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Abstract 18 

Thermokarst lakes develop as a result of the thaw and collapse of ice-rich, permanently 19 

frozen ground (permafrost). Of particular sedimentological importance are thermokarst 20 

lakes forming in late Pleistocene icy silt (yedoma), which dramatically alter the land 21 
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surface by lowering surface elevation and redistributing upland sediment into lower 22 

basins. Our study provides the first description of yedoma thermokarst lake 23 

sedimentology based on cross-basin sampling of an existing lake. We present lake-24 

sediment facies descriptions based on data from sediment cores from two thermokarst 25 

lakes of medium depth, Claudi and Jaeger (informal names), which formed in previously 26 

non thermokarst-affected upland yedoma on the northern Seward Peninsula, Alaska. We 27 

identify four prominent facies using sedimentological, biogeochemical and macrofossil 28 

indicators: a massive silt lacking aquatic macrofossils and other aquatic indicators 29 

situated below a sub-lacustrine unconformity (Facies 1); two basal deposits: interbedded 30 

organic silt and chaotic silt (Facies 2 - 3); and a silt-rich mud (Facies 4). Facies 1 is 31 

interpreted as yedoma that has thawed during lake formation. Facies 3 formed adjacent to 32 

the margin due to thaw and collapse events from the lake shore. Material from Facies 3 33 

was reworked by wave action to form Facies 2 in a medium energy margin environment. 34 

Facies 4 formed in a lower energy environment towards the lake basin center. This facies 35 

classification and description should enhance our ability to i) interpret the spatial and 36 

temporal development of lakes, and ii) reconstruct long-term patterns of landscape 37 

change. 38 

Key words: Permafrost, yedoma, thermokarst lake, sedimentology, facies 39 

1. Introduction 40 

Thermokarst landforms are prevalent across arctic and sub-arctic lowlands (Jorgenson et 41 

al., 2008a, 2008b) and include features such as thermokarst lakes and drained lake basins 42 

(Grosse et al., 2013, and references therein), thermo-erosion gullies (Godin and Fortier, 43 

2012), retrogressive thaw slumps (Burn and Lewkowicz, 1990) and thermokarst pits 44 

(Osterkamp et al., 2000; Jorgenson et al., 2006). Thermokarst lakes and drained lake 45 

basins are the most ubiquitous of these landforms (Côté and Burn, 2002; Hinkel et al., 46 

2005; Jones et al., 2011; Morgenstern et al., 2011), contributing to landscape evolution by 47 
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redistributing large volumes of sediment (Murton, 1996) and initiating changes in surface 48 

elevation, topography, vegetation composition (Katamura et al., 2006), wildlife habitat 49 

(Jorgenson and Osterkamp, 2005), and hydrology (Yoshikawa, 2003). In areas of yedoma 50 

(silty, organic rich, perennially frozen sediment containing massive syngenetic 51 

Pleistocene ice wedges; Schirrmeister et al., 2013), thermokarst lakes and drained lake 52 

basins are abundant, affecting up to 73% of the land surface  (Jones et al., 2011; Grosse et 53 

al., 2013) (Fig. 1). Herein we refer to yedoma soils as ‘organic rich’ in the context of 54 

mineral soils (as opposed to peat).  55 

Thermokarst lakes forming in yedoma uniquely develop from the gradual thaw of large 56 

syngenetic Pleistocene ice-wedge networks. Thermokarst lakes usually initiate due to a 57 

disturbance to the ground thermal regime (e.g., wildfire or climate warming; Burn and 58 

Smith, 1990; Murton, 2009) which results in the thaw of excess ground ice, collapse of 59 

the ground surface, and subsequent collection of water in a closed depression (Van 60 

Everdingen, 1988; French, 1996). Thermokarst lakes go through distinct stages of 61 

development that likely cause shifts in sediment composition as well as both vertical and 62 

lateral sediment distribution (Czudek and Demek, 1970; Murton, 1996; West and Plug, 63 

2008). After initial ponding, water body diameter and depth continue to increase via 64 

lateral thermo-erosion and vertical thaw settlement, respectively, forming a lake (Burn, 65 

1992). In our study area on the northern Seward Peninsula, Alaska, the upland margins 66 

that characterize first-generation lakes (those forming in upland yedoma as opposed to 67 

drained lake basin lowlands) today expand at mean rates of 0.18 m/yr, while regional 68 

rates including all margin types are 0.39 m/yr (Jones et al., 2011). Settlement depths (the 69 

height difference between surrounding bluff tops and the bottom of the lake water 70 

column) of up to 40 m have been reported for yedoma deposits in central Yakutia 71 

(Czudek and Demek, 1970). Remnant mounds of sediment, termed baydjerakhs, remain 72 

once massive syngenetic ice wedges have thawed (Kanevskiy et al., 2011). These 73 

mounds are an important characteristic of yedoma thermokarst lake bathymetry, 74 
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especially along lake margins. As lake development continues and the water depth 75 

becomes greater than maximum winter lake ice thickness, ice-rich yedoma deposits 76 

beneath the lake thaw year round (Ling et al., 2012). This area of continuously thawed 77 

sediment beneath a water body is termed a “thaw bulb” or "talik" (West and Plug, 2008), 78 

and the sediments within it are termed “taberal” (Hubberten and Romanovskii, 2003). 79 

Taberal sediments are therefore originally deposited subaerially but thawed and modified 80 

in situ underneath the lake.  81 

Numerous papers have investigated morphological aspects of thermokarst lake behaviour, 82 

such as lake orientation (Livingstone, 1954; Côté and Burn, 2002), lake cycling (Billings 83 

and Peterson, 1980; Jorgenson and Shur, 2007), lake drainage (Mackay, 1988; Hinkel et 84 

al., 2003; Marsh et al., 2009), lake influence on arctic landscape evolution (Czudek and 85 

Demek, 1970; Soloviev, 1973), and development of thermokarst sedimentology and 86 

morphology (Burn and Smith, 1990; Murton, 1996; Morgenstern et al., 2013). Yet 87 

currently there is a knowledge gap regarding the sedimentology and geomorphological 88 

development of modern day yedoma thermokarst lakes.  89 

Our goal was to better understand yedoma thermokarst lake development by studying 90 

sediment cores from two first-generation lakes that formed in upland yedoma on the 91 

northern Seward Peninsula, Alaska. Specific objectives were to establish 1) the key facies 92 

present, 2) the depositional environment represented by each facies, and 3) the stages of 93 

lake development based on vertical and horizontal facies distribution. Sediment 94 

composition, the range of depositional facies present and facies distribution are used to 95 

infer relative stages of lake development. We chose to study first-generation thermokarst 96 

lakes as they would have been most prevalent across yedoma lowlands during the early 97 

Holocene, a time during which such lakes likely contributed significantly to high-latitude 98 

atmospheric methane flux (Walter et al., 2007a; Brosius et al., 2012; Walter Anthony et 99 

al., 2014). Results from this study should improve our ability to date thermokarst lake 100 

development more accurately and aid the reconstruction of landscape evolution during 101 
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the late Pleistocene and Holocene. Furthermore, they may allow for a better 102 

understanding of their past and present role in carbon cycling in the Arctic and aid 103 

modeling of thermokarst landscape evolution.  104 

2. Study area 105 

We studied the composition and distribution of sediment in Claudi Lake in detail, and 106 

supplemented this data set with additional cores from Jaeger Lake (Figs. 1, 2, Table 1). 107 

