ASVs were used for network construction. 
These ASVs on average contributed 88.75% (min: 39.38%, first quar-
tile Q1: 88.95%, third quartile Q3: 96.71%, max: 99.40%) to the total 
abundance (which constitutes 264 ASVs) and 75.05% (Q1: 60.44%, 
Q3: 90.99%) to the total Bray– Curtis dissimilarity (BC) (Table S3). 
Therefore, the subset of these ASVs largely represented the popula-
tions involved in methane cycling.

The species network consisted of 93 nodes (each node repre-
senting one ASV) and 1535 undirected edges (Figure 6). The den-
sity was 0.3588, the average path length was 1.716 edges with a 
diameter of 3 edges, and the average clustering coefficient transi-
tivity was 0.6848. The centrality measures (degree, betweenness, 
closeness and eigen centrality) highlighted the importance of the 
lineages belonging to Methanomassiliicocales, Methanoregula, 
Methanofastidiosales and Methylomirabilaceae in the network in-
volved in methane cycling.

F I G U R E  2  Porewater chemical features of sediments in three cores. The y- axis shows the depth from the sediment surface. Water height 
above sediment surface was 510, 560, and 310 cm for Lake Golzovoye (LG), Northern Polar Fox Lake (LNPF), and Polar Fox Lagoon (PFL), 
respectively. CPI, carbon preference index.
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Five modules were identified by the walktrap algorithm (mod-
ularity score = 0.204). With the members of each module an or-
dination showed that Module 1 and 4 are stretched along the first 
axis, suggesting association with marine- water sulfate, chloride, 
and alkalinity. In contrast, ASVs in Module 2, 3, and 5 are distant 
from the marine influenced samples, which showed stratified clus-
ter features along axis CA2 (Figure 6; Figure S3). The distribution 
of different modules was likely structured by pore water chemis-
try. Module 2 occurred mainly in the surface samples (0– 10 cm), 
while module 3 and 5 were distributed in down- core freshwater 
sediments. Across all modules, keystone taxa consisted of H2- 
dependent methylotrophic methanogens which are mainly affili-
ated to Methanomassiliicocales or Methanofastidiosales. In Module 
1 and 4, important components also include methane oxidizers like 
ANME- 2a/b, Candidatus Methanoperedens and Crenothrix. Every 
module contains at least one methanogenic lineage. More specific 
information about which taxa were assigned to each module is 
available in Data S2.

4  |  DISCUSSION

4.1  |  Environmental conditions and history of the 
lagoon sediments

The porewater chemistry of the upper 300 cm of the lagoon sedi-
ments indicates that sulfate and other ions have diffused into 

F I G U R E  4  Abundance of key genes involved in methanogenesis/
ANME, aerobic methane oxidization (MOB), dissimilatory nitrate 
reduction (DNR), and dissimilatory sulfate reduction (DSR) over 
six layers of Polar Fox Lagoon (PFL). The depths of 40– 130 cm 
are in the sulfate zone; 190, 220 and 250 cm are in the upper, 
middle, and bottom of sulfate– methane transition zone; and 
depths from 310 cm and deeper are freshwater. ANME, anaerobic 
methanotrophic archaea.
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F I G U R E  3  Bubble plot showing the relative abundance within the targeted subset of 264 ASVs (the abundance of all 264 ASVs sum 
up to 100%). The taxonomy was collapsed at genus level. If an assignment to the genus level was not possible the next higher assignable 
taxonomic level was used. LG: Lake Golzovoye, LNPF: Northern Polar Fox Lake, and PFL: Polar Fox Lagoon. AOM, anaerobic methane 
oxidizers; MOB, methane oxidizing bacteria.
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sediments originally deposited under freshwater conditions, creat-
ing a marine- influenced gradient below which the porewater chem-
istry is comparable to the lakes. The seasonal intrusion of water from 
Tiksi Bay into the lagoon has fostered the formation of a sulfate zone 

from approximately 0– 200 cm, followed by a sulfate– methane tran-
sition zone (SMTZ) from approximately 200– 400 cm. This stresses 
the profound effect that infiltrating water from Tiksi Bay has on 
the porewater chemistry of the lagoon sediment, even though the 

F I G U R E  5  Structural equation modeling (SEM) showing the influence of latent variables, porewater chemistry (Chm), carbon and 
nitrogen (Sol), and Community (Cmm), on the sediment CH4 concentration (left) and 13C- CH4 signature (right). Latent variables indicated 
with ovals and observed variables shown in rectangles. The residuals of observed variables is not shown here. Path coefficients 
standardized and significant at p- value <.05, and path width reflects the absolute value of standardized coefficients. The width of 
edges varies with absolute weights. Absolute weights under 0.3 become smaller in width. Edges with absolute weights under 0.01 were 
omitted. Meth: methanogen relative abundance, MOB: relative abundance of aerobic methane oxidizing bacteria, CA1: the first axis of 
corresponding analysis; Alk: alkalinity, [CH4]: concentration of sediment methane (μmol g−1). The Comparative Fit Indices (CFI) are 0.750 
and 0.845 for the left and right analysis, respectively. The Root Mean Square Error of Approximation (RMSEA) are 0.234 and 0.235, 
respectively. The contribution of AOM had to be omitted in the SEM as the model did not converge due to many zero values of AOM over 
samples within the limited dataset.
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lagoon is only connected to the bay during the ice- free summer 
months (Angelopoulos et al., 2020).

The trends in Paq indicate that overall, organic matter was of 
a more terrestrial origin in deeper sediments of all studied water 
bodies, and has been slowly transitioning towards more submerged 
and floating plants in the shallower sediments. Though there are 
some differences in the C:N ratios, all three water bodies stay 
within a range of 8– 18 over their entire profile, which indicates a 
similar, moderate, decomposition state of the organic matter within 
the sediments of all three lakes. This further supports that the sedi-
ment and organic matter composition of the lagoon was very similar 
to that of the freshwater lakes before marine water intrusion. This 
means that differences observed in the lagoon are more likely due to 
the marine water intrusion. This is also in line with the range found 
for a variety of permafrost deposits (5.4– 72.6), as well as that found 
specifically in permafrost from the same region: approximately 5– 30  
(Walz et al., 2018). The C:N ratios could also indicate a large pro-
portion of phytoplankton mixed into the sediments (Biskaborn 
et al., 2012; Vyse et al., 2020). The increase in CPI and C:N val-
ues in the range of 400– 500 cm in the lagoon indicates that the 
organic matter there is less decomposed compared to the rest of 
the profile. This less degraded organic matter is possibly caused 
by partially refrozen sediment in the lagoon. For an explanation 
of coupled heat and salt flow in the sediment of this lagoon and 
consequences on frozen state of the sediment, see Angelopoulos 
et al. (2020).

4.2  |  Lagoon formation promotes establishment of 
AOM consortia

The decrease of CH4 concentration in the sulfate- rich upper part of 
the lagoon in conjunction with heavier isotopic values imply that 
thermokarst lagoons can establish a strong methane oxidation regime 
that reduces CH4 concentrations compared to their freshwater ana-
logs. Thermokarst lakes in the ice- rich permafrost lowland are gener-
ally hotspots of CH4 emission (Walter et al., 2007; Walter Anthony 
et al., 2018), and our results from the sediment columns of the lakes, 
LG and LNPF, tend to agree with this given CH4 concentrations of up to 
2.21 μmol g−1 in LG, and up to 1.16 μmol g−1 in LNPF. The CH4 present
in the low sulfate sediment column of all three water bodies is likely a 
mixture of saturated or supersaturated porewater and small CH4 gas 
bubbles. Calculations under the assumption that all measured CH4 was 
dissolved in the porewater leads to concentrations of up to 17 mM in 
LG, much higher than the approximately 3.3– 3.8 mM soluble at 1.51 bar 
(for 510 cm water depth) and 0– 4°C in freshwater (Wiesenburg & 
Guinasso, 2002). In addition, ebullition was observed during sampling in 
the two freshwater lakes, but not in the lagoon. Bussmann et al. (2021) 
and Spangenberg et al. (2021) also saw extensive ebullition in LG during 
their sampling events. Evidence for the presence of CH4 bubbles in the 
sediment or soil column have been observed in other studies, including 
in marine, lacustrine, and wetland environments (Pohlman et al., 2013; 
Thomsen et al., 2001; Tokida et al., 2005).

In comparison with the low sulfate sediment columns, the lagoon's 
maximum CH4 concentration in the sulfate zone (0.02 μmol g−1) was 
equivalent to only 0.4%– 5% of the CH4 concentrations of the rest 
of the lagoon sediment profile and of the concentrations along the 
entire profiles of both lakes. The reduction in porewater CH4 con-
centration is concurrent with heavily enriched δ13C- CH4 signatures 
(compared to the lakes), suggesting the occurrence of substantial 
CH4 oxidation. In addition, Spangenberg et al. (2021) found that the 
CH4 concentration in winter ice samples of the lagoon was as low as 
10% of that in Lake Golzovoye (lagoon mean: 54.7 nM vs Golzovoye 
mean: 645 nM), indicating that CH4 was still effectively attenuated in 
winter when the lagoon is disconnected from the bay. Angelopoulos 
et al. (2020) found that even though the lagoon was disconnected 
during the winter, continued growth of the ice cover would repel 
ion into the liquid phase and thus caused increased salinity in the 
shrinking water volume during the winter months, likely preserving 
the marine effect.

There is evidence that methane oxidation in the lagoon is per-
formed by canonical anaerobic methanotrophic archaea, espe-
cially the ANME- 2a/2b groups. Overall, a profound shift in CH4 
cycling consortia was observed between the freshwater lakes 
and the sulfate- affected portion of the lagoon, corresponding to 
changes in geochemical composition, in particular the high sulfate 
concentration and salinity. In the non- sulfate- affected region of 
the lagoon, the microbial community is roughly the same as in the 
lakes at that depth. The effect of the geochemical changes was 
reflected in the environmental partitioning and SEM analysis. 
Based on the porewater chemistry, such as the Fe2+ concentra-
tions, the sediments in all three profiles below the redox bound-
ary at about 10 cm are likely anoxic (Biskaborn et al., 2013). 
Previous studies working on the same lakes have also found that 
the sediments are anoxic except for limited oxygen availabil-
ity in the top few centimeters (Jenrich, 2020; Schindler, 2019; 
Spangenberg et al., 2021). This would generally inhibit obligate 
aerobic methane oxidation below this point, providing space for 
the anaerobic methane oxidizing community to develop, which 
is supported by the amplicon sequencing and metagenomic re-
sults (Figures 3 and 4) and by overall low gene copy numbers 
of aerobic methane oxidizers (Figure S4). Accordingly, canonical 
aerobic MOBs are poorly represented in these thermokarst sys-
tems, especially in the zone of PFL where CH4 concentrations 
and isotopes strongly point towards methane oxidation. The 
metagenomic and amplicon sequencing data support the pres-
ence of multiple types of AOMs in the lagoon. The most abun-
dant (Figure 3) are the S- AOM ANME- 2a/2b which are commonly 
found in classical marine environments. Their dominance is also 
supported by high sulfate reduction rates in the sulfate zone and 
SMTZ of the lagoon, which was previously shown to be at least 
one order of magnitude higher (ca. 50– 420 nM cm−3 day−1) than 
the rest of the profile and the freshwater lakes. Strong sulfate re-
duction in the sulfate zone of PFL could also be supported by the 
pronounced reduction of sediment CH4 concentration and rela-
tively enriched δ13C- CH4 values (around −40‰) (Figure 2) and by
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substantially higher gene copy numbers of sulfate reducers in the 
lagoon (Figure S4).

The timing of the establishment of these marine ANME consor-
tia in the lagoon is difficult to ascertain. As previously stated, the 
channel opened between the lagoon and Tiksi Bay approximately 
2000 years ago, giving the upper limit of the time of establishment. 
The lower limit is unknown, but in recent studies of marine- water in-
undated coastal peatlands, no S- AOMs were observed even 25 years 
after inundation. One example comes from Weil et al. (2020), a study 
which included the ‘Karrendorfer Wiesen’, a formerly drained peat-
land re- wetted with marine water in 1993, which has no established 
S- AOM community even more than 25 years after the rewetting. In 
a rewetted coastal fen near Rostock in Germany with infrequent 
marine water intrusion events, only archaea from the so called 
ANME- 2d group were found which are known to use nitrate as elec-
tron acceptor, but again no sulfate- driven ANMEs (like ANME 2a/2b) 
were observed (Wen et al., 2018). Another study in tropical coastal 
lagoons by Chuang et al. (2017) found very little methane oxidation 
activity even though sulfate and CH4 concentrations were high.

Nitrate is also a viable terminal electron acceptor for AOM. 
Nitrate concentrations in the porewater, although very low in all 
three profiles, agree with nitrate concentrations in natural environ-
ments, which rarely exceed 50 μM (Schink, 2010). Porewater nitrate 
concentrations of the lagoon being below the detection limit may be 
a consequence of fast nitrate reduction, rather than a lack of nitrate 
production. This is supported the by high abundances of genes as-
sociated with denitrification and through occurrence of Candidatus 
Methanoperedens, known to couple AOM with nitrate reduction.

Ferric iron (Fe3+), which is present in the low sulfate sediments of 
the lagoon, has also been highlighted as a potential alternative elec-
tron acceptor for methane oxidation in many other anoxic habitats 
(Ettwig et al., 2016; Rooze et al., 2016; Winkel et al., 2018). Such a 
pathway, according to a recent analysis on eutrophic coastal areas, 
can play an important role in mitigating CH4 by coupling its oxida-
tion with iron, manganese, or nitrate reduction beyond the sulfate 
zone in anoxic sediments due to eutrophication- associated hypoxia 
(Wallenius et al., 2021). Indeed, Hultman et al. (2015) found rela-
tively high rates of iron reduction in permafrost and active zone soil 
incubations, indicating that iron reduction is an important process 
in permafrost areas. However, iron cycling is also intricately tied to 
methane release during thaw, with iron reduction processes caus-
ing increased emissions of methane in a thawing Palsa environment 
(Patzner et al., 2022). Thus, in order to fully understand the role iron 
plays in these environments, more targeted research is needed.

In addition to the results presented here, the work by 
Schindler (2019) utilizing 14C- CH4 labelling experiments also found 
clear evidence of AOM in the 0– 200 cm lagoon sediments. Samples 
used by Schindler (2019) were from the cores as those used in this 
study. It is interesting that within the deeper sediments of LNPF and 
PFL, small pockets of known aerobic MOBs are present and seem-
ingly coexisting with canonical AOM and methanogenic organisms, 
indicating that while this habitat is certainly not ideal for aerobic 
methanotrophs, it is also not completely inhospitable. As we did 

not perform any transcriptome analyses, we cannot make any in-
ferences on the metabolic state of any specific group of methane 
oxidizers. Recent studies of other systems found evidence of meth-
ane oxidation in anaerobic sediment performed by lineages of ca-
nonical aerobic methanotrophs (MOB). For example, in their study 
of sub- Arctic lake sediments Martinez- Cruz et al. (2017) found that 
after a six- month incubation under anoxic conditions supporting 
methane oxidation, type I methanotrophs from the Methylobacter 
genus were the major driver of methane oxidation. This was similar 
to the findings of Su et al. (2015) in the anoxic sediments of a lake in 
Switzerland, where type I and type II aerobic methanotrophs were 
found to grow under both oxic and anoxic incubation conditions. In 
the lakes and lagoon, Methylobacter, and other type I methanotrophs 
are present, however they are most abundant in the top 10– 20 cm 
of sediment and for the most part represent less than 1% of total 
abundance (Figure 3). Crenothrix, a known aerobic MOB, which could 
survive under slightly oxygen- deficient conditions in stratified lakes  
(Oswald et al., 2017), is also concentrated only within the top 
10 cm of both lakes and the lagoon similar to other canonical MOB 
(Figure 3). Thus, while these organisms may be contributing to the 
total AOM process in sediments of all three water bodies, their con-
tribution must be considered marginal relative to that of methano-
trophic archaea (ANMEs) in the lagoon.

