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The late Pleistocene Yedoma Ice Complex is an ice-rich and organic-bearing type of permafrost de-
posit widely distributed across Beringia and is assumed to be especially prone to deep degradation
with warming temperature, which is a potential tipping point of the climate system. To better under-
stand Yedoma formation, its local characteristics, and its regional sedimentological composition, we
compiled the grain-size distributions (GSDs) of 771 samples from 23 Yedoma locations across the
Arctic; samples from sites located close together were pooled to form 17 study sites. In addition, we
studied 160 samples from three non-Yedoma ice-wedge polygon and floodplain sites for the compar-
ison of Yedoma samples with Holocene depositional environments. The multimodal GSDs indicate
that a variety of sediment production, transport, and depositional processes were involved in Yedoma
formation. To disentangle these processes, a robust endmember modeling analysis ((EMMA) was per-
formed. Nine robust grain-size endmembers (rEMs) characterize Yedoma deposits across Beringia.
The study sites of Yedoma deposits were finally classified using cluster analysis. The resulting four
clusters consisted of two to five sites that are distributed randomly across northeastern Siberia and
Alaska, suggesting that the differences are associated with rather local conditions. In contrast to prior
studies suggesting a largely aeolian contribution to Yedoma sedimentation, the wide range of rEMs
indicates that aeolian sedimentation processes cannot explain the entire variability found in GSDs
of Yedoma deposits. Instead, Yedoma sedimentation is controlled by local conditions such as source
rocks and weathering processes, nearby paleotopography, and diverse sediment transport processes.
Our findings support the hypothesis of a polygenetic Yedoma origin involving alluvial, fluvial, and
niveo-aeolian transport; accumulation in ponding waters; and in situ frost weathering as well as post-
depositional processes of solifluction, cryoturbation, and pedogenesis. The characteristic rTEM com-
position of the Yedoma clusters will help to improve how grain-size-dependent parameters in per-
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Kurzfassung:

1 Introduction

L. Schirrmeister et al.: The genesis of Yedoma Ice Complex permafrost

mafrost models and soil carbon budgets are considered. Our results show the characteristic properties
of ice-rich Yedoma deposits in the terrestrial Arctic. Characterizing and quantifying site-specific past
depositional processes is crucial for elucidating and understanding the trajectories of this unique kind
of ice-rich permafrost in a warmer future.

Der spitpleistozine Yedoma Eiskomplex ist ein eisreicher und organikhaltiger Permafrosttyp, der in
Beringia weit verbreitet ist. Durch den hohen Eisanteil wird der Yedoma Eiskomplex im Zuge des
Klimawandels als besonders anfillig fiir tiefgreifende Storungen betrachtet und damit ein potentieller
Kipppunkt des Klimasystems. Um seine Entstehung, die lokalen Eigenschaften und die regionale sed-
imentologische Zusammensetzung besser zu verstehen, haben wir die Korngroenverteilung von 771
Proben an 23 Yedoma-Standorten in der Arktis zusammengestellt; riumlich eng zusammenhingende
Probenserien wurden zu 17 Untersuchungsstandorten zusammengefasst. Dariiber hinaus wurden 160
Proben aus nicht Yedoma-Ablagerungen von drei Eiskeilpolygon- und Uberschwemmungsgebieten
als holozine Referenzen untersucht. Die multimodalen Korngroenverteilungen zeigen, dass eine
Vielzahl von Sedimentbildungs-, Transport- und Ablagerungsprozessen an der Yedoma-Entstehung
beteiligt waren. Um diese Prozesse zu erkennen, wurde eine robuste Endmembermodellierungs-
analyse (fEMMA) durchgefiihrt. Neun robuste Endmember (rEM) charakterisieren die Yedoma-
Ablagerungen iiber ganz Beringia. Die untersuchten Standorte der Yedoma-Ablagerungen wurden
anschlieBend mittels Clusteranalyse klassifiziert. Die daraus resultierenden vier Cluster umfassen
zwei bis fiinf Untersuchungsstandorte, die unregelmiBig iiber den Nordosten Sibiriens und Alaska
verteilt sind. Die breite Palette von rEMs zeigt, dass nicht allein #olische Sedimentationsprozesse
fiir die Variabilitit in den KorngroBenverteilungen von Yedoma-Ablagerungen verantwortlich sind.
Vielmehr wird die Sedimentation der Yedoma-Ablagerungen eher durch lokale Bedingungen wie
Ausgangsgesteine, ehemalige Topographie und multiple Transportprozesse gesteuert. Das stiitzt die
Hypothese einer polygenetischen Yedoma-Entstehung, die alluvialen, fluvialen und nival-dolischen
Transport und Akkumulation in polygonalen Tiimpeln und in-situ Frostverwitterung sowie postsedi-
mentire Frostverwitterung, Solifluktion, Kryoturbation und Pedogenese beinhaltet. Die charakteristis-
che rEM Zusammensetzung der Yedoma Cluster kann auch helfen korngréBenspezifische Parameter
besser in der Kohlenstoffbudgetierung und Permafrostmodellierung zu beriicksichtigen. Damit tragt
die Charakterisierung und Quantifizierung standortspezifischer Ablagerungsprozesse in der Vergan-
genheit dazu bei, die charakteristischen Eigenschaften eisreicher Yedoma-Ablagerungen in der ter-
restrischen Arktis aufzukldren. Dies ist entscheidend fiir das Verstéindnis der Fortentwicklung dieses
besonderen Permafrosttyps in einer wiarmeren Zukunft.