Claudi Lake is a first-generation lake that formed in upland yedoma. Claudi Lake is oval 108 

in shape, has a lake surface area of 16.27 ha and a maximum depth of 9.2 m. A paleo-109 

drainage channel has eroded the north bank of the lake and appears close to reactivation. 110 

The southern margin of Claudi Lake is eroding into a first-generation drained lake basin, 111 

that of former Pear Lake (Plug and West, 2009). 112 

Jaeger Lake is a first generation lake that also formed in yedoma upland. An active outlet 113 

is located on the western margin. Jaeger Lake is hourglass in shape, has a lake surface 114 

area of 24.06 ha and a maximum depth of 12.73 m. The bathymetry of lakes Claudi and 115 

Jaeger is characterized by the presence of baydjerakhs. The variable microtopography 116 

they create affects local sediment distribution in the lake bed (Hopkins and Kidd, 1988). 117 

The macrophyte zones of both Claudi and Jaeger are sparsely vegetated by Hippuris spp., 118 

Carex aquatillis and Calamagrostis canadensis.  119 

The study area is located in the coastal lowlands of the northern Seward Peninsula, 120 

Alaska, on the eastern side of the Bering Strait (Fig. 1). This region has abundant 121 

thermokarst lakes and several large maar lakes (Arp and Jones, 2009). Surficial geology 122 

is dominated by late Pleistocene ice-rich syngenetic yedoma deposits and Holocene 123 

lacustrine and bog deposits (Hopkins and Kidd, 1988; Charron, 1995; Jones et al., 2012; 124 

Wetterich et al., 2012). Widespread thermokarst development in the Arctic is thought to 125 

have last occurred during the Holocene thermal maximum (Walter et al., 2007a; Mann et 126 
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al., 2010), suggesting that this was the time period when many lakes in our study area, 127 

now drained lake basins, developed. Remote sensing-based morphological and 128 

succession studies of drained lake basins suggest that up to 6 generations of Holocene 129 

lake basins are overlapping in the study region, indicating a landscape actively shaped by 130 

thermokarst lake dynamics (Jones et al., 2012; Regmi et al., 2012). One single lake 131 

generation represents a cycle of thaw and collapse, lake formation, lake drainage, 132 

epigenetic ice aggradation, and the eventual initiation of a new thermokarst lake in the 133 

same location. Within this study, we refer to areas that have not yet been affected by 134 

thermokarst processes as “upland” while areas that have been affected by thermokarst 135 

lake processes are termed “lowland” (Fig. 2).  136 

The Yedoma deposits consist mostly of organic-rich, silty to fine-sandy sediments with 137 

interspersed paleosols (Höfle and Ping, 1996; Höfle et al., 2000; Kuzmina et al., 2008). 138 

Networks of syngenetic ice-wedge polygons are widely distributed across upland areas, 139 

while landscape degradation has created widespread accumulation of lacustrine and 140 

taberal sediments, often modified by epigenetic ice wedge formation. Extensive basaltic 141 

tephra deposits from the eruption of Devil Mountain Maar lake ca. 18 
14

C kyr BP (Beget 142 

et al., 1996; Goetcheus and Birks, 2001) can be greater than 1 m thick at the study sites 143 

and lie 0.6-3.0 m below the modern day surface in undisturbed upland yedoma deposits 144 

(Charron, 1995; Goetcheus and Birks, 2001). 145 

Present day vegetation is moist acidic shrub tundra dominated by Salix (willow), Betula 146 

(birch), and heaths or Eriophorum (cotton grass) tussocks. Upland vegetation is 147 

characterized by low shrubs: Empetrum nigrum (crowberry), Vaccinium uliginosum 148 

(blueberry), Betula nana and B. glandulosa. Steep upland yedoma slopes adjacent to lake 149 

margins are dominated by Salix spp., B. nana, Spiraea stevenii, Ledum palustre (labrador 150 

tea) and grasses. Floodplains and drained lake basins are moister and dominated by taxa 151 

such as Eriophorum spp., Carex aquatillis (water sedge), Sphagnum riparium (streamside 152 

sphagnum) and Calamagrostis canadensis (reed grass).  153 
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Climate is maritime in summer due to proximity to the ice-free Bering Sea, and 154 

continental in winter. The mean annual air temperature is -4.8C, with a mean summer 155 

temperature of 10.5C (June through August) and a mean winter temperature of -13.7C 156 

(October through April). The mean annual precipitation is 273 mm for the period July 157 

1996 to December 2008 (Western Regional Climate Center, Western U.S. Climate 158 

Historical Summaries, http://www.wrcc.dri.edu, 01/15/15). 159 

3. Methods 160 

3.1 Fieldwork 161 

We retrieved sediment cores during two field campaigns on the northern Seward 162 

Peninsula. In Spring 2009, we retrieved 44 cores (Claudi Lake, n=33, Jaeger Lake, n=11) 163 

using ice that was more than 1 m thick as a platform from 23 coring locations across both 164 

lakes (Fig. 1, not all coring locations shown). Core length retrieved in 2009 totaled 30 m. 165 

In Summer 2010, we obtained an additional 20 cores from Claudi Lake using a floating 166 

coring platform from 7 coring locations (Fig. 1, not all coring locations shown). Core 167 

length retrieved in 2010 totaled 10 m. The length of all 64 cores combined totaled 40 m. 168 

Mean core length was 60 cm, ranging from 10 cm to 110 cm. At Claudi Lake, N-S and E-169 

W bathymetric transects were recorded across the entire lake at 100 m spacing, providing 170 

an overview of the lake’s bathymetry (see Fig. 2 in Kessler et al., 2012). At each coring 171 

site, a more detailed N-S and an E-W 1 x 1 m grid of bathymetric measurements was 172 

collected across a 10 x 10 m area (see Fig. 7 in Walter Anthony and Anthony, 2013). This 173 

enabled us to determine the location of coring sites with respect to baydjarakh mounds. 174 

We used different coring systems depending on water depths and targeted core lengths. 175 

Upper sediments were obtained using a square-rod Livingstone corer (Wright et al., 176 

1984) modified to fit a 7 cm polycarbonate barrel (Bolivia corer). We obtained deeper, 177 

stiffer, and more compacted sediment using a standard square-rod Livingston corer with a 178 

5 cm metal barrel. Continuous cores containing upper and lower sediment were also 179 
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obtained with a percussion corer (Reasoner, 1993). We obtained two long, deep cores 180 

from the central part of Claudi Lake using a UWITEC© piston corer (8 kg weight and 181 

transparent PVC core liners 6.35 cm in diameter). Coring took place until core refusal 182 

occurred due to the presence of stiff silt, coarse tephra or peat. 183 

3.2 Laboratory work 184 

We conducted high-resolution sedimentological analysis of lake cores on the sediment-185 

core transects across the study lakes and established facies distributions. On all cores we 186 

measured magnetic susceptibility at 1 cm increments downcore using a GEOTEK multi-187 

sensor core logger. We removed anomalously low magnetic susceptibility measurements 188 

at core breaks from the data set. We photographed all split cores using a digital line 189 

scanner at a resolution of 10 pixels per millimeter (~300 dpi). We described split cores 190 

according to Schnurrenberger et al. (2003) and visually identified key facies according to 191 

color, composition, texture, boundary type and sedimentary structure. Working with wet 192 

sediment we described sediment color using a Munsell color chart.  193 

We analyzed a 9.58 m subset of key cores from Claudi and Jaeger (Claudi, n=11, Jaeger, 194 

n=3) for 
13

C, percent total organic carbon (TOC), percent total nitrogen (TN), grain size, 195 

and macrofossils. For this we selected the deepest cores and also chose a range of cores 196 

to ensure a wide geographic spread of samples. For isotope and C and N determinations, 197 

we pretreated 100 bulk sediment samples to remove inorganic carbon by overnight 198 

acidification using 2N HCl (Claudi, n=83, Jaeger, n= 17; for core locations see Figs. 3 199 

and 4 respectively). Samples were then rinsed with high purity water until neutral (Wolfe 200 

et al., 2001), freeze dried, homogenized, weighed (to the nearest 0.001 mg), and 201 

submitted to the Alaska Stable Isotope Facility at the University of Alaska Fairbanks’s 202 