The abundant occurrence of the unclassified environmental 
groups Sh765B- TzT- 35 and Z114MB74 (Figure 3) closely related with 
Candidatus Methylomirabilales, another known methane oxidizer 
(Ettwig et al., 2010), imply their ecological importance. The avail-
able genomes of Methylomirabilales demonstrated the existence 
of genes encoding particulate methane monooxygenase (pMMO) 
(Versantvoort et al., 2018). A recent stable isotope probing (SIP) 
study in wet forest soil showed that members of Sh765B- TzT- 35 act 
as active anaerobic methanotrophs along with methylotrophic meth-
anogens of Methanomassiliicoccus, which were proposed as positive 
biological indicators of methanotrophy and methanogenesis in wet 
forest soils (Nakamura, 2019). However, our understanding of the 
role of these clades is extremely poor and it remains open if Sh765B- 
TzT- 35 and Z114MB74 members contribute to methane oxidation in 
the sediments of this study.

4.3  |  Methylotrophic methanogens and the 
implications of their dominance

The methanogenic consortia were dominated by methylotrophic lin-
eages, and their prevalence across all modules and depths (Figure 3) 
underscores the ecological importance of methylotrophic methano-
genesis in all three water bodies. Methylotrophic methanogenesis 
has long been considered the least utilized methanogenesis path-
way, with many studies instead focusing on hydrogenotrophic and 
acetoclastic methanogenesis. As Zalman et al. (2018) states, this 
thinking is so prevalent that rates of acetoclastic methanogenesis 
from mixed microbial communities have been determined by sub-
tracting the rate of hydrogenotrophic methanogenesis from the 
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total CH4 production rate. This method is particularly problematic 
as methylotrophic methanogens do not appear to be affected by 
one of the most commonly used acetoclastic methanogenesis in-
hibitors, methyl fluoride (Penger et al., 2012). As described by Kurth 
et al. (2020) and Sollinger and Urich (2019), there are a wealth of sub-
strates that various methylotrophic methanogens can and do utilize, 
many of which are non- competitive. Recent studies have also found 
that methylotrophic methanogenesis may be the dominant path-
way in multiple environments. For example, Xiao et al. (2018) found 
methylotrophic methanogenesis to be the dominant CH4 production 
pathway in sulfate- rich marine surface sediments from Aarhus Bay 
in Denmark. Zalman et al. (2018) found that Northern Minnesota 
peat bogs have a strong potential for methylotrophic methanogen-
esis based on the amounts of methylated substrate found there. 
Feldewert et al. (2020) suggested that methylotrophic methanogens 
are even able to outcompete hydrogenotrophic methanogens for H2 
when their habitats can provide sufficient methyl groups, even in 
the presence of sulfate. This study can now be added to the growing 
list of environments, both freshwater and marine, where methylo-
trophic methanogenesis is either found to be dominant, or found to 
have strong potential.

4.4  |  Lagoon environments are unique from marine 
environments

The lagoon forms a microbial habitat unique not only from the 
freshwater sediments but also from marine sediments. In ma-
rine environments, ANME consortia are typically restricted to a 
SMTZ (Beulig et al., 2019; Egger et al., 2018; Nauhaus et al., 2002), 
whereas in the lagoon their abundance remains high in the sulfate 
zone above the observed SMTZ (Figure 3; Table S2). This could 
indicate that the location of the SMTZ in the lagoon is seasonally 
more variable than in marine sediments due to the dynamic nature 
of the lagoon (e.g., ice buildup and retreat, alternation between 
freshwater and brackish water inflow) but the reason for the spa-
tially more spread ANME consortia in the lagoon in comparison 
with marine sediments would require further, more temporally re-
solved studies.

The observed prevalence of methanogens throughout the sul-
fate zone and SMTZ would have been a surprising finding under the 
classical understanding that sulfate reducers outcompete methano-
gens in high sulfate environments (e.g., Claypool and Kaplan (1974); 
Sansone and Martens (1981)). However, recent studies have also 
found co- habitation of methanogenesis and sulfate reduction in 
a few marine environments (Ozuolmez et al., 2015, 2020; Sela- 
Adler et al., 2017), as well as coastal marine sediments (Koebsch 
et al., 2019; Rooze et al., 2016). This finding is still an important 
distinction between classical marine environments and a lagoon 
environment. Mitterer (2010) proposed that the co- occurrence of 
methanogenesis and sulfate reduction is supported by the pres-
ence and utilization of non- competitive methanogenic substrates, 
such as methylamines and methylated sulfur compounds. Another 

potential explanation of these differences is the intrusion of fresh-
water in the lagoon and coastal marine environment. Compared 
with a lagoon system, marine sediments in the open ocean gen-
erally contain a higher sulfate content, while the organic matter 
is more diluted. It is therefore conceivable that marine sediment, 
aside from coastal regions, also has a reduced amount of available 
labile carbon. Previous paleoclimate reconstructions have shown 
that the sediments of the lakes and lagoons on the peninsula are 
mixtures of permafrost thawed in situ under the waterbody, per-
mafrost eroded from shores by thermo- erosion, and lacustrine sed-
imentation that has accumulated over approximately 8000 years 
(Jongejans et al., 2020). The carbon densities in lagoons in Yedoma 
permafrost regions are on average 16.5 kg m−3, which falls within 
the range of terrestrial Yedoma (8 kg m−3) and thermokarst 
(24 kg m−3) sediments in the Yedoma region (Jenrich, 2020; Vyse 
et al., 2021). The upper three to five meters of sediment contain 
a higher density of carbon than those below. Moreover, the or-
ganic carbon in thermokarst lagoons is strongly correlated with 
the origin of the organic matter and the depositional conditions 
(Jenrich et al., 2021; Jongejans et al., 2020). The quality of organic 
carbon is an important variable regulating microbial carbon turn-
over (Schuur et al., 2015; Wagner et al., 2005). Likely, thermokarst 
lakes and lagoons can provide sufficient labile organic carbon for 
microbial metabolism, in excess of what is usually available in ma-
rine environments, and which is another key precondition for the 
coexistence of sulfate reducing bacteria (SRB) and methanogens 
(Ozuolmez et al., 2015; Sela- Adler et al., 2017). Therefore, the la-
goon provides a sulfate and carbon rich habitat distinctly different 
from generally carbon poor classical non- coastal marine systems, 
and based on the prevalence of non- competitive methylotrophic 
methanogens, may also contain a larger range of organic carbon 
compounds.

5  |  CONCLUSION AND PERSPEC TIVES

In Arctic coastal permafrost regions, the transition from thermo-
karst lakes to lagoons changes the ionic strength and oxidative ca-
pacity, and introduces new microbial species. Consequently, the 
initial geochemical and trophic stratification is reorganized which 
in turn induces profound shifts in the structure and functionality 
of the methane- cycling community, and influences carbon feed-
backs in the lagoon by supporting a strong AOM community. The 
results of our study also indicate that, while considerably different 
from classical marine environments, lagoon environments can still 
be favorable habitats for canonical AOM consortia. In the lagoon 
system, a high load of organic carbon and non- competitive sub-
strates further afford the co- existence of methanogens and other 
sulfate- reducing organisms. They are also an acceptable habitat 
for the establishment of new microbial communities (Module 1, 
Figure 7), and mixed communities (Module 4, Figure 7). Our study 
also shows that the original microbial community present before 
lagoon development persists under the new conditions (Modules 
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2, 3, and 5; Figure 7). Owing to effective methane oxidation, 
thermokarst lagoons mitigate sediment methane concentrations 
compared to freshwater thermokarst ecosystems. However, the 
impact of these local mitigations on the global permafrost meth-
ane flux is unknown.

An estimation of the current extent of pan- Arctic lagoons includ-
ing lagoons along the coasts of the Laptev, East Siberia, Chuckhi, 
and Beaufort shelf seas, shows that these lagoons currently oc-
cupy an area of 2579 km2 (Jenrich et al., 2022), which is roughly 
equivalent to the size of the country of Luxemburg. Although still 
comparatively small in area, thermokarst lagoons transform micro-
bial methane cycling communities and will further expand in Arctic 
regions, especially along the Laptev Sea coast due to sea- level 
rise, accelerated permafrost thaw, intensified coastal erosion, and 
changing sea ice regimes. Pan- arctic lagoons may therefore be more 
relevant to the present- day and future permafrost carbon budget 
than is currently reflected in the literature, especially if they host a 
strong AOM community like shown here. Beyond that, thermokarst 
lagoon systems represent important natural laboratories for study-
ing the effect of sea level rise on vulnerable, organic- rich coastal 
permafrost landscapes. Therefore, their potential to serve as habi-
tat for efficient AOM- communities deserves more attention in the 
future.
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Abstract. Climate warming in the Arctic results in thawing permafrost and associated processes like 

thermokarst, especially in ice-rich permafrost regions. Since permafrost soils are one of the largest organic 

carbon reservoirs of the world, their thawing could lead to the release of greenhouse gases, further 

exacerbating climate warming. To enhance predictions of potential future impacts of permafrost thaw, we 

studied how soil characteristics change in response to permafrost landscapes affected by thermokarst 

processes in an Arctic coastal lowland. We analysed six sediment cores from the Arctic Coastal Plain of 

northern Alaska, each representing a different landscape feature along a gradient from upland to 

thermokarst lake and drained basin to thermokarst lagoons in various development stages. For the analysis, 

a multiproxy approach was used including sedimentological (grain size, bulk density, ice content), 

biogeochemical (total organic carbon (TOC), TOC density (TOCvol), total nitrogen (TN), stable carbon 

isotopes (δ13C), TOC/TN ratio, mercury (Hg)), and lipid biomarker  (n-alkanes, n-alkanols, average chain 

length (ACL), !!", !#!$, carbon preference index (CPI), higher plant alcohol index (HPA)) parameters. 

The results showed highest TOC contents in samples of the thermokarst lake and the drained thermokarst 

lake basin. Lowest TOC contents were measured in the samples of the semi-drained thermokarst lagoon. 

The comparison of unfrozen and frozen deposits showed significantly higher TOCvol and TN in the 

unfrozen deposits. Indicated by the ACL, δ13C and the !!", !#!$ we found a stronger influence of aquatic 

organic matter (OM) in the OM composition in the soils covered by water, compared to those not covered 

by water. Moreover, it was indicated by the results of the δ13C, TOC/TN ratio, and the CPI that the saline 

deposits contain stronger degraded OM than the deposits not influenced by saltwater. Additionally, we 

found positive correlations between the TOC and TOCvol and the Hg content in the deposits. The results 

indicate that thermokarst-influenced deposits tend to accumulate Hg during thawed periods and thus contain 

more Hg than the upland permafrost deposits that have not been impacted by lake formation. Our findings 

offer valuable insights into the dynamics of carbon storage and vulnerability to decomposition in coastal 

permafrost landscapes, reflecting the interplay of environmental factors, landform characteristics, and 

climate change impacts on Arctic permafrost environments. 
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1 Introduction 

Climate warming represents one of the most pressing global environmental challenges of our time. Arctic 

regions are currently changing rapidly, since they experience some of the highest rates of impacts from 

climate change (Intergovernmental Panel on Climate Change (IPCC), 2022, 2023). Surface air temperatures 

in the Arctic increased up to four times the rate the global mean air temperature did over the last decades, 

a phenomenon referred to as Arctic amplification (Ballinger et al., 2023; Cohen et al., 2020; Rantanen et 

al., 2022). The local drivers of this amplification include the decrease of sea ice and snow cover, resulting 

in a decreased albedo, and a shift of cloudiness over the Arctic (Ballinger et al., 2023). Moreover, there are 

remote drivers which contribute to the amplification, including an increased total water vapour in the Arctic 

atmosphere, due to an increased evapotranspiration and atmospheric moisture transport from the mid-

latitudes and tropics, and accelerated heat from the atmosphere and the ocean (Cohen et al., 2020). As a 

result, surface temperatures in the Arctic during the winters in 2016 and 2018 were 6 °C above the average 

temperatures between 1981–2010 (Intergovernmental Panel on Climate Change (IPCC), 2022). 

One impact of this warming is the thaw of permafrost, which underlies large areas of the Arctic (Biskaborn 

et al., 2019; Smith et al., 2022). In some locations a total increase of 2–3 °C in the last 30 years was found 

within 10–20 m soil depth. Permafrost has been identified as a large and vulnerable reservoir of organic 

carbon (OC) and due to climate change is considered a potential major future carbon source in the earth 

system (Hugelius et al., 2014; Mishra et al., 2021; Schuur et al., 2022). It is estimated that terrestrial deposits 

in permafrost regions store approximately 1460–1600 Gt carbon, which is about twice as much as is 

currently present in the atmosphere (Schuur and Mack, 2018; Strauss et al., 2024a). As permafrost thaws, 

the soils can turn from a carbon sink to a carbon source (Schuur et al., 2009). Increased temperatures cause 

an acceleration of microbial activity and thus an increased decomposition of organic carbon in the deposits, 

leading to the release of greenhouse gases in the form of carbon dioxide and methane with the potential to 

further exacerbate climate change (Miner et al., 2022). In order to analyse the quality of organic matter 

(OM) in the different soils lipid biomarkers can be used. Indices like the average chain length of n-alkanes 

(ACL), the carbon preferences index (CPI), and the higher plant index (HPA) can provide information 

about the source of the OM, as well as the level of degradation (Jongejans et al., 2020, 2021; Strauss et al., 

2015).  

Another consequence of permafrost thaw is the change of the landscape, for example due to melting ground 

ice causing surface subsidence and the development of thermokarst features (Grosse et al., 2013; Kokelj 

and Jorgenson, 2013). Around 20 % of the permafrost regions are affected by thermokarst processes, 

including the formation of thermokarst lakes and drained lake basins (Grosse et al., 2013; Jones et al., 2022; 

Olefeldt et al., 2016). In a coastal environment, increased coastal and riverbank erosion, sea level rise, 

higher water temperatures, and a reduced sea ice cover can lead to the inundation of thermokarst lakes and 

drained thermokarst lake basins by ocean water and the formation of thermokarst lagoons (Jenrich et al., 

2021; Schirrmeister et al., 2018). These features add another complex setting of biogeochemical and 

hydrochemical processes in the transitional stage between terrestrial and marine environments, to the 

already diverse thermokarst landscapes (Schirrmeister et al., 2018).  

In addition to the influence of permafrost thaw and the formation of thermokarst features on organic carbon 

characteristic in the permafrost and thawed soils, changes in other biogeochemical characteristics may also 
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occur, e.g. through the relocation and release of mercury (Hg). It was found that considerable amounts of 

Hg accumulated in the ice-rich permafrost region (Rutkowski et al., 2021). Since permafrost soils 

sequestered Hg bound in organic matter over centuries, it is estimated that the amount of Hg retained in 

permafrost regions is twice as high as in all other soils, the atmosphere, and the ocean combined (Schuster 

et al., 2018). Therefore, Hg is a notable environmental concern in the Arctic region for both humans and 

wildlife, as elevated exposure can impact human health and have negative effects on the ecosystems 

(Rydberg et al., 2010; Smith‐Downey et al., 2010).  

In this study, we use a multiproxy approach to characterise OC in different landscape features of a coastal 

permafrost lowland along a gradient from upland to thermokarst-affected terrains (lakes and drained basins) 

to thermokarst lagoons representing a transition from terrestrial to marine environments on the Arctic 

Coastal Plain of northern Alaska. We aim to answer how OC characteristics and correlating biogeochemical 

parameters change with permafrost degradation and coastal saltwater inundation. 