name “Ice Complex”), and ice forms a main component of

the entire deposit, in clear contrast to the accumulation of

The formation and distribution of late Pleistocene Yedoma
Ice Complex deposits located in western (Siberia) and
eastern (Alaska and northwest Canada) Beringia are still
widely debated (Table S1 in the Supplement). These perma-
nently frozen (permafrost) deposits are of silt- and sand-rich
organic-bearing sediments up to tens of meters thick inter-
spersed with large syngenetic ice wedges that contain high
amounts of excess ground ice, making them highly sensitive
to degradation in a warming climate. Syngenetic ice wedges
and segregated intrasedimental ice (ice lenses and bands)
constitute the largest portion (50 %—95 %) of this type of de-
posit by volume in most Yedoma regions (Kanevskiy et al.,
2011, 2016; Strauss et al., 2013; Ulrich et al., 2014), next to
clastic and organic components (Schirrmeister et al., 2013).
Thus, ground ice aggradation is clearly one of the most crit-
ical factors in Yedoma Ice Complex genesis (hence also the
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sedimentary deposits in temperate regions where ice does not
play a role either in the formation of deposits or as a struc-
tural and stratigraphic component.

In terms of depositional and stratigraphic characteristics,
various Yedoma types seem to exist (Kaplina, 1981; Sher et
al., 2005; Strauss et al., 2012; Murton et al., 2015) across
the area of 1.4 x 10° km? where Yedoma deposits currently
occur (Strauss et al., 2017). Because of their carbon storage
and high ice content, Yedoma deposits have been suggested
as a potential “tipping element” for future climate warming
(Lenton, 2012). Permafrost models require the parametriza-
tion of the types of Yedoma deposits, for example in terms of
their grain-size composition, to better constrain factors such
as the hydraulic conductivity and pore space volume where
water can freeze (Dall’ Amico et al., 2011). The estimation of
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carbon storage potential also seems to be linked with grain-
size composition (Palmtag and Kuhry, 2018), making a better
granulometric characterization of Yedoma types useful for
carbon budget studies.

Most of the studies on Yedoma formation agree that it
was dominated by the growth of syngenetic ice wedges
in polygonal tundra landscapes during the late Pleistocene
(Schirrmeister et al., 2013). The ice wedges formed in low-
center polygon nets during the interstadial Marine Isotope
Stage 3 (MIS 3) and the stadial MIS 2 promoted by long-
lasting continental cold climate conditions with short thaw
phases during late Pleistocene summers (for references see
Table S1). The widespread formation of ice-wedge polygons
in much of Beringia was closely related to the persistence of
stable, poorly drained accumulation areas with a low topo-
graphic gradient (Schirrmeister et al., 2013).

More debated is the origin of allochthonous clastic
Yedoma components. Different hypotheses have been sug-
gested, pointing especially to the role of aeolian processes
during Yedoma formation. Studies in Yukon and Alaska
interpret Yedoma as loess or retransported loess (“muck’;
Péwé, 1955, 1975; Muhs et al., 2008). A range of other hy-
potheses have emerged to explain the late Pleistocene depo-
sition processes in the Siberian Yedoma region, interpreting
the clastic Yedoma deposits as being derived from multi-
ple, rather local sediment sources and transport pathways,
as well as from secondary sediment deformation and cryo-
genic reworking (Schirrmeister et al., 2011, 2013; Siegert et
al., 2002) and Cryosol formation (Orthels, Turbels, or His-
tels; Walter Anthony et al., 2014; Table S1), with an aeolian
fraction as one of many components of the sediment mate-
rial.