Water and Environmental Research Center. Determinations of 
13

C, TOC and % TN 203 

were made on a Delta V isotope ratio mass spectrometer interfaced with a Costech ESC 204 

4010 elemental analyzer. Stable isotope ratios are reported for 97 samples in δ notation as 205 
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parts per thousand (‰) deviation from the international standard for carbon (Pee Dee 206 

Belemnite). Typically, analytical precision for elemental and isotopic analysis is <0.2 ‰.  207 

Forty-two grain-size samples from Claudi (for core locations see Fig. 3) were pretreated 208 

with hydrogen peroxide (H2O2) to remove organics, sodium hydroxide (NaOH) to 209 

remove biogenic silica (BSi) and hydrochloric acid (HCl) to neutralize the sodium and 210 

remove carbonates. Pretreated samples were then run on a Horiba particle size analyzer 211 

LA-920 according to the LacCore (National Lacustrine Core Facility) standard operating 212 

procedure based on Jiilavenkatesa et al. (2001) and Horiba particle size analyzer LA-920 213 

manuals.  214 

We processed 68 macrofossil samples using the methods of Birks (2002) (Claudi, n=55, 215 

Jaeger, n = 13, for core locations see Figs. 3 and 4 respectively). Wet sample volume was 216 

measured using water displacement, samples were then sieved through a 250 µm mesh. 217 

Macrofossils were identified using the Alaska Quaternary Center's macrofossil collection 218 

at the University of Alaska Fairbanks and reference texts (Katz et al., 1965; Ireland, 219 

1982). Macrofossil counts were standardized to a volume of seven cubic centimeters of 220 

wet sediment. For all samples, macrofossil counts included chironomid head capsules, 221 

seeds identified to genus, Daphnia spp. ephippia, Cenococcum sclerotia (fungal resting 222 

bodies) and oribatid mites. Qualitative values for the detrital fraction were calculated on a 223 

scale of 0-5 corresponding to 0 %, 1-20 %, 21-40%, 41-60%, 61-80 % and 81-100% 224 

respectively. Three radiocarbon samples were selected from sediment cores extracted 225 

from the centers of Claudi and Jaeger.  226 

Dating was by accelerator mass spectrometry and carried out at The University of 227 

California Irvine (Keck Carbon Cycle Program) and the Poznan Radiocarbon Laboratory, 228 

Poland. We converted 
14

C dates to calibrated years BP using the Calib 7.0 program 229 

(http://calib.qub.ac.uk/calib/calib.html) and the Intcal13 radiocarbon curve (Reimer et al., 230 

2013). 231 
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4. Results 232 

We identified four facies (F): F1, massive silt lacking aquatic macrofossils and other 233 

aquatic indicators; F2, interbedded organic silt (0.2 – 1.25 m in thickness); F3, chaotic silt 234 

(0.6 – 2.0 m in thickness); and F4, silt rich mud (0.2 – 2 m in thickness) (Fig. 5). Facies 235 

identification is based on visual analysis, macrofossils present and biogeochemical 236 

characteristics. Transition between facies generally occurs gradually over 15-30 cm. 237 

While the stratigraphic order of facies is consistent, we found that not all facies were 238 

present at each core. All facies were present in both lakes, however. In general F2 and F3 239 

decreased in thickness towards the lake center, while F4 increased in thickness although 240 

this relationship was not linear.  Fig. 6 illustrates a subset of macrofossil and 241 

biogeochemical data from a central Claudi core retrieved from a baydjerakh top.  242 

4.1 Facies identification 243 

Facies one (F1): massive silt lacking aquatic macrofossils and other aquatic indicators.  244 

The F1 unit consists of massive bluish-grey silt, often containing rootlets and small 245 

pieces of terrestrial organic detritus. Black mottles, frequently occur and range in size 246 

from 1-> 5 cm in diameter (Fig. 5). Thirteen samples were analyzed for total organic 247 

carbon, 
13

C, C/N, 10 samples were analyzed for grain size analysis, and 187 samples 248 

were analyzed for magnetic susceptibility (Table 2, a subsample of which is shown in 249 

Fig. 6). Samples screened for plant remains (n=3) were found to lack discrete 250 

macrofossils with the exception of one Empetrum seed.  251 

Facies two (F2): Interbedded organic silt facies.  252 

F2 is found directly above F1. When present together with facies 3 (F3, discussed below), 253 

F2 is found underneath it. The basal interbedded organic silt facies is characterized by the 254 

presence of coarse bands and few fine dark laminations (Fig. 5). Bands and dark 255 
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laminations are composed mainly of detrital organic material, silt and reworked tephra 256 

(Fig. 5). Bands and dark laminations vary in color greatly but are frequently observed to 257 

be dark brown to black. The organic fraction of F2 typically contains a combination of 258 

well-preserved Drepanocladus capillifolius leaves and Carex spp. seeds, suggesting input 259 

from a shallow water environment with emergent sedges (Janssens, 1983). Bands and 260 

laminations vary in width from 1-10 cm and 0.3-1.0 cm, respectively, and have diffuse 261 

boundaries. As a unit, F2 reaches a maximum thickness of 1.25 m in our sediment cores. 262 

Twenty four samples were analyzed for total organic carbon, 
13

C, C/N, 287 samples 263 

were analyzed for magnetic susceptibility (Table 2), and 21 samples were analyzed for 264 

macrofossil content (Table 3). Measurements of percent total organic carbon (Table 2), 265 

range widely and median magnetic susceptibility values are the second highest among 266 

sediment facies (Table 2). The macrofossil composition of the basal interbedded organic-267 

silt facies is dominated by Cenococcum sclerotia, oribatid mites, and ostracods valves 268 

(Table 3, n=21).  269 

Facies three (F3): Chaotic silt facies.  270 

The predominant characteristic of this facies is a massive silt matrix containing 271 

occasional peat balls, lenses or distorted bands of Pleistocene and/or Holocene peat, 272 

thawed Pleistocene yedoma, and redeposited Devil Mountain tephra (Fig. 5). Inclusions, 273 

bands and lenses of peat, silt and tephra vary from <1 cm to approximately 10 cm in 274 

thickness or, in the case of silt and tephra, they appear as massive sub-units. Boundaries 275 

range from abrupt to diffuse. Tephra inclusions tend to be poorly sorted (based on visual 276 

observations) with high magnetic susceptibilities (>50 SI 10
-6

). This facies has the lowest 277 

median %TOC (Table 2, n=14), but higher % TOC values can be seen where large 278 

organic inclusions occur (e.g., Fig. 6, 160 cm depth). Median C/N (n=14) and 
13

C 279 

(n=14) values are somewhat similar to other facies (Table 2). Median grain size is 28.6 280 

µm, corresponding to silt (n=3) (Table 2). Three hundred and ninety nine samples were 281 
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measured for magnetic susceptibility (Table 2). The chaotic basal facies can reach a 282 

thickness of approximately two meters, though more commonly it is 50 to 90 cm. 283 