2 Study area and study sites 

The study area is located in the Arctic coastal plain of northern Alaska, north of the Teshekpuk Lake (figure 

1). The North Slope, an area framed by the Brooks Range in the south and the Beaufort Sea in the north, 

encompasses a diverse geology including deposits originated in the North American craton, passive margin 

sediments, rift sediments, pelagic sediments, volcaniclastics and deposits from the foreland basin 

(Jorgenson et al., 2011). Surface deposits in the study area consist of glacio-marine silts, marine sands, 

alluvial sands and silts from the Holocene and mid-Quaternary epochs (Jorgenson and Grunblatt, 2013).  

Figure 1: Map of the study sites located north of the Teshekpuk Lake in northern Alaska (a, b). Close-up of the 
study area, with the coring locations marked as dots (unfrozen deposits) and triangles (frozen deposits) (c). 
Sources: a, b: ESRI, c: Color infrared ortho aerial image (U.S. Geological Survey, Earth Explorer, 2002). 
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The climate in the region is cold and arid, with a mean annual temperature of -12 °C and a mean annual 

precipitation of 115 mm per year (Jorgenson et al., 2011). The soil composition in the area is intrinsically 

tied to the presence of continuous permafrost, with an interplay of low temperatures, impeded drainage, 

freeze-thaw dynamics, cryoturbation, and ground ice aggregation, collectively shaping its characteristic. 

The presence of 200 to 400 m thick continuous permafrost also led to the formation and preservation of one 

of the largest wetland complexes in the Arctic, which despite the cold and arid climate also lead to the 

accumulation of high OC contents in the soils (Jorgenson et al., 2011; Wendler et al., 2014). Moreover, the 

landscape is continuously transformed by thawing permafrost and melting ground ice, leading to ground 

subsidence and the formation of numerous thermokarst lakes and drained lake basins (Arp et al., 2011; 

Fuchs et al., 2019; Jones and Arp, 2015; Jorgenson and Shur, 2007; Wolter et al., 2024). Coastal erosion 

along the Beaufort Sea coast in this area is among the highest observed in the Arctic, resulting in the 

drainage of lakes and formation of thermokarst lagoons and embayments, and is currently accelerating 

further (Jones et al., 2009, 2018; Jones and Arp, 2015). 

3 Material and Methods 

3.1 Fieldwork  

The fieldwork was performed during a joint German-US expedition to the Teshekpuk Lake area in Alaska 

in April 2022. For this study six soil cores were selected following a transect from inland to coast, with all 

core sites being located in close distance to each other (Figure 1). All sample sites represent different 

landscape features of a coastal thermokarst affected permafrost landscape scape, with the chosen transect 

describing the transformation pathway from a terrestrial permafrost landscape into a marine environment, 

following thaw and erosion processes  (Jenrich et al., 2021). Three of the cores were frozen: from a 

permafrost upland (UPL; length 203 cm), a drained thermokarst lake basin (DLB; length 219 cm), and a 

semi-drained lagoon (SDLAG; length 183 cm). Three other cores were unfrozen: from a thermokarst lake 

(TKL; length 50 cm), a thermokarst lagoon (LAG; length 31 cm), and marine deposits (MAR; length 

12 cm) (figure S1 in the supplements). For reference, all subsample depths are given in centimetres below 

surface level (cm b.s.l.). The unfrozen sediment cores were sampled using a Push Corer [Ø 6 cm], the frozen 

sediment cores were sampled using a SIPRE Corer [Ø 7.6 cm]. The frozen sediment cores were kept frozen, 

while thawed samples were packed and cooled for transport to AWI Potsdam for further analysis.

3.2 Laboratory analysis 

In the laboratory, a multi-proxy approach was applied, including sedimentological, biogeochemical and 

lipid biomarker analysis. The cores were subsampled in intervals of 5 to10 cm. For the biomarker analysis, 

three to four samples of the longer, frozen cores and one to two samples of the shorter, unfrozen cores were 

selected, evenly distributed over the length of the cores. In preparation for further analysis all samples were 

freeze-dried and weighed before and after this process. A more detailed description of the methods used in 

the laboratory is given in the supplements (Sect. S1 in the supplements). 

3.2.1 Sedimentological analysis 
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The sedimentological analysis included the measurement of water-/ice content, bulk density, and grain size 

composition.  

The water-/ice content was calculated as the difference between wet and dry weight of each sample. 

The bulk density (BD) was calculated using equation 1 (Strauss et al., 2012), where the porosity (") of the 

soil was calculated as the ratio of the pore volume and the total volume of the samples. It was assumed that 

samples with a water-/ice content of ≥ 20 % were water-/ice saturated (Strauss et al., 2012), thus the water-

/ice content equals the pore volume. Moreover, an ice density at ‑10 °C of 0.918 g cm-3 and a water density 

at 0 °C of 0.999 g cm-3 was used (Harvey, 2019). The dry mineral density ($%) was considered to be 2.65 g 

cm-3 (Rowell, 1994).

%& = (" − 1) ∙ (−$%)    
(1) 

Grain size distribution (GSD) measurement was carried out using a Malvern Mastersizer 3000 with a 

Malvern Hydro LV wet-sample dispersion unit, measuring in a range between 0.01–1000 µm. All grain 

size statistics were calculated using the software GRADISTAT (Blott and Pye, 2001). 

3.2.2 Biogeochemical analysis 

For biogeochemical analysis, all samples were homogenised using a planetary mill [FRITSCH pulverisette 

5]. The determination of the total organic carbon content (TOC) was carried out using an ELEMENTAR 

soliTOC cube elemental analyser, measuring TOC and total inorganic carbon (TIC) via pyrolysis and gas 

analysis. Using a temperature ramping program to distinguish between TOC and TIC, the device was heated 

to 400 °C for 230 seconds (TOC), and subsequently heated to 600 °C for 120 seconds (TIC). Third heating 

stage was 900 °C for 150 seconds to ensure complete combustion of inorganic carbon compounds.   

The carbon density (TOCvol) of each sample was determined using the bulk density and the TOC content. 

It was calculated using the following equation (2) (Strauss et al., 2015).  

,-.&'([01	3)*] = %&[01	3)*] ∙ +,-	[#0%]344

(2) 

The total nitrogen (TN) content was measured using an ELEMENTAR rapid MAX N exceed elemental 

analyser with a peak combustion temperature of 900 °C.  

From the measured TOC and TN contents the TOC/TN ratio was calculated. This ratio provides information 

on the sources and the degradation level of the organic matter (OM) in the sediment, with high values 

indicating a higher share of terrestrial source material or well-preserved OM and low values indicating a 

higher share of aquatic sources or a high level of degradation of OM (Andersson et al., 2012; Meyers, 

1997). 

The measurement of the total mercury (Hg) content of the sediment samples was carried out using the direct 

mercury analyzer DMA-80 EVO. 

The measurement of the δ13C ratio, as a paleoenvironmental indicator, can also provide information on the 

sources of OM and its degree of decomposition. It is mainly determined by photosynthetic processes, but 

also by other factors like atmospheric CO2, temperature, and water stress (Andersson et al., 2012). As the 
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first step of the analysis, carbonates were removed from the samples using hydrochloric acid. Subsequently, 

the measurement was carried out using a ThermoFisher Scientific Delta-V-Advantage gas mass 

spectrometer with a FLASH elemental analyser EA 2000 and a CONFLO IV gas mixing system. The 

isotope ratio was determined in relation to the Vienna Pee Dee Belemnite standard [‰ vs VPDB]. 

3.2.3 Lipid biomarker analysis 

Measurement  

Subsamples for lipid biomarker analysis were freeze-dried and homogenised. Lipid biomarkers were then 

extracted from approximately 8 g of sample material using accelerated solvent extraction (ASE; 

ThermoFisher Scientific Dionex ASE 350) with dichloromethane/methanol (DCM/MeOH 99:1). During 

extraction, samples were held in a static phase for 20 min at 75.5 °C and 5 MPa. For the subsequent analysis, 

5ɑ-androstane as a reference for n-alkanes in the aliphatic fraction, and 5a-androstan-17-one as a reference 

for n-alkanols in the neutral NSO-fraction were added. Resolved samples were then fractionated into an 

aliphatic, aromatic and NSO fraction using a medium pressure liquid chromatography (MPLC) system 

(Radke et al., 1980). Subsequently, the NSO fraction was separated into an acidic and neutral polar fraction 

by a manual KOH column separation. In preparation for the measurement the neutral NSO fraction was 

silylated by adding 50 µl DCM and 50 µl N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) and 

heated at 75 °C for one hour. The measurement of n-alkanes in the aliphatic fraction and n-alkanols in the 

neutral NSO fraction was performed using gas chromatography-mass spectrometry (GC-MS; Thermo 

Scientific ISQ 7000 Single Quadrupole Mass Spectrometer with a Thermo Scientific Trace 1310 Gas 

Chromatograph). The GC-MS system was operated with a transfer line temperature of 320 °C and an ion 

source temperature of 300 °C. Ionisation was achieved using an ionisation energy of 70 eV at 50 µA. The 

full scan mass spectra (m/z 50 to 600 Da, 2.5 scans s-1) was analysed using the software XCalibur. The n-

alkanes and n-alkanols were quantified by comparing their peak areas with those of the internal standards.  

Biomarker indices 

In total, five indices were calculated from the measured lipid biomarker concentrations. Three of these 

indices, calculated from the n-alkane concentrations, provide information on respective sources of the OC. 

The first index was the average chain length (ACL) of n-alkanes C23-33, calculated following equation 3 

where 5 is the carbon number and C is the concentration (Poynter and Eglinton, 1990; Strauss et al., 2015). 

6.7 = ∑6	⋅-!
∑-!

(3) 

A change of the ACL can indicate a change of the OC sources and thus a change of input vegetation type 

to the soil profile (Schäfer et al., 2016). The long chain odd-numbered n-alkanes are mainly produced by 

terrestrial higher plants like bryophytes (n-C23 & n-C25), leaf waxes (n-C27 to n-C29), and grasses (n-C31 to 

n-C33) (Haugk et al., 2021; Zech et al., 2010).

The second and third indices are the !!" (ratio of aquatic to terrestrial plant material, equation 4) and the

!#!$ (ratio of terrestrial plant waxes to total hydrocarbons, equation 5), two ratios that can be used as
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proxies for the intensity of aquatic influence on the sediments and to differentiate between aquatic and 

terrestrial plant input (Thomas et al., 2023; Zheng et al., 2007). 

!!" = -"#8-"$
-"#8-"$8-"%8-#&

(4) 

!#!$ = -"'8-"%8-#&
∑'99	-"#(#&

(5) 

With the !!", developed by Ficken et al. (2000) it is possible to distinguish between submerged and floating 

macrophytes, with values between 0.4 and 1, emergent macrophytes, with values between 0.1 and 0.4, and 

terrestrial plants, values < 0.1, as a source for OC in the soil. Since this index and its thresholds were 

developed in tropical regions, the !#!$ was additionally used in this study, as seen in Jongejans et al. (2020). 

The !#!$, developed by Zheng et al. (2007), indicates the relative proportion of waxy hydrocarbons from 

emergent macrophytes and terrestrial plants to total hydrocarbons (Zheng et al., 2007).  

The following two indices are used to provide information on the level of degradation of the OC in the 

soils. The first index is the Carbon preference index (CPI) of n-alkanes, introduced by Bray and Evans 

(1961). As a measure of alteration of OC, values of the CPI decrease with the degradation of OC in the soil 

(Marzi et al., 1993; Strauss et al., 2015). The calculation in this study was carried out using the equation 

introduced by Marzi et al. (1993), with a chain length interval of C23-33 (equation 6).  

.!8:*)** = ∑'99	-"#(#&8∑'99	-"$(##
:∙	∑ <&<=	-")(#"

               (6) 

The second index as a measure of level of degradation of OC, introduced by Poynter (1989) is the higher 

plant alcohol index (HPA). As a basis of this index, it is assumed that the input ratio of n-alkanols and n-

alkanes into a sedimentary environment is constant. Therefore, the ratio should depend on the extent of 

degradation, and since the n-alkanols are preferentially degraded over the n-alkanes or degraded to n-

alkanes due to defunctionalisation, the ratio decreases with ongoing degradation (Poynter and Eglinton, 

1990). The index was calculated using the following equation (7) (Poynter and Eglinton, 1990). 

9!6 = ∑(=)!(?!='(%	-"),-"*,-"+)	
∑(=)!(?!='(%	-"),-"*,-"+)8	∑(=)!(?!=<%	-"',-"%,-#&

                                                                                                 (7) 

3.3 Statistical analysis 

The statistical analysis of the data included the analysis of central tendencies of the measured parameters 

across the different cores, and the comparison of unfrozen and frozen deposits, as well as saltwater 

influenced sites, and those not influenced by saltwater. Central tendencies analysis across the different cores 

was only applied to the SDLAG, TKL, DLB, and UPL cores, since the LAG and MAR cores had a too 

small sample size. After testing and disproving a normal distribution of the data, the nonparametric Kruskal-

Wallis rank sum test was chosen to compare the data of the four different sites. For an additional pair-wise 

comparison of cores the Mann-Whitney-Wilcoxon test was used. In addition, it was tested if there are 

statistically significant differences between deposits that are influenced by saltwater (MAR, LAG, SDLAG) 

and deposits that are not influenced by saltwater (DLB, TKL, UPL) and the frozen (SDLAG, DLB, UPL) 

and unfrozen (MAR, LAG, TKL) cores, using the Mann-Whitney-Wilcoxon test. All tests of the central 

tendency analysis were carried out using R (script in Sect S4.1 & S4.2 in the supplements). 
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To test the data for existing correlations between the different measured parameters, a correlation matrix 

was created in R (script in Sect. S4.3 in the supplements). The calculation of the correlation was carried out 

after Pearson. The finished plot of the correlation matrix only shows correlations with a significance of :	< 

0.05.   

4 Results 

4.1 Sedimentology 

The upland permafrost core (UPL) is generally dominated by silt, with a percentage share varying between 

63.48 % and 77.5 %. The grain size distribution (GSD) over the whole length of the core is dominated by 

a peak in the area of fine sands and silts (figure 2). The sediment samples of the thermokarst lake (TKL) 

are dominated by silt, with a share ranging between 73.55 % and 80.37 %. The GSD is relatively 

homogenous over the length of the core, with a peak between silt and clay and a slight shift towards coarser 

deposits between 10–16 cm b.s.l. (figure 2). The drained lake basin core (DLB) is dominated by silt, ranging 

between 73.31 % and 79.91 %, with sand being represented with only between 2.3 % and 6.7 %. The GSD 

varies very little throughout the core, with mean grain sizes between 5.7 µm and 6.74 µm (figure 4) and a 

peak of the GSD at fine grain sizes between silt and clay (Figure 2). The GSD of the semi-drained lagoon 

(SDLAG) has a shift from higher shares of larger grain sizes peaking in the range of fine sand and silt in 

the deeper part of the core up to 100 cm b.s.l., to smaller grain sizes with a peak between silt and clay in 

the upper part of the core. The deposits of the intact lagoon (LAG) are dominated by silt and the GSD shows 

a peak at finer grain sizes between clay and silt (figure 2). The deposits (one sample) of the marine core 

(MAR) include a bigger sand portion of 58.5 % and show the coarsest grain sizes among the six studied 

cores with a mean grain size of 33.31 µm (figure 4). 

Figure 2: Three-dimensional grain size distributions over depth [cm] of a land-sea transect with a) upland 
Permafrost, b) thermokarst lake, c) drained lake basin, d) semi-drained lagoon, e) intact lagoon and f) marine 
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profiles. The Colours represent the share [%] of the grain sizes [µm] with dark blue representing 0 % and red 
representing 10 %. 