Grain-size distributions (GSDs) are known to provide es-
sential information about source-to-sink relations, transport
modes, sorting, and depositional processes (Folk and Ward,
1957; Visher, 1969; Sun et al., 2002; Bartholdy et al., 2007,
Weltje and Prins, 2007; Dietze et al., 2014; Ulrich et al.,
2019). Here, we analyzed (i) to what extent regional- to
continental-scale aeolian processes contributed to Yedoma
genesis and (ii) what the role of local sedimentation pro-
cesses was. Assuming rather similar environmental (i.e., land
cover) and climatic conditions across the Yedoma region at
the time of Yedoma formation during the late Pleistocene, we
suggest that Yedoma types and varieties originated in differ-
ent bedrock and paleotopographic configurations (Table S2).
We test this hypothesis by analyzing the GSDs of more than
700 Yedoma samples from across the Arctic in order to iden-
tify sedimentological endmembers (EMs) that can be associ-
ated with certain depositional regimes. The development of
site-specific and region-wide interpretations of Yedoma de-
positional processes helps to elucidate the typical composi-
tion, formation, and transformation conditions of these de-
posits, which are an important indicator for the late Pleis-
tocene paleoenvironment in Beringia.

https://doi.org/10.5194/egqgsj-69-33-2020

2 Material and methods

2.1 Study region

The nonglaciated lowlands and formerly exposed shelf ar-
eas between the Eurasian and Laurentide ice sheets formed
a land bridge, commonly named Beringia, between Eurasia
and northern America during the late Pleistocene (Hultén,
1937). Study sites in eastern Beringia are situated on the
Alaska North Slope with exposures along the Itkillik and
Colville rivers, on the northern part of the Seward Peninsula,
and in the Vault Creek (VC) tunnel near Fairbanks in Inte-
rior Alaska (Fig. 1a, Table S2). In western Beringia, Yedoma
exposures and drill cores from numerous coastal and delta
sites in the Laptev and East Siberian seas region were stud-
ied between 1998 and 2014, mainly along the Laptev Sea
and New Siberian Islands coasts (Fig. 1b, c, Table S2). In
addition, Yedoma sites were studied in the Yakutian inland,
at the key site Duvanny Yar in the Kolyma lowlands, at the
Kytalyk site in the Yana-Indigirka Lowland, in the Batagay
Mega-slump in the Yana Highlands, and in Central Yakutia
(Table 2). All Yedoma deposits that contributed samples to
this study were formed during the late Pleistocene MIS 3
and MIS 2 periods (Table S2). Sediments from Holocene ice-
wedge polygons from two study areas in Yakutia (Kytalyk,
Yana-Indigirka lowland, and Pokhodsk, Kolyma Lowland)
were used for comparison as we consider those low-center
polygons as final formation areas of the Yedoma Ice Com-
plex (Tables 1, S2).

2.2 Analytical methods

We compiled 671 samples from previous studies and 100
unpublished samples from 23 individual Yedoma locations
in Alaska and Yakutia and added 103 samples of 13 drill
cores and 57 modern surface sediments from non-Yedoma
ice-wedge polygons from five Yakutian sites as references
(see Table S2). The modern polygon pond substrate was col-
lected from the uppermost 5 cm at the substrate—water inter-
face. For all Yedoma sites, all available samples from each
site were used for the following analysis.

Sampling and grain-size analysis followed a similar proto-
col for all samples (see references in Table S2). Frozen sed-
iment samples were taken by hammer and hatchet from out-
crops on seashores, riverbanks, and thaw slumps during ex-
peditions. Numerous vertically overlapping subprofiles 1 to
5 m in height were sampled and merged into a combined pro-
file of the site-specific stratigraphy. The correlation of sam-
pling positions was carried out by comparing height mea-
surements using measuring tape or laser theodolite. At VC,
Alaska (no. 4 in Fig. 1a), samples were taken in a tunnel with
the same approach. In addition, permafrost drill cores from
Bol’shoy Lyakhovsky Island (no. 17), Buor Khaya Peninsula
(no. 11), and Yukechi (no. 23, Table 1) were taken and later
subsampled at a 20 to 30 cm resolution in a cold laboratory
in Germany. All samples were freeze-dried in the laboratory,
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Figure 1. (a) Study region showing the distribution of investigated Yedoma sites. Study locations are grouped into three major Yedoma
regions: Alaska (diamonds), Laptev and East Siberian sea coasts including the Lena Delta (circles), and the Yakutian inland (triangles).
Investigated non-Yedoma sites are also shown (squares). The background map indicates the outline of maximum Last Glacial Maximum
areas according to Ehlers et al. (2011) and the subaerially exposed Arctic shelf areas (Beringia) based on a —125 m sea-level lowstand using
the bathymetric data from ETOPO2 (2006). Location numbers and additional characteristics are explained in Table S2. Exemplary Yedoma
study sites shown are (b) Mamontov Klyk on the western Laptev Sea coast (no. 5 in Fig. 1a) and (¢) Kurungnakh Sise Island in the Lena

Delta (no. 8 in Fig. 1a).

manually homogenized without destroying the particles, and
split into subsamples for the various analyses.