Terrestrial indicators, such as seeds from Carex, Empetrum spp. and Betula spp. that are 284 

characteristic of water-logged alases (Jones et al., 2012) are present within this facies. 285 

Cenococcum sclerotia and oribatid mites are also common. The coarse (>250 m) 286 

fraction is mainly composed of herbaceous and lignified detritus (Fig. 6, Table 3). Down 287 

core analysis of sediment retrieved from a baydjerakh high at Claudi’s center exhibited 288 

large pieces of graminoid stem, leaves, and rootlets protruding from the organic rich 289 

sections of the unit (Fig. 6). 290 

Facies four (F4): silt-rich mud.  291 

F4 is composed of brownish silt often with olive black horizontal laminations with 292 

diffuse boundaries. Upper sections of this facies within 10 cm of the sediment-water 293 

interface are often less compact than deeper sediments. Upper (0-25 cm) sediment 294 

frequently contains shell-fragment horizons of varying thickness. Often, horizontal to 295 

sub-horizontal laminations characterize this facies and range in color between brownish 296 

black, olive black and black (Fig. 5). Lamination thickness is generally between 0.3-0.9 297 

cm, although the diffuse boundaries make exact width measurements difficult. Smear-298 

slide analysis indicates that dark laminae have a larger fraction of detrital organic matter 299 

and a smaller mineral fraction than light laminations. Forty-six samples were analyzed 300 

for total organic carbon, C/N and 
13

C (Table 2). Median grain size values are the lowest 301 

among sediment units, 22.1 µm, corresponding to silt with a range of 19.38 to 28.32 302 

(n=29), possibly reflecting the highest amount of sorting (Table 2). The median magnetic 303 

susceptibility value is the highest among sediment units, 47.2 MS SI 10
-6

 (n=915) (Table 304 

2). The silt-rich mud reaches a maximum thickness of approximately 2 m in our cores.  305 

No aquatic seeds were found within the silt-rich mud, probably because most seeds are 306 

deposited close to the lake margin, within the macrophyte zone. Macrofossil composition 307 
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(n=23) is dominated by ostracods, with small quantities of chironomid head capsules, 308 

Cenococcum sclerotia, and Daphnia spp. ephippia (Table 3). Down core analysis of 309 

Claudi Lake’s central sediments show numbers of Cenococcum sclerotia and Daphnia 310 

spp. ephippia to decrease down core (Fig. 6).  311 

4.2 Facies distribution within Claudi and Jaeger lakes  312 

Figs. 3 and 4 are schematic representations of the stratigraphies of the transect cores from 313 

Claudi and Jaeger, classified according to the four sediment facies described above. The 314 

figures also indicate the relation of each core to underwater baydjerakh topography. 315 

4.2.1 Claudi Lake (Fig. 3)  316 

Either F3 or F2 is present at all core locations, and F1 deposits are consistently identified 317 

beneath them. The combined thickness of F2 and F3 increase with distance from the lake 318 

margin (see section 4.3 below); while F2 thickness ranged from 0.2-1.0 m, those of F3 319 

ranged from 1-2 m. F4 was not present <20 m from the lake margin but increased in 320 

thickness from 0.3 to 2 m between 20 and 150 m from the lake margin.  321 

4.2.2 Jaeger Lake (Fig. 4) 322 

F1 deposits are only identified at the lake center and are basal to all other facies. F2 is 323 

only present close to the margin (<20 m) in one core (Fig. 4), with a thickness of 0.45 m 324 

(based on one observation). F3 is present near the margin and also offshore. F3 thickness 325 

ranged from 0.6 - 1.5 m. F4 is present at every location sampled and exhibits a general 326 

increase in thickness between the lake margin and lake center, ranging from 0.2 to 0.7 m.  327 

4.3 Relationship between facies thickness and lake margin  328 

To explore the relationship between facies thickness and distance from the margin at 329 

Claudi and Jaeger, we evaluated the correlation between distance from the margin and i) 330 
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F4 thickness, and ii) the combined thickness of basal facies F2 and F3 (Fig. 7). We used 331 

data from fourteen coring locations, each with multiple cores, where sediment 332 

accumulated on baydjarakh highs. From observing baydjarakhs in drained lake basin 333 

exposures we observed that lows tend to accumulate more sediment than highs, making a 334 

direct comparison between the two inappropriate. We found a significant positive 335 

correlation between F4 thickness and distance from the margin (r = 0.73, n=7, p<0.03) 336 

and a significant negative correlation between thickness of F2 and F3 and distance from 337 

the margin (r = -0.75, n=7, p<0.02; Fig. 7). The combined thickness of F2 and F3 ranged 338 

from as little as 0 cm at the lake center to ca. 150 cm at the lake margin. F4 thickness 339 

ranged from ca. 20 cm at the lake margin to over 200 cm at the lake center. Despite a 340 

significant relationship, it should be noted that this data set is based on a small number of 341 

samples and can only be considered as a starting point for further exploration of this 342 

relationship.  343 

4.4 Radiocarbon dates 344 

To establish the timing of initial lake development for lakes Claudi and Jaeger, we dated 345 

herbaceous material and terrestrial leaf fragments from F4 and F3 respectively, close to 346 

the lake center (for locations, see Figs. 3, 4). The number of radiocarbon dates are limited 347 

due to the prevalence of old carbon within the lake system (Abbott and Stafford Jr, 1996; 348 

Oswald et al., 2005). Evidence of old carbon uptake within Claudi lake is seen in the 349 

~2000 yr BP ages of modern day aquatic moss and macrophyte material (Table 4), which 350 

precludes dating aquatic plant material. Furthermore, the nature of thermokarsting results 351 

in extensive reworking of organic fragments (Hopkins and Kidd, 1988). Terrestrial 352 

herbaceous material from a sediment depth of 72 cm in Jaeger Lake yielded an age of 353 

3646-3634 calibrated years BP (all calibrated ages within the 1-sigma, 68%, range). 354 

Terrestrial herbaceous material (from a sediment depth of 234 cm) and a terrestrial leaf 355 

fragment (from a sediment depth of 166 cm) from Claudi Lake yielded ages of 20,205-356 
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19,939 and 1080-1152 calibrated years BP, respectively (Table 4). The older date from 357 

Claudi is assumed to be on reworked Pleistocene material. 358 

5. Discussion 359 

5.1 Sediment facies distribution and depositional environment  360 

Numerical modeling of thermokarst lakes indicates that a talik should exist beneath any 361 

lake in permafrost regions where water depth exceeds maximum lake ice thickness (Ling 362 

et al. 2003; West and Plug 2008; Kessler et al. 2012). Field observations of sediments 363 

associated with taliks are consistent in describing the presence of a taberal facies for 364 

yedoma thermokarst lakes (Wetterich 2009; Wetterich 2012, Walter Anthony 2014). We 365 

suggest that F1 formed when formerly subaerial permafrost deposits thawed in situ below 366 

Claudi and Jaeger lakes, creating taberal deposits. We interpret F1 to be a taberal facies 367 

due to a number of factors. F1 is a massive facies, with low levels of organics, 368 

consistently located beneath all other facies (Figs. 3, 4, 6). These findings agree with 369 

existing definitions of taberal deposits (see Romanovskii et al., 2004; Schirrmeister et al., 370 

2011; Wetterich et al., 2012). The absence of aquatic macrofossils in F1 (Table 3) 371 

suggests an original terrestrial depositional environment, while the lack of sedimentary 372 

and cryolithological structures, suggests post depositional diagenesis via thaw and 373 

compaction.  374 

Low quantities of other macrofossil remains within F1 may relate to any or all of the 375 

following: 1) the small volume of sediment analyzed (n=7, compared to between 18 and 376 