4.2 Biogeochemistry 

The DLB core shows the strongest variations in the TOC content, ranging from 2.94 wt% to 37.62 wt%, 

with a mean of 7.57 wt% (median 3.26 wt%) (figure 3). The UPL core also shows strong variations in the 

TOC content, peaking at 20.42 wt% at a depth of 56 cm b.s.l., with a mean of 4.66 wt% (figure 3). In 

contrast, the TKL sediment core shows a smaller range in the TOC content, between 4.63 wt% and 6.23 

wt% (mean 5.37 wt%) (figure 3). It is significantly higher than the TOC content in the upper part of the 

UPL deposits. The two samples from the LAG plot within the lower end of the range of the TKL deposits, 

with TOC contents of 4.63 wt% and 4.09 wt% (figure 3). Above 40 cm the TOC content of the SDLAG 

core varies between those of the UPL and TKL deposits, below it has a consistently lower TOC contents 

than the other deposits, with a mean of 2.37 wt%, which is significantly lower than in the DLB and TKL 

samples (figure 3). Additionally, the sample of the MAR deposits has a very low TOC content of 1.3 wt% 

(figure 3).  

The highest TOCvol was determined in the TKL deposits, with a mean of 48.02 kg m-3 (figure 4). It is 

significantly higher than in the SDLAG deposits (mean 32.23 kg m-3) and the DLB deposits, with the lowest 

mean of 25.06 kg m-3, both with strong variations in the TOCvol over depth (figure 3 & 4). The strongest 

variation in the TOCvol is shown by the UPL core, ranging between 6.79 kg m-3 and 119.7 kg m-3 (figure 

3). The mean TOCvol of the UPL deposits of 36.66 kg m-3 is relatively high (figure 4). The TOCvol of the 

marine sample is again relatively low with 20.86 kg m-3(figure 4). 

Figure 3: Summary of the biogeochemical parameters total organic carbon (TOC) in weight percent[wt%], TOC 
density [kgTOCm-3], total organic carbon/total nitrogen ratio (TOC/TN ratio), stable carbon isotope ratio (d13C) 
per mil relative to Vienna PeeDee Belemnite standard [‰ vs. VPDB], Mercury ]µg kg-1] and mean grain size 
[µm] of the UPL, TKL, DLB, SDLAG, LAG, and MAR profiles, with circles for unfrozen sediments and triangles 
for frozen sediments. Core abbreviations: UPL: upland permafrost; TKL: thermokarst lake; DLB: drained lake 
basin; SDLAG: semi-drained lagoon; LAG: lagoon; MAR: marine. Split x axis for TOC, TOC density and 
TOC/TN ratio.  

The TOC/TN ratio is highest in the UPL deposits (mean 17.23), which is significantly higher than in all 

thermokarst influenced deposits (figure 4). The lowest TOC/TN ratios were measured in both lagoonal 
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sites, with a mean of 13.1 in the SDLAG core (figure 4). The TOC/TN ratios of the SDLAG core are 

additionally significantly lower than TOC/TN ratios of the TKL deposits, with a mean of 14.39 (figure 4). 

The DLB core shows the highest ratio of 58.46 in the uppermost sample and a strong decrease in the deeper 

samples resulting in a mean of 17.5 (median 13.95) (figure 3 & 4). The TN content of the MAR sample 

below the detection limit resulted in no TOC/TN ratio.  

Strongest variations in the δ13C ratio were measured in the UPL (-26.1 to -29 ‰) and SDLAG (-25.3 to 

-28.3 ‰) deposits (figure 3). It is lowest, around -29 ‰, in the upper 50 cm of the UPL core and increases

in the deeper part of the core (mean -27.8 ‰) (figure 3). Both the DLB (mean -27.5 ‰) and the SDLAG

(mean -26.9 ‰) deposits have significantly higher δ13C ratios than the TKL deposits, with the lowest mean

δ13C ratio of -28.2 ‰ (figure 4).

The mercury (Hg) analysis of the different cores shows that the thermokarst influenced deposits have higher

Hg concentrations compared to the UPL deposits. Significant differences in the Hg content were observed

between the DLB and UPL deposits, as well as between the TKL and UPL deposits, with the UPL samples

having significantly lower Hg concentrations (figure 4). The median Hg content of the TKL samples

(70.63 µg kg-1) is nearly twice as high as the median of the UPL samples (36.34 µg kg-1). Furthermore, the

Hg levels of the two samples of the LAG core are in the same range as in the TKL samples (figure 3). The

SDLAG profile shows the largest variations in the Hg content across the samples and has no significant

differences to the other cores (figure 3 & 4).

Figure 4: Boxplots of the biogeochemical parameters total organic carbon density (TOCvol) [kgTOCm-3], stable 
carbon isotope ratio (d13C) per mil relative to Vienna PeeDee Belemnite standard [‰ vs. VPDB], Mercury [µg 
kg-1], total nitrogen (TN) in weight percent [wt%], and total organic carbon/total nitrogen ratio (TOC/TN ratio) 
of the SDLAG, DLB, TKL, and UPL profiles and MAR and LAG as individual samples. The whiskers display 
the data range (outliers as black points) and the boxes show the interquartile range (25‑75 %). The black vertical 
line marks the median and the notches represent the 95 % confidence interval. The bars right of the boxes show 
the statistical significance of differences between the profiles (ns = not significant; * = p < 0.05; ** = p < 0.01; 
*** = p < 0.001). Core abbreviations: UPL: upland permafrost; TKL: thermokarst lake; DLB: drained lake 
basin; SDLAG: semi-drained lagoon; LAG: lagoon; MAR: marine. Split x axis for TOCvol, TN, TOC/TN ratio.  
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4.3.1 Organic carbon source indicating indices 

The average chain lengths of n-alkanes (ACL) are highest in the three samples of the UPL core, with the 

highest value of 28.73 in the sample from the middle part (figure 5). Lowest values have been detected for 

the LAG and the MAR samples, with the lowest from the MAR core (26.2) at a depth of 6.25 cm b.s.l. 

(figure 5). All cores with more than one sample show higher ACL values in deeper part of the core (figure 

5).  

As shown in figure 5, the highest !!" values were measured in the MAR sample and the uppermost DLB 

sample, both having a !!" of 0.66. The MAR sample also has the lowest !#!$ of 0.52 indicating together 

with the !!" an aquatic influence on the OM composition (figure 5). Also, the uppermost DLB sample 

shows a relatively low !#!$ of 0.56 (figure 5). Other samples with high !!" and low !#!$ are both LAG 

samples, with a !!" between 0.61 and 0.64 and a !#!$  between 0.54 and 0.55, and the uppermost SDLAG 

sample with a !!"  of 0.62 and a !#!$ of 0.53 (figure 5). The highest !#!$	values were calculated for all UPL 

samples, ranging between 0.76 and 0.74 (figure 5). At the same time, they show the lowest !!" values, 

varying between 0.31 and 0.39 (figure 5). Another sample with a high !#!$ of 0.73 and a low !!"	of 0.41 

is the DLB sample from a mean depth of 65.25 cm b.s.l. (figure 5). Overall, the data shows two end 

members, the marine sample with the most aquatic OM source and the upland permafrost samples with the 

most terrestrial OM source with the samples from the other location distributed between the two. 

Figure 5: Organic carbon sources are indicated by the n-alkane indices average chain length (ACL) and the 
proxies PAQ, for aquatic OM, and PWAX, for terrestrial OM, with circles representing unfrozen sediments and 
triangles representing frozen sediments. Core abbreviations: UPL: upland permafrost; TKL: thermokarst 
lake; DLB: drained lake basin; SDLAG: semi-drained lagoon; LAG: lagoon; MAR: marine.  

4.3.2 Organic carbon quality indicating indices 
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from a depth of 65.25 cm b.s.l. (figure 6). The lowest CPI values of 5.67 and 6.51 were measured in the 

LAG samples (figure 6).  

The higher plant index (HPA) varies between 0.46 in the deepest SDLAG sample, and 0.81 in the deeper 

LAG sample (figure 6). The patterns of the HPA over depths in UPL, DLB and SDLAG samples are similar 

to the pattern of the CPI in terms of values increasing or decreasing over depth within each site (figure 6). 

In contrast, the patterns of the HPA over depth of TKL and LAG are reversed compared to the CPI, with 

an increasing value from the deeper sample to the uppermost one (figure 6). 

Figure 6: Organic carbon quality is indicated by the lipid-biomarker indices carbon preference index (CPI) and 
higher plant index (HPA), with circles for unfrozen sediments, triangles for frozen sediments. Core 
abbreviations: UPL: upland permafrost; TKL: thermokarst lake; DLB: drained lake basin; SDLAG: semi-
drained lagoon; LAG: lagoon; MAR: marine. 

5 Discussion 

5.1 Organic carbon 

5.1.1 Organic carbon characteristics 

The total range of TOC contents, as well as the TOCvol, of all samples is wide (TOC: 0.72–37.62 wt%; 

TOCvol: 6.79–119.7 kg m-3) (figures 3 & 4), but comparable to other studies that include permafrost and 

thermokarst features (TOC: 0.2–43 wt%; TOCvol: 2.8–93.5 kg m-3) (Strauss et al., 2015). A reason for this 

variability is probably the heterogeneity of the organic source material from the different permafrost and 

thermokarst landscape features including well-preserved peat, paleosoils and marine influenced coastal 

areas. The large range of the TOC content (2.94–37.62 wt%) in the DLB core is likely caused by such a 

mixture of permafrost soils and thermokarst lake origin with different material type input and 

decomposition processes. Additionally, post-drainage peat accumulation that caused the high TOC contents 

in the upper soil of the DLB, has been previously shown in other drained thermokarst lake basin studies as 
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well (Fuchs et al., 2019; Jones et al., 2012; Lenz et al., 2016). The large, often flat-bottomed drained lake 

basins provide perfect conditions for the formation of wetlands, through which most become vegetated in 

5–10 years after the drainage event and accumulate peat 10–20 years after (Bockheim et al., 2004; Jones et 

al., 2012). Compared to the mean TOCvol of permafrost deposits from the Yedoma region (19 kg m-3) and 

of thermokarst deposits (33 kg m-3) (Strauss et al., 2013), the mean TOCvol of the cores of this study are 

relatively high (UPL: 37 kg m-3; TKL: 48 kg m-3; DLB: 25 kg m-3; SDLAG: 32 kg m-3), revealing a large 

pool of carbon in all deposits studied (figure 4). The high TOCvol in the TKL deposits, significantly higher 

than in the SDLAG and DLB deposits, are likely the result of an interplay of various factors. It might be 

partially related to the relocation of organic matter (OM) e.g., due to erosion, leading to OC accumulation 

in the basin and thaw subsidence progression due to ground ice loss (Lenz et al., 2016). Additionally, it is 

likely that there is a higher input of Holocene OC and an increased primary productivity in the lake 

stimulated by nutrient release from thawing permafrost (Strauss et al., 2015). The accumulation of OC 

might be further accelerated by slow decomposition rates in the cold and anaerobic lake environment 

(Strauss et al., 2015). The lower TOCvol in the refrozen thermokarst features (SDLAG & DLB) might 

partially be influenced by ground ice accumulation after the drainage of the water bodies. In case of the 

SDLAG deposits, the lower TOCvol is combined with a low mean TOC content (2.37 wt%), which might 

be also influenced by a decrease of the primary productivity with the transition from thermokarst lake to 

lagoon, since strong seasonal fluctuations of the salt content, the lowered, fluctuating water level to almost 

drainage, and the bedfast ice formation in winter, shortens the period of biological production. Moreover, 

there might have been decomposition of OM in the SDLAG deposits all year round when the lagoon had 

more water or rather was in the state of a thermokarst lake, which also could have led to a decreased TOC 

content. 

The analysis of the OC and lipid biomarkers in the deposits shows that they contain OM from different 

sources, likely additionally influenced by parameters such as salinity, temperature, and water availability. 

This results in two end members for the sample set, MAR and UPL, with the other sites aligning between. 

It nicely depicts the transformation processes of soil OM over the course of landscape development from 

dry terrestrial permafrost over thermokarst lakes, saltwater exposure and finally a marine state (Jenrich et 

al., 2021). One indicator for the source of OM is the TOC/TN ratio, with lower values indicating a stronger 

aquatic influence and higher values indicating a stronger terrestrial influence (Meyers, 1997). The highest 

mean TOC/TN ratio was measured in the UPL deposits (17.2), significantly higher than in the three 

thermokarst landscape features included in the statistical analysis, indicating the strongest terrestrial 

influence on the OM composition of the UPL core (figure 3 & 4). The lowest mean TOC/TN ratios, 

significantly lower than in the UPL and TKL deposits, were measured in the LAG and SDLAG samples 

(13.1), indicating the strongest aquatic influence on those deposits, e.g. from algae and bacteria. The largest 

variation of the TOC/TN ratio is shown in the DLB core (11.7–58.5), indicating different sources of OM 

during the different stages of the thermokarst lake evolution. Since the TOC/TN ratio can also be influenced 

by other processes like the level of degradation of OM, we also analysed the n-alkane distribution in the 

samples and calculated the !!"  and !#!$ as indicators of the source of OM. The results of these parameters 

also show the two end members (figure 5) with the highest ACL values and highest !#!$, thus the strongest 

terrestrial influence on the OM composition in the UPL deposits and the strongest aquatic influence on the 
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OM composition in the marine sample, with the lowest ACL and a high !!". It is also shown in figure 5 

that all thermokarst deposits (LAG, SDLAG, DLB & TKL) align between the two end members, thus are 

stronger influenced by aquatic OM than the UPL samples. Moreover, figure 5 hints on a change of source 

of OM in the SDLAG, DLB and UPL profiles from the upper soil compared to the samples between 50 and 

100 cm b.s.l. and between 100 and 200 cm b.s.l. This might not be influenced by different stages of the 

thermokarst lake evolution, but rather by changes of hydrological conditions at the time of deposition, or 

by the relocation of OM, for example due to cryoturbation or roots, since both the terrestrial endmember 

UPL and the thermokarst features show that changes.  

5.1.2 Organic carbon degradation 

On the basis of the TOC/TN and the δ13C ratios, as well as the biomarker indices CPI and HPA the level of 

degradation of the OM stored in the soils is discussed (figure 3, 4 & 6).  

The decomposition of OM releases carbon as CO2 and CH4 and portions of nitrogen as N2O from the soils 

to the atmosphere (Schuur et al., 2022; Strauss et al., 2024b; Voigt et al., 2020). Deposits containing further 

degraded OM have lower TOC/TN ratios than those containing fresh OM due to a larger share of nitrogen 

in the soils (Andersson et al., 2012; Weintraub and Schimel, 2005). Thus, in addition to the OM sources 

the TOC/TN ratios also contain a component dependent on the OM decomposition level. As seen above, 

the TOC/TN ratios in the UPL deposits were significantly higher compared to the thermokarst influenced 

deposits (SDLAG, TKL, DLB), which was interpreted as a higher terrestrial character of the OM in the 

UPL samples. However, it is also likely that parts of the differences derive from the fact that the thermokarst 

deposits contain stronger degraded OM, due to longer unfrozen periods. The mean TOC/TN ratio of the 

UPL (17.23) is in the lower range of the ratios measured by Routh et al. (2014) in Arctic peat soils (15–25) 

and lower than the mean TOC/TN measured by Fuchs et al. (2019) in upland permafrost samples in the 

Teshekpuk region (21.3). However, they are higher than the mean TOC/TN ratio measured by Haugk et al. 

(2021) in Siberia (13.2). The mean TOC/TN ratios in the TKL (14.4) and the DLB (17.5) profiles are 

slightly higher than those measured by Fuchs et al. (2019) with a mean TOC/TN ratio in the upper 100 cm 

of the soils of 12.6 in TKL deposits and 16.6 of DLB deposits. These rather high values, compared to 

literature, found in all profiles indicate a relatively high level of preservation of the accumulated OM, 

leading to a likely good quality for future degradation and therefore a vulnerability to decomposition after 

thaw.  