45 samples for other facies), 2) generally low concentrations of discrete macrofossils 377 

within the original yedoma deposits, or 3) the intense decomposition of macrofossils in a 378 

sub-lake talik over long time. Walter Anthony et al. (2014) found mainly detrital and 379 

graminoid material in macrofossil analyses of taberal sediments beneath tens of yedoma 380 

lakes in Siberia. The remains found in this study are also largely herbaceous, although 381 
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lignified material is also present. The ~28% lower percent organic carbon in taberal 382 

sediments vs. undisturbed yedoma in Siberia (Walter Anthony et al., 2014) supports our 383 

conclusion that intense decomposition of yedoma beneath the lake leads to a paucity of 384 

identifiable macrofossils.  385 

Above F1, the basal deposits (F2, F3) consistently occur. These provide a transition 386 

between F1 and F4 (silt-rich lake mud; Figs. 3, 4). F2 is dominated by terrestrial 387 

indicators. Within F2, seeds from plants that inhabit lake shore environments (Pontentilla 388 

palustris), shallow lake margin areas (Hippurus spp.), terrestrial slopes and yedoma 389 

uplands (Carex trigonal, Carex lenticular, Empetrum spp.) are all present, indicating 390 

deposition at a lake-margin or in a shallow pond. We interpret F2 to represent the sorting 391 

of coarse detrital material at the lake margins via summer wave energy when the lake is 392 

not frozen. Alternating beds of silt, tephra and detrital organics suggest that material 393 

entering the lake via thaw and collapse is retransported, sorted and redeposited in layers 394 

by wave action at the lake margin (as described by Hopkins and Kidd, 1988; Murton, 395 

2001). We propose that the development of F2 relies on the presence of a shallow shelf 396 

adjacent to the lake margin, facilitating reworking of material by wave winnowing. While 397 

conducting fieldwork at Claudi Lake during the summer of 2010 we observed bluff 398 

material that had slumped down adjacent to the lake margin, which was subsequently 399 

being reworked by wave action.  400 

Prevailing winds from the north (Western Regional Climate Center, www.wrcc.dri.edu, 401 

09/01/15) largely control the direction of surface currents within lake systems (Wetzel, 402 

2001). Therefore, it is likely that the prevailing wind direction affects the spatial 403 

distribution of F2 around the lake margin. Marginal sections of the lake receiving the 404 

highest energy and most frequent wave action are probably more susceptible to bank 405 

erosion and sorting of material.  406 
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We interpret F3 to represent a marginal depositional environment where the dominant 407 

process is the thaw and slump of bank material. Another possible mechanism responsible 408 

for the development of F3 is the distortion of F1 due to continuing subsidence and thaw 409 

of excess ice as the lake expands. Evidence of this process in the form of basal sediment 410 

faulting has been described for thermokarst lakes on the Tuktoyaktuk Peninsula (Murton, 411 

1996). Similarly, Andreev et al. (2009) describe faulting and slumping of lacustrine 412 

sediments along the margins of ice wedge casts studied in a North Siberian coastal bluff 413 

exposing early Holocene thermokarst lake sediments. Although F3 lacks aquatic seeds, it 414 

does contain high numbers of both ostracodes and chironomid head capsules (Table 3). 415 

The absence of aquatic seeds may be due to high sedimentation rates in margin areas of 416 

F3 formation that may prevent the establishment of aquatic plants such as Hippurus spp. 417 

and Potomageton spp. or indeed overwhelm any aquatic production with large amounts 418 

of terrestrial material.  419 

On the Seward Peninsula, both F2 and F3 contain reworked tephra from the Devil 420 

Mountain Maar eruption (Begét et al., 1996). Within F2 and F3, tephra inclusions and 421 

layers represent reworked material and directly correlate with high magnetic 422 

susceptibility (see Fig. 6). Large grain size is also evident within deposits containing 423 

tephra. The lack of cohesion exhibited by the coarse-grained tephra after thawing in the 424 

bluffs may exacerbate the bank slumping in our study lakes. 425 

Silt-rich mud, F4, formed within deeper, calmer waters where fine material is able to 426 

settle out of suspension. The presence of F4 within 20 m of both Claudi and Jaeger’s 427 

upland margin (Figs. 3, 4) suggests that a depositional environment characterized by fine-428 

grained, slower sedimentation develops relatively quickly following margin expansion. 429 

Ostracodes and chironomid head capsules (aquatic macrofossils) dominate F4 (Table 3). 430 

Terrestrial macrofossils are less abundant in F4 than in F2 and F3. This is likely due to 431 

most discrete terrestrial macrofossils being deposited closer to the margin. Laminations 432 

reflect variability in minerogenic input and are likely related to discrete episodes of bank 433 
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collapse in which large amounts of silt are released; these settle out faster than organic 434 

fines.  435 

5.2 Timing of lake development  436 

Given the potential for old carbon (Pleistocene-aged) contamination within Arctic lake 437 

systems (Abbott and Stafford Jr, 1996; Oswald et al., 2005) it is important to assess the 438 

accuracy of our radiocarbon dates. Given Jaeger Lake’s radius is 365 m, and assuming 439 

radial expansion, the 3646-3634 calibrated years BP age would yield a mean expansion 440 

rate of 0.10 m/yr. This is similar to modern expansion rates observed for upland margins 441 

of first-generation thermokarst lake in our study area (0.18 m/yr; Jones et al., 2011). 442 

Given Claudi’s radius of 288 m, and assuming radial expansion, the younger age of 1080-443 

1152 calibrated years BP would yield a mean an expansion rate of 0.25 m/yr (Jones et al., 444 

2011). Taking into consideration that modern day rates for Claudi Lake range from 0.1 to 445 

>0.5 m/yr, this age is a reasonable basal age.  446 

Lake expansion rates are not necessarily linear over time. Smaller, younger upland lakes 447 

tend to be less deep and therefore there is less material to be mobilized along banks for 448 

expansion to take place, resulting in relatively high initial expansion rates. On the Seward 449 

Peninsula small upland lakes exhibit expansion rates as high as 2 m/yr (Jones et al., 450 

2011). Therefore both Jaeger and Claudi likely expanded at faster rates during early 451 

stages of development. Once both subaerial and subaqueous bluff height increased and 452 

total sediment volume to be removed from eroding bluffs became higher, expansion rates 453 

would have slowed and sedimentation rates at the basin centers would also have slowed.  454 

5.3 Comparison with previous studies on yedoma thermokarst lakes 455 

While previous work by Murton (1992) conducted high-resolution sedimentological 456 

analysis on drained lake basins, these lakes were formed within glacial outwash and till in 457 
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the North West Territories, Canada. Our study therefore presents the first cross-basin 458 

analysis of an existing thermokarst lake and one forming within yedoma sediments. 459 

Our data corroborate and refine previous observations on northern Seward Peninsula 460 

yedoma thermokarst lakes (e.g., Hopkins and Kidd, 1988). Hopkins and Kidd (1988) 461 

identified both a sandy, organic-rich detrital basal unit and an overlying unit of fine-462 

grained, bedded sediment similar to our basal facies (F2 and F3) and to F4, respectively. 463 

The main difference we identified was that basal deposits vary enough visually to be 464 

divided into two sub-facies, instead of a single basal facies.  465 

In the Brooks Range Foothills, Alaska, Rawlinson (1990, his Fig. 5.5) identified two 466 

generations of thermokarst lakes in exposures that formed within yedoma-like sediment. 467 

The facies described are similar to those we have identified in this study (Table 2). First-468 

generation lake sediment is described as organic silt, which we interpreted as possibly 469 

similar to F4. Rawlinson (1990) also noted that ice wedge pseudomorphs (baydjerakh 470 

lows) influence sediment distribution. 471 

In northeastern Siberia, drained yedoma thermokarst lake exposures containing facies 472 

similar to those identified within this study are described (Wetterich et al., 2009). 473 

Wetterich et al. (2009) identify a massive grey silt which they interpret to be taberal 474 

deposits, similar to F1 in this study. Also described are ice wedge casts characterized by 475 

alternating beds of peaty detrital layers and grey clay-silt layers, visually similar to F2. In 476 

the Lena River Lowlands, yedoma thermokarst lakes contain a sediment facies most 477 

similar to F4 (Biskaborn et al., 2013). A single core was analyzed from a yedoma 478 

thermokarst lake in the Lena River lowlands; this was composed of clayey silt with fine 479 

layers of sand and organics, exhibiting similar visual characteristics to F4 identified in 480 

this study.  481 

 482 
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Walter Anthony et al. (2014) identified a suite of facies from 49 drained lake basin 483 

exposures in NE Siberia. Overall, the stratigraphic pattern they observed was similar to 484 

this study: a taberal unit overlain by an organic rich basal unit and an organic rich fine-485 

grained unit. One difference is that these authors combined the basal interbedded organic-486 

silt facies (F2, this paper) and chaotic basal facies (F3 this paper) into a single facies, 487 

which they termed 'Lacustrine silt'.  488 

 489 

One key difference between lake deposits on the northern Seward Peninsula and other 490 

regions is the presence of volcanic tephra. As suggested above, the presence of coarse 491 

grained, ice-rich tephra layers may result in particularly unstable marginal scarps. Due to 492 

the larger grain size of tephra it lacks shear strength; this may lead to material being more 493 

susceptible to erosion and lake expansion being particularly rapid, and to dominance of 494 

the chaotic basal facies (F3 is the most common facies in our study).  495 

5.4 Conceptual model of lake development  496 

We identified three subaqueous depositional environments: a high-energy margin 497 

environment dominated by wave action responsible for the formation of F2, a high-498 

energy margin environment dominated by bank thaw and collapse events responsible for 499 

the formation of F3 and a low-energy central basin environment dominated by sediment 500 

settling where F4 forms. Despite being deposited subaerially to form yedoma, the 501 

characteristics of F1 are shaped by post-depositional processes (thaw, compaction and 502 

distortion). 503 

Models of thermokarst lake development suggest lake initiation at a central point 504 

followed by continued margin expansion and vertical settlement (Hopkins and Kidd, 505 

1988; Kessler et al., 2012). We found the distribution of facies and the corresponding 506 

depositional environments within Claudi and Jaeger Lakes to support these models (Figs. 507 

3, 4). At all coring locations across Claudi Lake, F4 was underlain by either F2 or F3, 508 
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which we suggest forms in margin environments. We also observed a positive 509 

relationship between F4 thickness and distance from the lake margin (Fig. 7) possibly due 510 

to a longer period of F4 sediment accumulation in central areas of the lake basin. We 511 

suggest that the presence of baydjerakhs and flat lake bottom inhibit any significant 512 

sediment focusing. 513 

In order to create a conceptual model of lake development we first considered how our 514 

data fit within existing frameworks of thermokarst dynamics (e.g. Billings and Peterson, 515 

1980; Hopkins and Kidd 1988; Murton, 1996; Jorgenson and Shur, 2007; Wetterich et al. 516 

2012, Morgenstern et al., 2013). With these existing frameworks in mind we then 517 

combined the sedimentology of Claudi Lake with field-based morphological descriptions 518 

(Soloviev, 1973; 1980; Burn, 1992; Grosse et al., 2013; Morgenstern et al., 2013), and 519 

observed spatial dynamics of thermokarst lakes in our study area (Jones et al., 2011). 520 

Thermokarst processes are initially triggered by a disturbance to the ground thermal 521 

regime (Burn and Smith, 1990; Murton, 2009) (Fig. 8A). Subsequently the first stage of 522 

lake development begins with the thaw of excess ice, collapse of the ground surface, and 523 

flooding of the formerly subaerial surface (Burn, 1992; Grosse et al., 2013), leading to 524 

the formation of F2 and the initiation of baydjerakh topography (Hopkins and Kidd 1988) 525 

(Fig. 8B). At this early stage of development, no other facies are present.  526 

In the second stage (Fig. 8C), vertical subsidence and lateral erosion deepen the lake 527 

(Kessler et al., 2012). Subsidence, currents, and seasonal sediment freeze-thaw processes 528 

may deform or rework F2 deposits, which may result in the formation of F3. Once 529 

subsidence has advanced to where lake depth is greater than maximum winter ice 530 

thickness (Jones et al., 2009; Arp et al., 2010), F1 (talik) forms beneath the lake (West 531 

and Plug, 2008; Ling et al., 2012). During stage two, a central lake basin becomes 532 

established and F4 begins to accumulate.  533 
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During the third stage of development (Fig. 8D), lake-bottom baydjarakh topography 534 

becomes more pronounced as ice-wedge thaw progresses downwards (Soloviev, 1962). 535 

Marginal bluff height increases, causing bank thaw and collapse and the continued 536 

formation of F3. The reworking by wave action of material from F3 at the lake margin 537 

(Hopkins and Kidd, 1988; Murton, 2001) results in continued deposition of F2. As 538 

horizontal expansion by thaw and collapse and vertical subsidence due to thaw continues 539 

to occur (Kessler et al., 2012), further deformation of sediment below the sub-lacustrine 540 

unconformity occurs due to thaw compaction, and F1 thickens. F4 continues to 541 

accumulate in the center of the lake and also towards the lake margin. While F4 exhibits 542 

thinning towards the lake margin, F2 and F3 exhibit thickening because of continued 543 

slumping and reworking, as well as increasing marginal bluff height as subsidence 544 

advances (Hopkins and Kidd, 1988; Plug and West, 2009). We found this relationship to 545 

be more evident in Claudi Lake than Jaeger Lake although this may be due to higher core 546 

sampling density at Claudi Lake. The combined thickness of F2 and F3 at Claudi Lake’s 547 

center was more than 1 m thicker than at the margin while similar thicknesses at both the 548 

margin and center were observed in Jaeger Lake (Figs. 3, 4).  549 

In the final stage of lake development (Fig. 8E) excess ice becomes completely depleted 550 

beneath the lake center (West and Plug, 2008; Plug and West, 2009), and thaw 551 

subsidence ceases. At the lake margin thaw and subsidence continues with ongoing lake 552 

expansion, maintaining baydjerakh topography. The lake bottom begins to flatten in the 553 

ground ice-depleted center (Plug and West 2009) where baydjerakh lows begin to infill 554 

with F4 (Hopkins and Kidd, 1988) (Fig.3).  555 

Our interpretations for thermokarst lake facies evolution in ice-rich permafrost on the 556 

Seward Peninsula provide a foundation from which to explore yedoma thermokarst lake 557 

development and sedimentology, and for comparison with thermokarst lake evolution in 558 

different permafrost types. Numerous factors may cause variation in facies development. 559 