The carbon isotopic signal is also influenced by both factors: OM sources and OM degradation. Terrestrial 

material usually shows lighter and marine OM heavier δ13C signals and due to the preferred release of 12CO2 

during degradation, the residual OM becomes isotopically heavier (Andersson et al., 2012). In the 

uppermost samples (down to 50 cm) the data resembled the two-end member model of the OM sources 

with the UPL samples showing the lightest δ13C values (stronger terrestrial character) and the MAR sample 

exhibiting the heaviest signal (marine influenced) (figure 3). The other samples show intermediate data 

resembling supply of different OM sources and/or different level of degradation. In the deeper part the 

picture is less clear. The UPL samples are isotopically heavier plotting in the range of the DLB data, whose 

δ13C signal is relatively constant throughout the whole core. This could indicate a higher level of 

degradation of OM in the deeper UPL deposits. The deeper SDLAG samples are, with exception of the 
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deepest sample, isotopically significantly heavier which could indicate a stronger aquatic/marine influence 

in the lagoon during time of deposition rather than a stronger degradation of the OM.  

Also, the CPI depends on both the source of OM and the level of OM maturation. The original odd-over 

even carbon number predominance of the indigenous n-alkanes in a sample is determined by the source 

material and is changing to lower values during OM maturation. Here, the wide range of different CPIs 

most likely rather resemble the various mixtures of OM at the different sites. This is supported by findings 

of Jongejans et al. (2021), also reporting that the CPI represents rather the source OM in such relatively 

young sediments. The HPA shows a very narrow band of values for all samples. In the uppermost sample 

of the TKL and LAG, samples show a shift to lower values which could indicate a higher degradation of 

the OM in the surface sediments. The UPL and SDLAG samples show lower HPA values in the deeper part 

of the core which might point to periods of stronger degradation in the past. However, the material shows 

low variability in the HPA values overall, plotting in the upper scale of the parameter and therefore 

indicating relatively less degraded OM. Thus, with ongoing climate warming and thawing of the deeper 

permafrost layers, the preserved OM of good quality could become available to decomposition, leading to 

increased emissions of greenhouse gases. 

5.2 Additional Parameters 

Processes that have an influence on OC characteristics in soils can also have effects on other parameters. 

To identify such associations, a correlation matrix was computed integrating the measured biogeochemical 

and sedimentological parameters (figure 7). TOC content and TOCvol are positively correlated with the Hg 

content in the samples. In general, sources for Hg, accumulating in Arctic soils, can be both natural and 

anthropogenic. Natural sources, contributing to the increase of atmospheric Hg and subsequent deposition 

into soils, include boreal forest fires and volcanic activity. Anthropogenic input has significantly intensified 

due to industrialization and expanding land use (Jonsson et al., 2017). A reason for the positive correlation 

of the TOCvol with Hg is presumably that approximately 70 % of the Hg in the Arctic tundra is derived 

from gaseous elemental Hg, which is ubiquitously present in the atmosphere (Obrist et al., 2017). Since the 

deposition of gaseous elemental Hg is strongly influenced by the Hg uptake of vegetation, sites with a 

higher input of OM and therefore higher TOCvol also accumulate higher levels of Hg bound in the plant 

matter (Obrist et al., 2017). The Hg content in the deposits is furthermore negatively correlated with the 

δ13C ratio. This correlation indicates that there are higher mercury contents in the deposits with OM from a 

terrestrial or mixed terrestrial/aquatic source. For example, the marine influenced MAR sample with the 

highest δ13C signal shows the lowest HG content and the upper UPL samples with the lower δ13C signal 

shows higher HG contents than the lower UPL samples with the higher δ13C signal (figure 3). The same 

can be observed for the SDLAG samples. Additionally, the Hg content correlates negatively with the mean 

grainsize. This is displayed in the mercury contents in the fine-grained freshwater thermokarst features 

(mean DLB: 69.87 µg kg-1; mean TKL: 70.74 µg kg-1) that are significantly higher than in the UPL deposits 

(mean UPL: 40.16 µg kg-1) (figure 4). A reason for this could be that the thermokarst processes might affect 

the distribution and accumulation of Hg due to the release of Hg from previously freeze-looked Hg-

containing OM in the soil upon decomposition (Schuster et al., 2018). Additionally, thermokarst, erosion 

and an increased soil water movement in a thickening active layer, all triggered by permafrost thaw, can 
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increase the transport of Hg from the soils to Arctic surface waters, resulting in higher Hg concentrations 

in lacustrine and post-drainage sediments (Rydberg et al., 2010), which is also indicated by the data of this 

study. Especially in the SDLAG core the correlation of thermokarst processes with OC and sediment 

characteristics and the Hg content is visible. The GSD shows a peak at coarser grain sizes, between fine 

sand and silt, similar to the UPL deposits in the deeper half of the core below 100 cm b.s.l. (figure 2). The 

upper half of the core shows a peak at finer grain sizes similar to the thermokarst features, indicating 

lacustrine deposits (figure 2). This shift indicates that there is less influence of thermokarst processes in the 

deeper half of the core. Additionally, there are lower Hg contents in the deeper part (15.57–48.65 µg kg-1) 

akin to the Hg content in the UPL deposits and accompanied by low TOC contents (0.74–1.35 wt%) (figure 

3). In contrast, the thermokarst influenced upper half of the core show higher Hg concentrations (20.27–

102.17 µg kg-1), similar to the Hg concentrations in the other thermokarst features, accompanied by higher 

TOC contents (0.72–4.65 wt%) (figure 3). 

Figure 7: Correlation matrix of sedimentological and biogeochemical parameters. Strong positive correlations 
in dark blue, strong negative correlations in dark red. TOC: total organic carbon content in weight percent; 

TOC volume: organic carbon density; d13C: stable carbon isotope ratio in per mil relative to Vienna PeeDee 

Belemnite standard. 

5.4 Influence of salinity and soil condition on the biogeochemical soil characteristics 

The statistical analysis for differences between frozen (UPL, DLB, SDLAG) and unfrozen (TKL, LAG, 

MAR) as well as saline (SDLAG, LAG, MAR) and non-saline (UPL, TKL, DLB) deposits shows for most 

parameters only low variation (figures 8 & 9). However, significant differences were found for ACL, d13C, 

TOC/TN ratio and CPI for the saline/non-saline sites and for TOCvol, TN, ACL and d13C for the 

frozen/unfrozen sites.  

Both, the comparison of the saline/non saline and the frozen/unfrozen deposits show significant differences 

for the ACL of n-alkanes. Since the ACL is influenced by the source of OM in the soil, this likely indicates 
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that the input of OM is influenced by the salinity and whether the soils are frozen or unfrozen. It is 

significantly lower in the saline (26.48) and unfrozen deposits (median ACL 26.47) compared to the non-

saline (27.4) and frozen deposits (median ACL 27.27) (figure 8 & 9) indicating a stronger aquatic influence 

on the OM composition in the saline and/or unfrozen deposits. In case of the comparison of the saline/non-

saline deposits this is accompanied by significantly higher δ13C ratios  and lower TOC/TN in the saline 

deposits (median d13C: -27.47; median TOC/TN: 13.1) compared to the non-saline deposits (median d13C: 

-27.58; median TOC/TN: 14.76) (figure 8), supporting the presence of a stronger aquatic OM proportion

in the saline deposits. The CPI values are higher in the non-saline samples, which could resemble different

odd over even carbon number predominance distribution of n-alkanes in the aquatic/marine vs. terrestrial

organic biomass. All three parameters, the d13C, the TOC/TN ratio, and the CPI, might additionally indicate

more fresh, undegraded OM in the non-saline deposits, which is likely influenced by a decreased input of

fresh OM in the saline environments due to a decreased primary productivity, an increased microbial

activity, since the salinity in the soil water leads to a depression of its freezing point, thus a longer unfrozen

period, and less retention of fresh OM in the coarse marine sediments (Bischoff et al., 2018; Jongejans,

2022).

Figure 8: Boxplots of the biogeochemical parameters total organic carbon density (TOCvol) [kgTOCm-3], 
Mercury [µg kg-1], total nitrogen (TN) in weight percent [wt%], average chain length of n-alkanes (ACL),  stable 
carbon isotope ratio (d13C) per mil relative to Vienna PeeDee Belemnite standard [‰ vs. VPDB], total organic 
carbon/total nitrogen ratio (TOC/TN ratio), carbon preference index (CPI), and higher plant alcohol index 
(HPA) of profiles in non-saline [blue] (including upland permafrost, thermokarst lake sediments, and drained 
lake basin sediments) and saline [red] (including semi-drained lagoon sediments, lagoon sediments, and marine 
sediments) soil settings. The whiskers display the data range (outliers as black points), and the boxes show the 
interquartile range (25–75 %). The black vertical line marks the median and the notches represent the 95 % 
confidence interval. The bars right of the boxes show the statistical significance of differences between the groups 
(ns = not significant; * = p < 0.05; ** = p < 0.01; *** = p < 0.001). 

Moreover, the comparison of the frozen and unfrozen deposits shows significant differences in the TOCvol 

and the TN content. The frozen deposits have significantly lower TOCvol (median 24 kg m-3) and TN 

(median 0.24 wt%) compared to the unfrozen deposits (median TOCvol 48.41 kg m-3; median TN 
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0.36 wt%) (figure 9). The higher TN content in the unfrozen deposits is likely influenced by erosion 

processes, reactivated soil water movement in thawed permafrost, as well as surface runoff from nitrogen-

rich upland permafrost and the refrozen thermokarst features, leading to the deposition of nitrogen in the 

aquatic systems (Strauss et al., 2024b). Furthermore, if bioavailable, the increased TN content in thawed 

permafrost soils could potentially enhance the ecosystem productivity, thereby influencing the increased 

TOCvol in the unfrozen deposits. Also, the significantly lower d13C values in the unfrozen deposits 

potentially indicates a higher input of fresh OM to the unfrozen thermokarst environments. Additionally, 

thaw subsidence progression in the unfrozen deposits and the accumulation of ground ice in the (re)frozen 

deposits likely have an influence on the TOCvol (Strauss et al., 2015).  

Figure 9: Boxplots of the biogeochemical parameters total organic carbon density (TOCvol) [kgTOCm-3], 
Mercury [µg kg-1], total nitrogen (TN) in weight percent [wt%], average chain length of n-alkanes (ACL),  stable 
carbon isotope ratio (d13C) per mil relative to Vienna PeeDee Belemnite standard [‰ vs. VPDB], total organic 
carbon/total nitrogen ratio (TOC/TN ratio), carbon preference index (CPI), and higher plant alcohol index 
(HPA) of frozen profiles [dark blue] (including upland permafrost, drained lake basin sediments, and semi-
drained lagoon sediments) and unfrozen [pink] (including thermokarst lake sediments, lagoon sediments, and 
marine sediments) soil profiles. The whiskers display the data range (outliers as black points), and the boxes 
show the interquartile range (25–75 %). The black vertical line marks the median and the notches represent the 
95 % confidence interval. The bars right of the boxes show the statistical significance of differences between the 
groups (ns = not significant; * = p < 0.05; ** = p < 0.01; *** = p < 0.001). 

The HPA data are quite similar for the frozen/unfrozen and saline/non-saline sites and plot in the upper 

range of the parameter scale. This could indicate a comparable level of degradation between all sites and 

the potential to act as a good substrate for greenhouse gas production when actively metabolized. No 

significant differences were additionally identified for the Hg content. This might be influenced by the way 

Hg accumulates in sedimentary deposits. We see evidence that thawing permafrost initiates the reactivation 

and accumulation of Hg in thermokarst affected deposits. Unlike other measured parameters, these 

processes are not necessarily reversed upon refreezing of the deposits, but instead tend to pause until 

repeated thawing of the soils. Consequently, the amount of Hg in the soils is likely to increase with every 
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thermokarst lake and thawing cycle the deposits undergo, without the current soil condition and other 

properties such as salinity, having a major influence accumulative effect. 

6 Conclusion 

The analysis of the six sediment cores from a thermokarst-affected coastal lowland in North Alaska showed 

that the OC characteristics in deposits of the different landscape features are diverse. The highest TOC 

contents were measured in the drained lake basin and thermokarst lake deposits, likely caused by an 

increased primary productivity and Holocene OC input. This is also reflected by the analysis of the quality 

of OC, with high CPI values indicating fresh, undegraded OM in both profiles. The deposits of a semi-

drained thermokarst lagoon had significantly lower TOC contents than the freshwater-influenced 

thermokarst deposits. Additionally, there were significant differences in the CPI, δ13C, and TOC/TN ratio 

between saline and non-saline deposits, indicating a domination of aquatic OM in the saline deposits, and 

moreover likely indicating a higher level of fresh, undegraded OM in the non-saline deposits. The intrusion 

of saltwater to the deposits seems to lead to a lower quality of OM in the soils, likely influenced by a lower 

input of fresh OM due to a decreased primary productivity, and potentially enhanced by degradational 

processes. Indicated by the ACL and	!!", !#!$, all thermokarst-influenced deposits showed a stronger 

aquatic influence on the OM composition than the upland permafrost deposits. Besides the differences in 

the source of OM, the comparison of unfrozen and frozen deposits showed higher TOCvol and TN contents 

in the unfrozen deposits. This is also likely influenced by differences in the level of primary productivity, 

depositional- and degradational processes. Thus, our findings provide valuable insights into the dynamics 

of carbon storage and vulnerability to decomposition in response to environmental changes in a coastal 

permafrost landscape, since they reflect the complex interplay of environmental factors, landform 

characteristics and impacts of climate change on these dynamic Arctic landscapes. The integration of carbon 

dioxide and methane emission measurements in further studies could complement the findings and provide 

an even more comprehensive picture of carbon fluxes across the geomorphological, hydrological, and 

ecological diverse landscapes of Arctic coastal lowlands and the influence of permafrost thaw and saltwater 

intrusion on the deposits.  
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Abstract. Rising sea levels and changing marine dynamics are increasing the inundation of previously terrestrial permafrost,

accelerating thaw and altering microbial carbon cycling. On the Arctic Coastal Plain of Alaska, permafrost features like drained

lake basins (DLBs) and uplands (ULs), offer distinct redox conditions and formation histories that may influence the carbon

cycling response to sea water inundation. This study investigates changes in CO2 and CH4 production during potential seawater

inundation using ex-situ anaerobic incubations of soils from a DLB and a UL near Utqiaġvik, Alaska. Results showed that CO25

and CH4 production was respectively up to 2.2 and 3.3 times higher in the DLB site than in the UL site with the salt-less control

treatment. The addition of artificial sea water inhibited CH4 production at both sites. CO2 production increased in the active

and permafrost layers of the UL site, decreased in surface layers of both sites, and remained unaffected by saltwater treatments

in the permafrost layers of the DLB site, likely due the presence of marine sediments in DLB. Carbon availability, microbial

adaptation and electron acceptors are potential factors for the CO2 and CH4 response. Overall, the results of this study showed10

that anaerobic CO2 production responded differently to sea water at different landscape positions and formation histories while

CH4 was inhibited independently of the landscape position. Those results highlight the need to consider local hydrology and

landscape history in future GHG projections for coastal permafrost.