Sediment distribution patterns and thickness may vary due to the specific baydjarakh and 560 
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trough configuration (and the spatial distribution of ground ice prior to thermokarst 561 

initiation), causing very local highs and lows in the bathymetry of these lakes. Lake 562 

drainage events may cause variations in sediment distribution. Partial drainage may occur 563 

gradually or catastrophically (Jones et al., 2011; Grosse et al., 2013) and may cause the 564 

full or partial removal of F2, F3 and F4. Partial drainage is evident at Claudi in the form 565 

of an inactive drainage channel located at the north margin and in Jaeger in the form of 566 

an active channel at the NW margin; however, this event was not clearly recorded in 567 

either lake’s sediment record. Sedimentology may also be affected by the drainage of 568 

adjacent lake basins. If drainage of an adjacent lake is diverted into the lake basin this 569 

may result in the addition of sediment and water to the lake system. 570 

The rate at which lake expansion and the development of F2 and F3 occurs is 571 

complicated by bank retreat. This is regulated by how rapidly material is removed from 572 

thawing banks and transported into the lake (Kessler et al., 2012). Until in situ thawed 573 

bank material is removed from the lake bluff, it insulates underlying frozen material from 574 

further thaw, thereby slowing margin retreat. Thermokarst lake coalescence may also 575 

affect facies distribution via erosion and transportation of lake sediment. Numerical 576 

modeling of Claudi Lake’s formation suggests that it formed from the coalescence of two 577 

smaller lakes (Kessler et al., 2012). Jaeger Lake’s hourglass shape may also be due to the 578 

coalescence of two lakes. 579 

The thickness of F1 (talik development) also depends on a number of factors that vary 580 

within and among thermokarst lake regions. Thermal conductivity of material below the 581 

lake depends on lithological and permafrost properties. Heat transfer from the lake water 582 

into the thaw bulb depends mainly on the average lake bed temperature, substrate density 583 

and ice density (Kessler et al., 2012). Thaw bulb development is initially rapid, but slows 584 

as thickening thawed material begins to insulate underlying permafrost and heat has to be 585 

transferred through more material. 586 
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Estimating the rates of lake development from initiation to drainage is challenging, as it 587 

is likely to be a non-linear process. Further work investigating lake initiation and initial 588 

expansion are needed to establish a solid chronology of lake development.  589 

6. Conclusions 590 

This study illustrates the spatially and temporally dynamic nature of yedoma thermokarst 591 

lake depositional environments. Four sedimentary facies are present in first-generation 592 

yedoma thermokarst lakes on the northern Seward Peninsula, and at any given location in 593 

a lake, these facies shift as first-generation lakes evolve. The facies identified represent 594 

three main depositional environments (F2, F3, F4) and a zone of subaquatic deformation 595 

of former terrestrial permafrost deposits (F1) beneath the lake due to thaw and 596 

compression. F2 deposits form in high-energy margin environments, where wave 597 

processes rework detrital organic material and tephra. F3 deposits represent a high-energy 598 

margin environment where bank thaw and collapse causes the accumulation and burial of 599 

silt, organic detritus and tephra. F4 deposits represent a low energy depositional 600 

environment towards the lake center where fine grained material can settle out of 601 

suspension.  602 

The sequence of facies identified provides a clear picture of the spatial expansion pattern 603 

of a yedoma thermokarst lake. F2 and F3 are basal deposits, and at least one is always 604 

present beneath F4. The existence of F2 and F3 across both Claudi and Jaeger support the 605 

theory that thermokarst lakes have time-transgressive margins that are continually 606 

eroding.  607 

There are strong similarities between the northern Seward Peninsula facies and sediment 608 

sequences described in other yedoma lakes in both Alaska and northeast Siberia. 609 

Similarities are primarily the visual characteristics of facies present. The presence of 610 
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tephra in Seward Peninsula yedoma thermokarst lakes appears to be unique to the region 611 

and may influence the relative importance of certain facies types.  612 

Our model of lake facies distribution and their organic carbon contents provide an 613 

important component needed to quantify carbon budgets in Alaskan and Siberian 614 

permafrost regions. Data from this study complements estimates of total organic carbon 615 

within drained lake basin peats (Jones et al., 2012; Walter Anthony et al., 2014), upland 616 

yedoma deposits (Strauss et al., 2013), as well as measurements of thermokarst lake 617 

methane emissions (Walter et al., 2007b), and modeled thaw bulb dimensions (West and 618 

Plug, 2008; Kessler et al., 2012).  619 

These results help improve field identification of yedoma thermokarst lake deposits in the 620 

periglacial sedimentary record and allow better interpretation of the depositional regime 621 

present in a given thermokarst lake sediment exposure or core. In turn, this will enhance 622 

our ability to reconstruct Holocene landscape evolution in Arctic and sub-Arctic 623 

lowlands.  624 
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 950 
Table Captions 951 

Table 1. Basic characteristics of the two lakes studied. Lake area values are based on 952 

Ikonos imagery obtained in the summer of 2006. The maximum depths are those 953 

measured during field campaigns. 954 

Table 2. Median values for % TOC, C/N, δ
13

C, and MS and mean values (indicated by an 955 

asterisk) for grain size of facies identified. No mean values or standard deviations are 956 

stated for % TOC, C/N, δ
13

C, and MS as data were not found to have a normal 957 

distribution. 958 

Table 3. Macrofossils analysis by facies. (A) Quantitative values. The mean number of 959 

discrete macrofossils per 7 cc, by sediment facies. Macrofossil counts were normalized to 960 

a volume of seven cubic centimeters. (B) Qualitative values.  Values were calculated on a 961 
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scale of 0-5. 0 corresponding to 0 %, 1 corresponding to 1-20 %, 2 corresponding to 21-962 

40%, 3 corresponding to 41-60%, 4 corresponding to 61-80 % and 5 corresponding to 81-963 

100%.  964 

Table 4. Radiocarbon sample metadata and ages. Dating way by accelerator mass 965 

spectrometry and carried out at The University of California Irvine (Keck Carbon Cycle 966 

Program) and the Poznan Radiocarbon Laboratory, Poland. We converted 
14

C dates to 967 

calibrated years BP using the Calib 7.0 program (http://calib.qub.ac.uk/calib/calib.html) 968 

and the Intcal13 radiocarbon curve (Reimer et al. 2013). 969 

 970 

 971 

 972 

Figure Captions 973 

Fig. 1. Study area on the northern Seward Peninsula, Alaska. Claudi and Jaeger lakes are 974 

labeled A and B, respectively. White dots on lakes Claudi and Jaeger indicate sediment 975 

coring locations. Image: © SPOT 2008-09-29. 976 

Fig. 2. Geomorphology of northern Seward Peninsula field location (A) Upland yedoma, 977 

(B) thermokarst lakes forming in upland yedoma (top image Claudi lake, bottom image 978 

Jaeger lake), (C) drained upland yedoma thermokarst lake, (D) Lowland areas affected by 979 

drainage of thermokarst lakes and formation of later-generation thermokarst lakes in 980 

drained lake basins (images courtesy of L. Plug). 981 

Fig. 3. Schematic of facies distribution in Claudi lake. Y axis shows depth from the lake 982 

water surface and X axis shows distance from the margin of Claudi Lake along the coring 983 

locations shown in Fig. 1A. Inverted U-shapes and U-shapes indicate the presence of a 984 
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baydjerakh top or baydjerakh low at the coring site respectively. The presence of tephra 985 

bands and inclusions greater than one centimeter in thickness is indicated by a “T” 986 

symbol. Asterisk symbol indicates location of cores sub sampled for biogeochemical 987 

(δ
13

C, C/N, TOC) and macrofossil analysis. Plus symbol indicated location of cores sub 988 

sampled for grain size. “O” symbol indicates location of core shown in Fig. 4. 989 

Fig. 4. Schematic of facies distribution in Jaeger Lake. Y axis shows depth from the lake 990 

water surface and X axis shows the distance from the margin of Jaeger lake along the 991 

coring locations shows in Fig. 1B. Inverted U-shapes indicate the presence of baydjerakh 992 

tops at the coring sites. The presence of tephra bands and inclusions greater than one 993 

centimeter in thickness is indicated by a “T” symbol. Asterisk symbols indicate location 994 

of cores used for biogeochemical analysis (δ
13

C, C/N, TOC) and macrofossil analysis. 995 

 996 

Fig. 5. High resolution images of examples of the four key facies identified. From left to 997 

right: F1 massive silt lacking aquatic macrofossils and other aquatic indicators, F2 998 

interbedded organic silt, F3 chaotic silt, and F4 silt-rich mud. Images are from different 999 

coring locations in both Claudi and Jaeger lakes. Scale bar is 10 cm in length. Image 1000 

brightness and contrast were adjusted to enhance sediment features.  1001 

Fig. 6. Downcore analysis of sediment cores from lake Claudi center. Macrofossil 1002 

analysis standardized to 7 cc. Scale bars marked 0-5 are qualitative macrofossil 1003 

observations. For core location see Fig. 5, where this core is indicated by an “O” symbol. 1004 

Fig. 7: Relationship between facies thickness and distance from margin for silt-rich lake 1005 

mud (solid fill) and basal facies combined (no fill). The x-axis shows distance from 1006 

margin in meters. The y-axis shows average thickness of facies at that location in 1007 

centimeters. 1008 
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Fig. 8. Schematic diagram showing the evolution of facies distribution in yedoma-type 1009 

thermokarst-lake development. In the initial stage (A) a disturbance (such as climate 1010 

change, wild fire or construction by people) causes disturbance to the ground thermal 1011 

regime. In stage (B) flooding of the formerly subaerial surface leads to the formation of 1012 

F2. In (C), as vertical subsidence and lateral erosion deepen the lake, F1 (talik) forms 1013 

beneath the lake, freeze-thaw processes deform or rework F2 deposits resulting in the 1014 

formation of F3, and a central lake basin becomes established where F4 begins to 1015 

accumulate. In stage (D), lake-bottom baydjarakh topography becomes more pronounced 1016 

as ice-wedge thaw progresses downward. Reworking by wave action of material from F3 1017 

at the lake margin results in continued deposition of F2. F4 continues to accumulate in 1018 

the center of the lake and also towards the lake margin. During stage (E), excess ice 1019 

completely disintegrates beneath the lake center, downward thaw bulb growth continues, 1020 

the lake bottom begins to flatten from the center outwards as the baydjerakh topography 1021 

infills.   1022 
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Latitude Longitude Elevatio

n (m 

above 

sea level)

Parent 

material

Drainage 

outlet?

Jaeger 12.73 no data 732 217 24.06 no 66° 30'1.27"N 164° 15'21.35"W 44 upland 

yedoma

yes, active

Claudi 9.20 3.40 575 397 16.27 no 66° 

33'05.80"N

164° 27'01.37"W 24 upland 

yedoma

yes, inactive
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F1: 

Massive 

silt  (n=7)

F2:Inter-

bedded 

silt (n=21)

F3: 

Chaotic 

silt 

(n=18)

F4: Silt-

rich 

mud 

(n=45)

A: Quantitative: mean number of discrete 

macrofossils per 7 cc

Chironomid head capsules (aquatic) 0.00 0.43 0.05 3.36

Ostracod half shell (aquatic) 0.00 1.90 0.90 47.02

Daphnia  ephippia (aquatic) 0.00 0.25 0.00 2.56

Seeds (terrestrial and aquatic) 0.39 0.79 0.15 0.12

Fungal resting body (terrestrial) 0.00 11.18 0.00 4.51

Oribated mite (terrestrial) 0.00 4.68 0.16 0.45

Bract (terrestrial) 0.00 0.25 0.00 0.00

B: Qualitative: mean assigned qualitative value 

(0-5)

Detrital herbaceous material: fine <300 um 3.00 3.67 4.39 2.20

Detrital herbaceous material: coarse >300 um 1.00 3.00 1.11 0.80

Amorphous detrital material 0.00 0.25 1.16 0.00

Rootlets 0.00 1.38 0.22 0.30

Lignified detritus 2.86 2.91 1.09 2.70

Wood fragments 0.86 0.60 0.09 1.00

Moss leaflets 0.00 0.31 0.69 0.10

Insect fragments 0.14 0.46 0.16 0.40

Shell fragments 0.00 0.10 0.74 0.00
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Lab ID Core ID Material 

dated

Facies Depth 

below 

sediment 

water 

interface 

Radiocarbo

n years BP

14
C age 

calibrate

d 

intercept 

value

Comment

UCIAMS211

94

Jae09-5A-1N-

1

terrestrial 

herbaceous

F4 72 - 74 4825 +/- 20 3646- 

3634

Minimum 

lake age

POZ-63619 Clau09-1D-

1U-1

terrestrial 

leaf fragment

F3 166- 168 940 ± 35 1080- 

1152 

Minimum 

lake age

UCIAMS211

96

Clau09-1D-

1U-2

terrestrial 

herbaceous

F3 234 - 236 18170 +/- 80 20205- 

19939 

Reworked 

material

UCIAMS212

10

N/A modern 

Drepanoclad

us  spp.

N/A N/A 2495 +/- 20 2658- 

2568

Age offset 

due to old 

carbon 

effect

UCIAMS212

09

N/A modern 

Potamogeto

n spp.

N/A N/A 2260 +/- 20 2403- 

1658

Age offset 

due to old 

carbon 

effect
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Facies % TOC C/N δ
13
C grain size 

(µm) 

MS SI Visual characteristics

Taberal Silt  (F1) (n=13) (n=13) (n=13) (n=10) (n=187)

Median 2.00 10.93 -25.55 26.4* 24.30

Range 0.6 to 5.1 8.67 to 13.46  -28.35 to -

21.02

18.54 to 29.3 9.3 to 157.6

Inter-bedded 

Basal (F2)

n=24 n=24 n=24 no data n=287

Median 2.77 13.43 -26.09 no data 43.50

Range 0.12 to 31.83 5.68 to 21.26  -27.80 to -

24.28

no data 0.2 to 199.5

Chaotic Basal (F3) n=14 n=14 n=14 n=3 n=399

Median 1.61 12.50 -25.70 28.6* 26.00

Range 0.30 to 12.32 8.81 to 16.89  -28.13 to -

23.62

23.92 to 

28.70

2 to 169.9 

Lacustrine Silt 

(F4)

n=46 n=46 n=46 n=29 n=915

Median 3.93 13.42 -27.03 22.10* 47.20

Range 1.08 to 13.09 9.74 to 22.69  -28.56 to -

23.77

19.38 to 

28.32

0.3 to 132.4 

massive grey (5 Y 4/1) silt 

matrix containing 

occasional peat and tephra 

balls, lenses or distorted 

bandsalternate bedding of silt, 

organic detrital material 

and tephra varying in width 

from 1-10 cm, with diffuse 

boundaries

a silt matrix of either brown 

or grey (5Y 3/1, 5 Y 4/3), 

showing signs of 

disturbance, with tephra 

and peat inclusions

fine brown silt (2.5Y 3/1, 

2.5Y 3/2, 5Y 3/1 or 5Y 

3/2), often displaying 

darker laminations 

(and10YR 2/1 to 10YR 3/2) 

<2mm thickness
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