1 Introduction

Coastal permafrost (PF) regions are highly dynamic environments at the land-ocean interface. Coastal PF areas are character-15

ized as environments exposed to both terrestrial and marine influences, extending up to ... km inland and representing 34% of

all global coasts (Lantuit et al., 2012). Climate change impacts coastal PF at the sea site by rising sea levels, increasing open

water seasons, warming and thawing PF on - and offshore. But it also has consequences on terrestrial coastal PF for example

with rising coastal erosion rates and more extreme storm events (Lantuit et al., 2012; Fritz et al., 2017; Tanski et al., 2019;

Irrgang et al., 2022). With more frequent storm surges and sea-level rise, an increasing area of coastal PF becomes inundated20

and exposed to thaw. On the Arctic Coastal Plain of Alaska, the study region of this study, inundations cause shoreline retreats
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of up to 25 m yr– 1 (Gibbs and Richmond, 2017; Jorgenson and Brown, 2005). This inundation process can represent the first

step of forming a PF lagoon where long-term terrestrial PF transforms into subsea PF (Angelopoulos et al., 2020; Jenrich et al.,

2021).

The rapid changes in coastal PF due to climate change also affect carbon cycle (Irrgang et al., 2022). PF regions store 50 %25

of global terrestrial carbon (1,460 - 1600 Pg terrestrial carbon in PF regions Strauss et al. (2024)). When PF thaws, organic

carbon stored in PF soils is destabilized, accelerating the release of greenhouse gases (GHGs) such as carbon dioxide (CO2)

and methane (CH4) into the atmosphere (Schuur et al., 2022). However, CO2 and CH4 response to climate change in these

environments remain understudied (Jenrich et al., 2025).

In terrestrial PF soils, the release of CO2 and CH4 to the atmosphere is heavily affected by soil moisture and drainage (Lee30

et al., 2012; Sturtevant and Oechel, 2013; Treat et al., 2015; Laurent et al., 2023). On the Arctic Coastal Plain of Alaska, car-

bon cycling is closely linked to the small-scale topography which creates a heterogeneous soil environment (Taş et al., 2018;

Eckhardt et al., 2019). The landscape is dominated by drained thaw lake basins (DLBs) and relatively higher lying interstitial

tundra (Hinkel et al., 2003). At these two landscape positions, soil moisture forms two different soil environments: 1) well

drained soils with prevailing aerobic conditions such as uplands (ULs) and 2) poorly drained soils with prevailing anaero-35

bic conditions such as DLBs. For carbon cycling microbes, anoxic conditions mean that oxygen is not available as electron

acceptor for energy production. Thus, other electron acceptors need to be used by microbes for carbon cycling. The choice

of elecetron acceptor used for the reaction depends on the redox-conditions of the soil. Under anoxic conditions nitrogen is

used first, then iron, followed by sulfate (SO4
2 – ), and finally CO2 allowing for methanogenesis (Reddy and DeLaune, 2008).

Therefore CH4 is usually produced under anaerobic conditions when all the other electron acceptor pools are depleted (Reddy40

and DeLaune, 2008). Under oxic conditions, oxygen is used as an electron acceptor resulting in CO2 production.

Until now, most of climate models do not include changes in local hydrology in GHG emission projections following per-

mafrost thaw Andresen et al. (2020). However, sea water inundations alter soil properties, promote anaerobic conditions in

sediments, and facilitates the transport of labile carbon substrates from land to sea (Tanski et al., 2019). Although anoxic

conditions are known to enhance CH4 production, the increase of salinity inhibits methanogenesis (Shahariar et al., 2021;45

Yang et al., 2023; Jenrich et al., 2025). SO4
2 – contained in sea water is thermodynamically more favorable and therefore will

be preferentially used as electron acceptor than methanogenesis. However, a few studies have shown that in relatively newly

flooded lowlands, CH4 production can be established under brackish conditions (Yang et al., 2023). Under aerobic conditions

mimicking coastal erosion, CO2 production was found to be increased by sea water addition, while CH4 was produced only in

neglectable amounts (Tanski et al., 2019). The increased CO2 production was associated with sea water discriminating against50

high-molecular carbon increasing less complex carbon for GHG production (Dou et al., 2008; Tanski et al., 2019). On the other

hand, in terrestrial PF inundated for multiple centuries microbial abundance decreased hinting that sea water can act as a stress

factor for terrestrial microbial communities (Mitzscherling et al., 2017) which might lower CO2 as well as CH4 production.

During the Holocene, the Utqiaġvik peninsula underwent multiple marine regressions and transgressions, leading to the depo-

sition of marine sediments now overlain by terrestrial layers (Eisner et al., 2005; Jorgenson and Brown, 2005). These paleoen-55

vironmental processes shaped the current landscape, as reflected in the landscape positions of DLBs and ULs. DLBs, being
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topographically lower, are more likely to have permafrost influenced by marine deposits, while only deeper permafrost in ULs

may contain marine sediments. The environmental conditions prevailing during sediment deposition shape microbial commu-

nities and influence their responses to thaw (Holm et al., 2020). Additionally, marine sediment geochemistry, such as higher

salinity and SO4
2 – pool likely affect carbon production as well Tanski et al. (2019). In a warming Arctic, sea water intrusion60

may affect differently permafrost carbon response depending on its marine influence, yet the role of microscale landscape and

sediment history in GHG production during sea water inundations remains underexplored.

In our study, we investigated the carbon cycling response to sea water inundation considering different landscape histories.

We simulated permafrost thaw under a salinity gradient for two cores corresponding to two main landscape features in the

Utqiaġvik peninsula: an UL and a DLB core. To cover the vertical heterogeneity of the cores we incubated four layers with65

distinct sedimentary composition under three water saltwater treatments and measured CO2 and CH4 production. We hypoth-

esized that (1) the landscape history will result in different GHG production under sea water treatments, with higher CH4

production from initially wetter site; (2) CH4 will decrease with increase of salinity independently of the site history while

CO2 production will vary based on the landscape history.

70

2 Material and Methods

To assess the research question, an ex-situ anaerobic incubation with two PF cores representing a former anoxic and oxic soil

environment was conducted at 10°C for 368 days. To determine CO2 and CH4 production under different salt contents, three

salt treatments were applied to incubation samples: a control treatment without salt added, a brackish water treatment and a sea

water treatment.75

2.1 Site Description and Sampling

The sampling site was located on the Utqiaġvik, formerly known as Barrow, Peninsula (the northernmost place of the United

States of America; north of 71° latitude, Fig. 1 a) which is part of the Arctic Coastal Plain of Alaska. Historically, the Arctic

Coastal Plain was shaped by multiple marine regressions during the late Cenozoic. Thus, the basis of the Utqiaġvik Peninsula

form Quaternary marine sediments that are covered by marine sands and silts (Eisner et al., 2005; Jorgenson and Brown,80

2005). The peninsula topography is flat and mostly covered by thaw lakes, DLBs and interstitial polygonal tundra (Hinkel

et al., 2003; Frohn et al., 2005; Lara et al., 2015). Underlying is continuous PF with an average active layer depth of 37 cm

(Hinkel et al., 2003). The mean annual temperature in Utqiagvik, which lays about 12 km west of the sampling site, is -10.2 °C

with a maximum of 5.4 °C in July and a minimum of - 24.4 °C in February (Alaska Climate Research Center (2023), period

from 1991 to 2020). The precipitation at the sampling site is dominated by snow with a mean annual precipitation of 136.985

mm as rainfall and 1,160 mm as snow (Alaska Climate Research Center (2023), period from 1991 to 2020). The dominant 
vegetation depends on the landscape feature. The polygonal uplands are mainly composed of Carex and Luzula, while the 
DLB is dominated by Carex, Eriophorum and Sphagnum mosses (Lara et al., 2015; Wolter et al., 2024).
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Figure 1. Sampling sites of the two PF cores. Panels a and b show satellite images of the sampling area at different scales. Panel c shows

the elevation above sea level (a.s.l.). DLB refers to the landscape position drained lake basin and UL refers to upland. Map was created with

ArcGIS.

Two PF soil cores were taken in April 2022 during the 2022 Alaska NorthSlope sampling campaign of the Alfred-Wegener-

Institute (AWI) Potsdam. To represent the two most abundant landscape positions of the Arctic Coastal Plain, one 142 cm90

long core was sampled at a DLB connected to the Elson Lagoon via a small stream (DLB core; N 71.27720°; W 156.44311°;

elevation: 3 m a.s.l.). A second core of 204 cm was sampled about 300 m westwards and about 1 m higher within interstitial

tundra (UL core; N 71.27637°; W 156.45296°; elevation: 4 m a.s.l.) (Fig. 1 b and c). Since the expedition happened in winter,

it was not possible to measure the active layer thickness at both sites. Therefore, we used the values from Nyland et al. (2021)
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monitored in Utqiagvik (N 71.31667°; W 156.5833°) between 2017 and 2021 to assess the active layer thickness for both sites95

(i.e. ranging from 34 cm to 43 cm). For sampling, snow was removed from the sampling sites, then cores were drilled with a

modified "Snow, Ice and PF-Establishment" (SIPRE) corer (Jon Holmgren’s Machine Shop, Alaska, USA; diameter: 7.5 cm).

A visual description of both cores can be found in the Supplementary Information (Fig. S2). Core segments were wrapped in

plastic foil, labeled and stored frozen during the transport to AWI Potsdam.

2.2 Subsampling100

Subsampling of the two cores took place in a cold lab at -4 °C. Sampling depths were selected to capture the vertical hetero-

geneity of the cores and therefore different responses to permafrost thaw and the treatments. After splitting the upper meter of

each core in half lengthwise, four layers initially chosen based on the vertical permafrost distribution: the top of the active layer

corresponding to the first 10 to 15 cm of the cores (AL1) (vegetation removed); the transition zone (bottom of the active layer:

AL2); middle of the permafrost layer (PF1) and the bottom of the permafrost (PF2) (Tab. 1). Due to differences in geological105

history, the soil horizons of the two cores (UL and DLB) were not identical across the depth profile. In the UL core a thick

peat layer extended from 0 to 33 cm, followed by a silty, organic-rich layer from 33 to 84 cm, interrupted by ice bands. The

bottom 15 cm consisted of alternating grey silt and ice bands. In the DLB, the upper 22 cm also consisted of peat, followed

by a sandy silt layer extending from 22 to 71 cm, then a thin silt layer, and finally a layer of peaty silt. From 91 to 107 cm,

alternating light and dark grey layers were observed (Fig. S2). To ensure that each individual layer represented a consistent110

soil horizon, while also allowing for comparisons across cores at equivalent positions (surface layer (AL1), permafrost table

(AL2), and permafrost (PF1, PF2)), slightly different depth ranges were subsampled for the same positions (Tab. 1).

The subsampled layers were split into two parts with the smaller part used for pore water and sediment analysis and the bigger

part for the incubation. To ensure that the incubations were running properly (i.e., no contamination) we had four methodolog-

ical replicates per layer and treatment.115

2.3 Pore Water and Sediment Analyses

2.3.1 Pore Water Analysis

Electrical conductivity, pH and dissolved organic carbon (DOC) content were measured in pore water extracted with a Rhizon

soil moisture samplers with a membrane filter length of 5 cm (poresize 0.15 µm, Rhizosphere Research Products, Netherlands).

Electrical conductivity and pH were measured right after water extraction. For that around 3.5 mL of pore water were filled120

into a small glass vessel. First, the electrical conductivity was measured with a conductivity pocket meter with a reference

temperature of 25 °C (Cond 340i, WTW, Germany). Next, the pH was measured with a potentiometer (Multilab 540, WTW,

Germany).

Leftover pore water was acidified with a 30 % HCl solution in a ratio of 1 µL : 1 mL pore water to inhibit biological processes.

Acidified samples were stored at 4 °C until DOC measurement conducted by catalytic combustion at 630 °C (TOC-VCPH,125
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Shimadzu, Japan).

SO4
2 – and Cl– anions were measured with ion chromatography (ICS 2100, Dionex/Thermo Fisher Scientific, Germany).

2.3.2 Sediment Analysis

For sediment analysis, samples were freeze-dried (Sublimator 3-4-5, Zirbus Technology, Germany) and milled (Pulverisette 5,

Fritsch, Germany) to a particle size smaller 2 mm.130

Total carbon (TC), total organic carbon (TOC) and total inorganic carbon contents were determined with a total organic carbon

analyzer (soliTOC Cube, Elementar, Germany). Total nitrogen (TN) contents were measured with a nitrogen analyzer (rapid

Max N exceed, Elementar, Germany).

Sedimentological data from the same cores and acquired with the same methodology from Seemann et al. (2025) were added

to our sedimentological data to have a higher vertical resolution and additional soil parameters (14C ages and grain size dis-135

tribution, 2). The Radiocarbon dating was conducted by the AWI MICADAS laboratory (Mollenhauer et al., 2021) for nine

samples (four from the UL and five from the DLB). Plant remains were selected for most of the samples. However, no plant

remain was found for UL PF2, therefore, bulk sediment was used. The Calib 8.20 and the IntCal20 calibration curve were used

to calibrate the data (Reimer et al., 2020; Stuiver and Reimer, 1993).

Before analyzing the samples for grain size distribution, the organic matter was removed by adding hydrogen peroxide for four140

weeks. The grain size distribution was measured with a Malvern Mastersizer 3000 laser particle size analyzer (measuring range

0.01–1000 µm) and analyzed with GRADISTAT 8.0 (Blott and Pye, 2001).

2.4 Incubation

The incubation was designed to mimic a sea water inundation at two typical landscape positions on the Arctic Coastal Plain.

Thus, soil samples of two PF cores were incubated for 368 days under dark and anaerobic conditions at 10 °C. To test the effect145

of sea water on CO2 and CH4 production, three salt treatments were applied in the incubation: a control treatment (sterilized

tap water), a brackish water treatment and a sea water treatment. These treatments were applied across four depths for each

core. Additionally, four blanks for each core were added: one corresponding to each treatment and an additional empty one.

In total, the incubation comprised 104 samples (Fig. S1). The duration of the incubation and the temperature were chosen to

unsure that the carbon response to the sea water treatments – specifically methanogenesis – will be captured.150

For the incubation set-up an anoxic glovebox was used during sample preparation to ensure oxygen-free conditions. The

samples were thawed overnight at 4°C. The thawed samples were homogenized in the glovebox, by gently kneading them.

Then, 6 to 10 g of wet sample material was weighed into sterilized 120 mL glass incubation bottles. Water was added in a ratio

of 1:1 (volume water: weight wet sample) according to the treatment to form a slurry. Lastly, incubation bottles were closed

with a rubber septum and crimped with an aluminium cap.155

The salt water treatments, artificial brackish water and sea water, were manufactured using the protocol of Koch et al. (2014): 
For the sea water treatment a total of 42.84 g salts and for the brackish water treatment a total of 15.45 g salts were added to 
one liter of MilliQ water (exact chemical composition in Tab. S1). The salt content in the sea water treatment was 34.5-34.8
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mg·L→1 which is slightly higher than the normal salt content of 28-32 mg·L→1 observed near the sampling location (Guéguen

et al., 2005). In the brackish water treatment the salt content was 12.6 mg·L→1.160

Table 1. Sampling depth and soil horizon description for each site.

Site Layer Sampling depth (cm) Soil horizon

Upland

AL1 0–10 Light brown peat

AL2 33–45 Medium grey silt, organic intrusion

PF1 74–84 Medium grey silt, organic intrusion

PF2 88–103 Grey silt, ice-rich

Drained Lake Basin

AL1 0–15 Peat

AL2 22–45 Fine sandy silt

PF1 69.5–79 Fine sandy silt

PF2 95–107 Dark and light grey

2.5 Gas Measurements

To measure the CO2 and CH4 production in incubation bottles, 5 mL headspace gas was extracted and the CO2 and CH4

concentration was measured by a gas chromatograph (Nexis GC-2030, Shimadzu, Japan) with a flame ionization detector

(FID) including a jetanizer (FID temperature: 400 °C, makeup flow rate (N2): 26.2 mL/minute, air flow rate: 200 mL/minute).

The minimum concentration measurable by the GC (detection limit) due to the calibration was 10 ppm.165

Gas extraction was conducted using a 5 mL air tight glass syringe (SGE Analytical Science, Australia). In total 5.5 mL of head

space gas were extracted during sampling of which 0.5 mL were used for flushing the needle tip. To minimize the pressure

disturbance due to the extraction of 5.5 mL gas from the sample, 5.5 mL N2 was added after head space gas extraction.

To avoid excessive over-pressure within the incubation bottles that could affect microbial activity, samples were flushed the

following measurement day when they exceeded 10,000 ppm.170

In the first week, CO2 and CH4 production was measured every one to two days. Then, every 7 to 10 days until day 100 and

every one to two month after day 100.

2.6 Data Processing and Analysis

Data processing, analysis and plotting was conducted with R (4.3.1, R Core Team (2023)) in RStudio (2023.06.1+524, Posit

team (2023)).175

2.6.1 Data Processing

Raw GC data was transformed into daily production rates and cumulative productions in µg C per gram dryweight (g– 1  DW) 
and also normalized per gram carbon (g– 1  TOC) following the approach of Robertson et al. (1999). Thereby, gas concentra-
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tions in ppm were converted to µg CO2-C or µg CH4-C using the Ideal Gas Law assuming a laboratory sampling temperature

of 20°C. Additionally, gas concentrations were corrected for sampling dilution (5.5 mL) and the gas fraction dissolved in the180

water using Henry’s Law. Gas production was then calculated as difference between gas concentrations of two consecutive

measurements. The gas production was divided by the number of days between the measurements to obtain the production

rates. The cumulative production was calculated from the sum of the gas production over the incubation time.

For quality control, two procedures were added to data processing. Firstly, all CO2 and CH4 production rates below the mean

change rate of procedural blank samples were excluded as not detectable. Secondly, a visual check for anomalies was con-185

ducted. Atypical samples were excluded if the anomaly was high in context with other replicates and measurements and if

the GC chromatogram or a sampling note indicated a mistake. Finally, processed data (Dolle et al., 2024) was saved for data

analysis.

2.6.2 Data Analysis

To assess differences between the landscape positions, only the control treatment was used. Two-way analysis of variances190

(ANOVAs) were conducted with cumulative CO2 and CH4 production at the end of the incubation. Since ANOVA require-

ments were not met in some cases, data was logarithmic transformed before ANOVAs. As posthoc test, pairwise t-tests with

Bonferroni adjustment were carried out. Additionally, CH4 lag times were determined as defined from Treat et al. (2015) as

the time needed to reach the max. CH4 production rate.

For comparison of treatment effects, a response factor per layer and treatment was calculated by normalizing the median pro-195

duction of a sample to the median production of the respective layer control treatment samples and subtracting one (which is

the median production of the control treatment). Thus, a response factor of 0 represents the median cumulative production of

the control treatment. A response factor smaller 0 means a lower production than the control treatment and a response factor

higher 0 means a higher production than the control treatment. Significance in differences in CO2 and CH4 response between

treatments (control treatment vs. brackish water and sea water treatment) was tested by paired t-tests.200

3 Results

3.1 Pore Water and Sediment Parameters

Pore water and sediment parameters of the two PF cores differed greatly (Fig. 2). Pore water pH and electrical conductivity

were stable at the UL site (5.2 to 5.6 and 0.2 to 0.6 mS/cm, respectively). Conversely, at the DLB site pH increased with

depth with an acidic pH at the surface (4.7) and values around 8 in the PF layers. Electrical conductivity was higher than in205

UL and ranged from 1.2 mS/cm near the surface to 10.2 mS/cm near one meter depth. Both profiles showed a similarly high

DOC (about 430 mg/L) in the surface layer but developed differently below that. The UL profile peaked (roughly 700 mg/L)

below the PF table in a depth of around 50 cm and then decreased back to about 400 mg/L. Contrasting, at the DLB site DOC

increased with depth (from 60 to 530 mg/L). Cl– content was a magnitude higher at the DLB site (359 to 999 mg/L) than at
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Figure 2. Soil parameters of both cores. Electrical conductivity (EC), pH, Chloride content (Cl), Sulfate content (SO4
2 – ) and dissolved

organic carbon (DOC) were measured in pore water. Total organic carbon content (TOC), TOC/total nitrogen content (TN) ratio, 14C ages

and grain sizes are sediment-based. Asterisks mark results below the detection limit of 0.1 mg/L. Please note that the SO4
2 – and Cl values at

75 cm for the DLB are similar, and therefore overlap.

the UL site (9.4 to 14.7 mg/L). SO4
2 – was similar in the active layers at both sites (max. 1 mg/L), but was substantially higher210

in DLB PF layers (98 and 548 mg/L).

Sediment TOC showed a more organic rich soil profile at the UL site compared to the DLB site. Both cores had an organic

rich (higher 30 %) surface layer. TOC decreased to less than 10 % at the DLB site until about 80 cm deep where an increase in

TOC was visible. At the UL site, TOC decreased more continuously from 35 % in the surface layer to about 10 % at a depth

of 115 cm. TOC/TN ratios, were relatively stable in the UL core (around 20) while at the DLB, they fluctuated from 35 in the215

surface layer to 12 in layers below. 14C ages indicated much younger C in the layer up to 55 cm at the DLB site than at the UL

(676 ± 53 yr BP to 2,103 ± 239 yr BP an 6533 ± 142 yr BP, DLB and UL site respectively). In deeper layers, carbon from

DLB (→10,000 yr BP) was substantially older compared to the upper layers and the UL core (→7,300 yr BP). The grain size

distribution showed a highly silty (73 to 81 %) soil profile at the UL site and a more sand (32 to 74 %) dominated profile at the

DLB site.220

In conclusion, the two landscape positions showed two distinct soil conditions across depths. The UL profile was relatively
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Figure 3. Cumulative anoxic CO2 and CH4 production by depth at day 368 of the incubation in the control treatment (no salt added). Panels

a and b show the gas production on a dry weight basis. Panels c and d show the gas production on a carbon basis. The bar represents the

median of 4 replicates. Error bars show the range of the 4 replicates (min. to max.). Please note the logarithmic x-axis.

homogeneous across the whole depth, with lower than DLB values for electrical conductivity, pH and SO4
2 – . While in the

DLB profile, layers differed more in their soil parameters with a clear differentiation in pH, electrical conductivity, Cl– , SO4
2 –

at a depth of 60 cm.

3.2 Landscape Position Effect on CO2 and CH4 Production225

3.2.1 Cumulative Gas Production at the Incubation End

After 368 days, the general trend was that cumulative CO2 and CH4 production decreased with depth at both sites (Fig. 3). On

a dry weight basis (Fig. 3 a and b), gas production in the AL1 layer was 4 to 5-times higher at the DLB site (9,270 CO2-C g
– 1

DW and 10,900 CH4-C g – 1 DW) than at the UL site (2,440 CO2-C g – 1 DW and 2,010 CH4-C g – 1 DW). In all layers below,

the production of CO2 and CH4 production decreased at both sites. CO2 production ranged from 178 to 442 µg CO2-C g – 1230

DW at the UL site and from 128 to 343 CO2-C g – 1 DW at the DLB site. CH4 production ranged from 14.8 to 475 CH4-C g – 1

DW at the UL and from 80.3 to 439 CH4-C g – 1 DW at the DLB site. One layer created an exception to the depth trend on a dry

weight basis: the PF1 layer at the DLB site where the lowest CO2 (median: 128 µg C g – 1 DW) and CH4 production (median:
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Table 2. Landscape position effect: ANOVA results for importance of the effects site and layer and the interaction effect of site and layer on

cumulative CO2 and CH4 production on a DW and carbon basis at incubation end.

CO2 CH4

DW TOC DW TOC

Effect p-value sign. p-value sign. p-value sign. p-value sign.

Site 8.72→ 10→1 2.11→ 10→8 *** 2.00→ 10→3 ** 9.40→ 10→7 ***

Layer 2.02→ 10→17 *** 3.51→ 10→12 *** 9.43→ 10→11 *** 9.31→ 10→8 ***

Site:Layer 8.98→ 10→7 *** 2.78→ 10→7 *** 1.61→ 10→1 2.27→ 10→1

[**] p-value < 0.01, significant; [***] p-value < 0.001, highly significant

80.3 µg C g – 1 DW) of that site was observed (Fig. 3 b).

On a carbon basis, cumulative median CO2 and CH4 production were higher at the DLB site than the UL site (Fig. 3 c and d).235

The CO2 production ranged from 1,930 to 10,700 µg CO2-C g – 1 TOC at the UL site and from 1,510 to 24,300 µg CO2-C g – 1

TOC at the DLB site (Fig. 3 c and d). 193 to 8,780 µg CH4-C g – 1 TOC and 1890 to 28,300 µg CH4-C g – 1 TOC were produced

at the UL and DLB site, respectively. At the UL site, the PF2 layer created an exception from the depth trend on a carbon basis.

Here, CO2 and CH4 production were similar to the PF1 layer of that core (Fig. 3 c).

ANOVA results (Tab. 2) suggested that both site and depth were important controls in regulating CO2 and CH4 production. For240

CO2 production, depth was the most important factor, but also the interaction between site and depth had a significant impact

on CO2 production. For CH4 production, depth was again the most important factor. Site also played a significant role in CH4

production, while there was no significant interaction between site and depth for CH4 production.

Overall, gas production generally decreased with depth at both sites. At the DLB site, cumulative CO2 and CH4 production

on a carbon basis were higher at the UL site. Depth and site were important factors for cumulative CO2 and CH4 production245

according to the ANOVA.

3.2.2 CH4 Production dynamic throughout the Incubation

When assessing gas production dynamics (Tab. 3), differences in CH4 production between the two landscape positions became

evident. At the DLB site, CH4 production was stronger than at the UL site. This can be seen in the max. CH4 production rates

that were up to 10 times higher on a dry weight basis and up to 25 times higher on a carbon basis at the DLB site than at the250

UL site. Furthermore, the time to reach maximum CH4 production rates, the CH4 lag time, was shorter at the DLB site than at

the UL site. In the AL1 layer, the DLB site had a CH4 lag time (90 days) that was about half as long as the UL site (147 days).

In the AL2 layer, the DLB core reached max. CH4 production rate fastest (30 days) while it took 330 days in the UL core to

reach its maximum. In PF layers, both sites showed similar CH4 lag times.

Additionally to a higher and faster CH4 production at the DLB site, this site also produced more CH4 than CO2. The higher255

CH4 production can be seen in Fig. 3 (B and D) and was also reflected in min. CO2:CH4-ratios (Tab. 3). Min. CO2:CH4 ratios

at the DLB site were about 0.6 with the PF1 layer as an exception. While at the UL site, CO2:CH4 ratios were about 1 in AL1
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Figure 4. CO2 and CH4 response to sea water treatments relative to the production under the control treatment. Panels a and b show the CO2

response. Panels c and d show the CH4 response. Bars represent the median over 4 replicates. Error bars indicate min to max of 4 replicates.

For non-detectable CH4 productions (DLB upl and UL PF layers with sw treatment) a production of 0 was assumed to calculate the response

factor. Asterisks mark significant differences in the response factors to the control treatment.

and AL2 layers and 7 to 9 in PF layers. Here again, the DLB site was faster in reaching min. CO2:CH4 ratios than the UL site.

The DLB site, reached min. CO2:CH4 ratios in 103 to 124 days in AL1 and AL2 layers and 209 to 292 days in PF layers. While

the UL site needed until the end of the incubation to reach its min. CO2:CH4 ratios. This also indicated that min. CO2:CH4260

ratios at the UL site might not have been reach after 368 days.

To sum up, the active layers had higher max. CH4 production rates and shorter lag times than for PF layers at both sites.

However, the DLB site showed faster and greater CH4 production at all depths compared to the UL site.

3.3 Salt Water Effect on CO2 and CH4 Production

3.3.1 Response Factor at the Incubation End265

The response of CO2 and CH4 production to salt water at the incubation end compared to the median cumulative production of 
the control treatment is shown in Fig. 4.

Based on the CO2 response factor at the end of the incubation (Fig. 4 a-b), there were three response groups to differentiate
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layers: Firstly, the three lower layers (AL2, PF1 and PF2) of the UL site where the CO2 production increased in general with

salt water treatments. This increase was significantly higher in the PF2 layer of the UL site where the sea water treatment270

produced 3.5 times more CO2 (p = 0.017) than the control treatment. Secondly, AL1 layers at both sites and the AL2 layer

of the DLB site where CO2 production lowered up to 0.6 times with salt water addition. This decrease in CO2 production

compared to the control treatment was significant with the sea water treatment in all three layers (UL AL1 layer: p = 0.021,

DLB AL1 layer: p = 0.001, DLB AL2 layer: p = 0.007). Thirdly, the PF layers at the DLB site where there was no significant

difference in CO2 production between salt water treatment and the control treatment. Although no significant difference was275

measured between DLB PF1 under brackish treatment and the control, the response factor was positive and of the same order

of magnitude as that of UL PF1 for the same treatment.

CH4 production reacted differently than the CO2 production under salt water treatments. In all layers of both sites, CH4

production was inhibited with salt water treatments and CH4 was more inhibited with the sea water treatment than with the

brackish water treatment if CH4 was produced at all (Fig. 4 c-d, Fig. S6).280

3.3.2 Gas Production with Salt Treatments throughout the Incubation

The strongest response in CO2 production can be seen in the PF2 layer of the UL core (Fig. 5) with a response factor of 4.5 at

around 200 days with the sea water treatment. That layer also showed the strongest response with the brackish water treatment

with a response factor of about 2 after 50 days.

In general, all layers showed an initial peak in the CO2 response factor with the brackish water treatment during the incubation.285

The time needed until this initial peak differed between the sites and layers. At the DLB site, the initial CO2 response peak

with brackish water appeared quickly after the incubation started, while it needed 30-50 days at the UL site for the response to

show (Fig. 5). In the UL PF layers, the brackish water peak was followed by a CO2 response peak with the sea water treatment.

The CH4 production with salt treatments in PF layers at both sites was low to non-detectable (Fig. 6). In active layers, CH4

production decreased with both salt treatments at the start of the incubation. After that initial decrease in CH4 production,290

the response became attenuated in the brackish water treatment towards the end of the incubation while with the sea water

treatment CH4 inhibition lasted throughout the whole incubation.

4 Discussion

4.1 Soil characteristics295

At the DLB site, pH, electrical conductivity, SO4
2 –  and Cl– content (Fig. 2) indicate that especially the PF layers likely had 

contact with sea water before this incubation. The sea water contact could have been caused by re-mobilized saline deposits 
(Jones et al., 2023) or by inundation. In this study, the gap of 8000 yr in the radiocarbon dating (Fig. 2), as well as the inverse 
age at 110 cm compared to 79 cm indicate potential cryoturbation events, supporting re-mobilized saline deposits more than
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Figure 5. Median CO2 response factors to salt treatments throughout the incubation at both sites. Please note the different y-axis.

sea water intrusion. In thermokarst lagoons, pore water hydrochemistry is highly variable due to complex freezing and brine300

exclusion mechanisms which lead to the formation of hypersaline layers (Angelopoulos et al., 2020; Jenrich et al., 2021).

However, pH and electrical conductivity of DLB PF layers are similar to brackish core sections of Siberian thermokarst lagoon

sediments (Jenrich et al. (2021): pH median 7.5 and 8, electrical conductivity median 3.3 mS/cm under brackish conditions;

Yang et al. (2023): pH 6-8). The maximum DOC values at the DLB site are 1.5 times higher than values found in the above

mentioned lagoons (Jenrich et al. (2021): max. 282 mg/L). Similarly high DOC values were found in a young (approx. 500305
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Figure 6. Median CH4 response factors to salt treatments throughout the incubation at both sites.

years BP) DLB near Drew Point, about 100 km further south east at the Beaufort Sea coast (Bristol et al. (2021): up to 585 
mg/L). As sediment parameters, TOC and TOC:TN at the DLB site are within the range of values observed in other DLBs in 
Alaska (Fuchs et al., 2019; Bristol et al., 2021; Jongejans et al., 2018).

The UL site exhibits a clearly different soil environment compared to the DLB site concerning the pore water and sediment 
parameters (Fig. 2). The parameters confirm the UL site as a primary surface, meaning that the landscape was not affected 
by thaw lake formation (Bristol et al., 2021). The pH (about 5 to 5.5) is acidic and falls within values observed in Alaskan
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polygonal tundra (Taş et al., 2018; Roy Chowdhury et al., 2015) and peat (Treat et al., 2014). DOC ranges similarly to the

primary surface in Bristol et al. (2021) even though near Drew Point the high variability of DOC was observed over a depth of

3 meters at the primary surface site. TOC at the UL site decreases with depth (about 35 % to 10 %). It has a surface organic-rich

layer that is on the lower end when compared to other Alaskan peat carbon contents (Treat et al. (2014): 44.8-16.8 %, Fuchs315

et al. (2019): 42 %, Taş et al. (2018): 40.1 %, Roy Chowdhury et al. (2015): 45.6%, Herndon et al. (2015): 38.9 %). TOC:TN

ratio is relatively stable at 20 throughout the total core and similar to ratios in the upper meter of other tundra peat sites (Treat

et al. (2014): 23.3-24.5, Fuchs et al. (2019): average 20 in depth 40 to 120 cm, Roy Chowdhury et al. (2015): 17-26) but slightly

higher than TOC:TN ratios observed in primary surface (Bristol et al. (2021): 14-18).

To sum up, the soil characteristics at the UL and the DLB (Fig. 2) reveal distinct patterns dependent on landscape history and320

position. The active layer of the DLB compares well to other DLBs on the Alaskan North Slope. The PF layers have been

inundated by marine waters before this study as characteristic for the Utqiaġvik Peninsula (Eisner et al., 2005; Jorgenson and

Brown, 2005). At the UL site, soil characteristics are similar to other primary surfaces in the region with PF layers unaffected

by earlier thawing.

4.2 Landscape Position Effect325

4.2.1 Carbon Availability

A decrease in anaerobic CO2 and CH4 production with depth in PF soils is often linked to a decrease in carbon availability

and quality (Treat et al., 2015; Waldrop et al., 2023). In this study, high TOC content in the AL1 layers (UL 35 %, DLB 40 %)

coincides with the highest CO2 and CH4 production. Additionally, the DLB site with a 5% higher TOC content has a 4-time

higher gas production than the UL site in that layer. In AL2, PF1 and PF2 layers, TOC is higher in the UL core which is330

concurrent with higher CO2 productions than in the DLB core on a dry weight basis (Fig. 2, Fig. 3 a-b). This is in accordance

with with previous studies showing the importance of soil carbon quantity for CO2 production (Schädel et al., 2014; Treat

et al., 2015; Lapham et al., 2020).

On a carbon basis, PF layers at the UL site produce very similar amounts of CO2 and CH4 after 368 days (Fig. 3 c). The CO2

production is even similarly high as in the AL2 layer. As this site has been unaffected by former PF thaw, an initial burst of labile335

carbon may have become available upon PF thaw (Vonk et al., 2013; Drake et al., 2015). Labile carbon may then have acted as

a driver of CO2 production in PF layers of the UL site. This effect is supported by the initially higher CO2 production of the

PF layers compared to the AL2 layer (Fig. S4). After thaw, the PF layers of the DLB core exhibited a burst of CO2 production

as well. However, when normalized to carbon content, this production was two to five times lower than that observed in AL2

from the same core (Fig. S3). As previously mentioned, the PF layers in the DLB core were likely affected by cryoturbation,340

indicating past thaw events. This prior thaw exposure may have reduced the lability of the carbon Ping et al. (2015); Schuur 
et al. (2008), potentially explaining the lower CO2 production compared to the UL layer. The results shown in this study are in 
accordance with the already established correlation betweenCO2 production and organic carbon quantity/quality.
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4.2.2 Microbial Adaptation

Prevailing anoxic soil conditions drive CH4 production in PF soils (Laurent et al., 2023; Galera et al., 2023). As the DLB lies345

relatively lower than the UL site, water-logged anoxic conditions will be more apparent especially in the active layers at the

DLB site (Sturtevant and Oechel, 2013). Thus, the microbial communities at the DLB site could be more adapted to anoxic

conditions that were mimicked in the incubation than the microbial community at the UL site. This study support the idea of

anoxic conditions driving CH4 production with the higher CH4 and CO2 production on a carbon basis at the DLB than the UL

site. Additionally, the high max. CH4 production rates and low CO2:CH4 ratios (Fig. 3, Tab.3) also highlight the influence of350

already adapted microbial community to anoxic conditions.

With the DLB site being more adapted to anoxic soil conditions, the reduced CH4 production on a dry weight basis in the

PF1 layer at the DLB site (Fig. 3 b) is unexpected. Here, the former sea water contact of the PF layers might be an important

control. Indeed, the electrical conductivity in the PF layers of DLB indicates brackish conditions in these layers. The high

SO4
2 – content in the PF1 layer at the DLB site (999 mg/L; Fig. 2) can explain the low CH4 production as SO4

2 – reduction355

is energetically more favorable than methanogenesis (Koch et al., 2009). This is consistent with (Yang et al., 2023), where

they found that CH4 production decreases with salinity, but was not fully inhibited for low-lying flooded area under brackish

conditions. The increase of SO4
2 – in the soil leads to an increase of SO4

2 – -reducing bacteria (SBR) which can be competitors

for methanogenesis (Gutekunst et al., 2022; Yang et al., 2023). To limit this competition, methanogens use mainly CO2 or

methanol metabolism pathways instead of organic compounds such as acetate (Söllinger and Urich, 2019; Yang et al., 2023).360

Overall, CO2 and CH4 production with the control treatment can be interpreted as an interaction of microbial adaptation to

anoxic soil conditions, carbon availability and sea water exposure which combined form the landscape position effect.

4.3 Salt Water Effect

4.3.1 Carbon Availability

CO2 production increased with sea water addition at both sites in certain layers (Fig. 4). The same effect was observed in365

thawing coastal PF samples from thermokarst lake and thermokarst lagoon sediments on the Bykovsky Peninsula, Siberia,

Russia under anaerobic conditions (Jenrich et al., 2025) and from the Yukon Coast, Canada under aerobic conditions (Tanski

et al., 2019, 2021). As this effect has been observed under aerobic and anaerobic conditions, prevailing oxygen availability

does not seem to be decisive for CO2 production with salt water. Instead, a higher carbon availability due to the sea water

addition is discussed as a possible reason for higher CO2 production with sea water (Tanski et al., 2021; Lapham et al., 2020;370

Tanski et al., 2019). Sea water can cause complex carbon compounds to flocculate increasing the mobility of less complex

carbon (Dou et al., 2008) that could then be available for CO2 production (Tanski et al., 2021; Lapham et al., 2020; Tanski

et al., 2019).

Conversely, the lack of response to sea water addition at the DLB site likely reflects its history of prior marine inundation and

associated long-term changes in soil chemistry (Fig. 2). These pre-incubation conditions may have already changed the carbon375

availability, minimizing the effect of additional salt inputs. This is supported by significantly higherCO2-C per g TOC under
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control conditions at DLB compared to UL (Fig. 3c-d), indicating that carbon was initially more available at DLB. In contrast,

the UL site, which was not exposed to marine inundation, showed a stronger response, suggesting that sea water addition could

have had a more pronounced effect on carbon mobilization and therefore explain the CO2 response in AL2, PF1 and PF2 layers

at the UL site (Fig. 4).380

The overall decrease in CO2 production observed in UL AL1 (Fig. 4) may be explained by the presence of a peat layer (Fig. 2,

Fig. S1). In organic-rich soils (TOC > 20%), carbon is typically more available, often resulting in higher CO2 production rates

Treat et al. (2015). Therefore, in such peat layers, carbon availability might not be the limiting factor, and redox conditions

could play a more dominant role in controlling CO2 production.

4.3.2 Electron Acceptors and Microbial Adaptation385

In non-PF coastal environments, an inhibition of CH4 production with sea water is observed as well (Gutekunst et al., 2022;

RoyChowdhury et al., 2018). This CH4 response is likely linked to the role of electron acceptors in sea water (Gutekunst et al.,

2022; RoyChowdhury et al., 2018; Koch et al., 2009). As SO4
2 – reduction is energetically more favorable than methanogen-

esis, the addition of SO4
2 – with the salt water treatments can hinder CH4 production. In layers where CH4 production was

least inhibited by the brackish water treatment at the end of the incubation (meaning UL AL1 layer and DLB AL1 and AL2390

layers), the initial SO4
2 – concentrations were the lowest (Fig. 2). This could result in a smaller SO4

2 – pool for these layers and

therefore, explainCH4 production at the end of the incubation period. The CH4 lag time could thus represent the time needed

to deplete SO4
2 – as energy source.

This SO4
2 – reduction could also explain the initial peak in CO2 production that happened in AL1 layers with sea and brack-395

ish water treatment (Fig. 5, Fig. S5). Now, when assuming a depletion of SO4
2 – as electron acceptor with the brackish water

treatment within incubation duration it is possible to explain the stronger response in CO2 (positively) and CH4 (negatively) in

AL1 layers with the higher amount of SO4
2 – .

At the DLB site, the PF most likely had contact with sea water before (Fig. 2) making it reasonable to assume that microbes are

adapted to brackish water conditions. The addition of sea water did not seem to change any relevant factors for CO2 production400

leading to almost no differences between all three treatments. That CH4 was produced with the control treatment and that at

least twice as much CH4 was produced in DLB compared to UL PF layers (Fig. 3) indicates that active methanogens were

present in the brackish water affected PF layers even though CH4 production was inhibited when SO4
2 – was present. Other

studies observed a similar behaviour from low saline former PF environments, where CH4 production declines significantly

after sea water addition (Yang et al., 2023; Jenrich et al., 2025).405

Not only the availability of SO4
2 – is changed with the addition of salt water, but also the availability of other nutrients and

pore water pH can be impacted by the treatments applied in this study. For example, the biogeochemical cycle of chloride on

the Arctic Coastal Plain is linked to iron and humic substance cycling (Zlamal et al., 2017). It is even discussed if organohalide

respiration could inhibit CH4 production similar to Fe(III) reduction (by reducing H2 levels) (Zlamal et al., 2017). Additionally,

pH drives microbial communities in PF (Gray et al., 2014; Waldrop et al., 2023) with methanogens being most productive at410
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ranging between 6.5 and 7 (Wang et al., 1993; Wagner et al., 2017). These complex biogeochemical couplings make it impos-

sible to pinpoint the exact cause for CO2 and CH4 response to sea water within the scope of this study.

Furthermore, it is essential to consider the impact of rewetting and thawing on the CO2 production. In the majority of the

treatments, a peak in CO2 production was observed at the beginning of the incubation. Many studies have shown that CO2 ex-415

hibit a positive response following rewetting events (Kurganova et al., 2007; Deppe et al., 2010; Kim et al., 2012). The addition

of water can facilitate the breakdown of the soil aggregates and make the organic matter mater more available for microbial

communities (Van Gestel et al., 1993; Grogan et al., 2004; Kim et al., 2012).

In summary, the salt water effect on CO2 and CH4 production under anaerobic conditions can not solely be explained by a420

change in carbon availability. A key role is also played by the change in soil redox-conditions due to salt addition, which shifts

the availability of electron acceptors. Additionally, other biogeochemical aspects such as pH and nutrient availability could

additionally affect the CO2 and CH4 response to salt water.

4.4 Challenges in Comparing CO2 and CH4 Production Across Studies: Limitation, Implications and future
Research425

Directly comparing CO2 and CH4 production with other research is challenging due to the limited number of comparable

incubation studies and the varying framework parameters used in these investigations (e.g. temperature, units, incubation

duration; Tab. S2 and S3). Cumulative CO2 and CH4 production with the control treatment in mineral (TOC below 30%) and

organic (TOC higher 30%) layers are within the same range as the anaerobic gas production observed at 15°C from moist

acidic Alaskan PF soils incubated for 500 days (Tab. S2, Lee et al. (2012)). Compared to anoxic PF incubations on a pan-arctic430

scale, median CO2 production rates are at least two times lower in this incubation at the respective landscape positions (Tab.

S2, Treat et al. (2015): 52.1 µg g– 1 C d – 1 (UL); 125 µg g– 1 C d – 1 (DLB)). Median CH4 production rates on the other hand are

at least 4 times higher than max. production rates at the DLB (Tab. S2, Treat et al. (2015): 0.6 µg g– 1 C d – 1 (DLB)) while they

seem to be lower at the UL site (Tab. S2, Treat et al. (2015): 8.2 µg g– 1 C d – 1 (UL)). The anaerobic CO2 production with sea

water (Fig. S5) is generally lower than CO2 production with sea water at 4°C under aerobic conditions (Tab. S3, Tanski et al.435

(2021)).

This study investigated the production of CO2 and CH4 under anaerobic conditions mimicking PF thaw accompanied by sea

water inundation. However, the actual amount of carbon GHG released to the atmosphere is also impacted by factors not

covered in this study. For example, the transport process of GHG from soil to the atmosphere by exudation through plants or by

ebullition can have a significant impact on the GHG flux (Eckhardt et al., 2019; Jentzsch et al., 2024; Rosentreter et al., 2023).440

During transport CH4 can be oxidized to CO2 within the sediment and water column in thaw lakes (De Jong et al., 2018; Lotem

et al., 2023) as well as in marine environments (Yang et al., 2023; Uhlig et al., 2018). Additionally, soil temperature sensitivity

(De Jong et al., 2018; Treat et al., 2014; Lapham et al., 2020; Zona et al., 2009), effects of freeze-thaw events (Schimel and

Mikan, 2005; Roy Chowdhury et al., 2015), influences of water-level changes (Eckhardt et al., 2019) and effects of sea water
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composition (Dou et al., 2008) are aspects not within the scope of this study. Nevertheless, CO2 and CH4 production form the445

basis of GHG fluxes and ex-situ incubations have shown to effectively reproduce in-situ anaerobic carbon cycling dynamics,

such as CO2 and CH4 productions (Hodgkins et al., 2015; Wilson et al., 2021). Finally, it is important to note that this study is

based on only two soil cores. Although these were selected to represent the two most common landscape features in the area,

they do not encompass the full heterogeneity of the permafrost landscape. Therefore, based on the results from this case study,

we recommend further investigations into the effects of sea water inundation across a wider range of permafrost landforms,450

including sites with diverse landscape histories.

5 Conclusions

The results of this case-study show that sea water inundation of terrestrial PF has differing effects on CO2 and CH4 production.

The CH4 production decreases with the increase of salt concentration even when the microbial community was already adapted

to brackish conditions, i.e., equal production of CO2 and CH4. The addition of SO4
2 – is likely to explain this behavior, as455

it favors SO4
2 – reduction over methanogenesis. Thus, our findings highlight that redox-conditions seem to be a stronger

controlling factor than microbial adaptation for CH4 production. The response of CO2 is more variable and appears to be

contingent on the site history. In particular, no response to the salt addition was observed for the layers that have been exposed

to sea water intrusion before this incubation. However, for non-marine-affected soils, the salt addition may intensify the carbon

availability as well as nutrient availability and lead to a positive feedback in CO2 production. Here we highlight the effect of460

salt on CH4 and CO2 production in a controlled ex-situ experiment where soil dynamics are not considered. In future studies,

it is therefore necessary to examine the effect of sea level rise on GHG production under conditions closer to reality, where

vertical and lateral soil dynamics are taken into account.
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