For grain-size analysis 5-10g of a sample was treated
three times a week over several weeks with 100 mL of 3 %
H>0» in a horizontal shaker to remove organic matter. The
suspension was tested and the pH value adjusted to 6-8. At

E&G Quaternary Sci. J., 69, 33-53, 2020

the end of sample preparation, the samples were centrifuged
and dried. Of the dry organic-free sediment samples, 1 g was
then dispersed in 1 L of 0.01 normal NH4OH and shaken for
about 24 h in an overhead shaker. After that, the sample was
split into subsamples to obtain a solid content of 8 %—12 %
(sufficient transparency for a laser beam). The subsamples

https://doi.org/10.5194/egqsj-69-33-2020
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Table 1. Grain-size minimum and maximum, arithmetic grain-size mean, sorting, and sample numbers of the collections from the combined

17 Yedoma study sites and the non-Yedoma reference sites.

Loc. no. Location Grain-size Grain-size Sorting No. of
min—max mean+SD  min-max samples
(um) (um) ()
Alaska
1 Colville River 20.0-161.8 36.7+24.1 1.8-2.5 34
2 Itkillik River 21.3-76.1 41.8+14.2 1.8-2.3 45
3 Seward Peninsula (Kitluk River) 26.3-63.7 35.6+9.6 1.9-2.4 24
4 Vault Creek tunnel 29.2-108.2 48.0+20.0 1.4-19 24
Western Laptev Sea
5 Cape Mamontov Klyk 13.8-68.8 41.3+13.2 1.2-24 34
Lena Delta
6,7 Ebe Basyn Sise and Khardang Sise is- 2.6-386.2 154.7+£72.3 1.0-2.7 47
lands
8 Kurungnakh Sise Island 35.7-467.3 102.1£70.2 1.8-2.9 48
Central and eastern Laptev Sea
9 Bykovsky Peninsula 15.8-161.4 65.4+34.9 1.8-3.1 36
10 Muostakh Island 33.3-590.9 190.3+129.9 1.8-3.5 29
11 Buor Khaya Peninsula 20.8-90.9 47.1+£19.3 1.8-2.4 90
New Siberian Islands and the Dmitry Laptev Strait
12,13, 14, 15,16  Stolbovoy, Bel’kovskiy, northern 14.5-40.5 27.0+6.9 1.5-19 19
Kotelny, southwestern Kotelny, and
Maly Lyakhovsky islands
17 Bol’shoy Lyakhovsky Island 7.9-291.3 44.6+£33.8 1.6-2.7 105
18 Oyogos Yar coast 15.7-52.7 28.5+8.4 1.6-2.1 44
Yakutian inland
19 Duvanny Yar 19.6-48.3 30.5+4.8 1.9-23 94
20 Kytalyk 19.7-41.8 30.2+7.0 1.9-23 18
21 Batagay Mega-slump 65.0-126.2 87.5+£12.7 14-24 38
22,23 Tabaga and Yukechi 31.1-86.4 47.1£13.3 2.0-24 42
Non-Yedoma (as reference)
Pokhodsk polygon cores 21.1-123.9 66.5+25.6 2.0-2.9 47
Pokhodsk polygon bottom 25.6-347.3 105.4+79.1 2.0-3.1 31
Kytalyk polygon cores 24.2-137.8 46.9+23.5 1.8-2.6 28
Kytalyk polygon bottom 15.5-264.2 99.7+£73.1 1.9-2.8 26
Kolyma and Berelekh floodplains 20.1-119.2 38.3+19.2 2.0-2.5 27

were sieved through a 1 mm sieve to avoid the destruction
of the diffraction sample cell by larger particles. There is
mostly no, or sometimes a little, content (< 1 %) of sieve re-
mains larger than 1 mm. It should be noted that due to the
methodical assumption of spherical grains in laser grain-size
analysis, the final grain size can sometimes be slightly above
the upper limit of 1 mm. Hence, we here consider the GSD
up to 2000 um. Finally, the subsamples were measured in a
laser diffraction particle analyzer (Beckman Coulter LS 200)
with 92 channel sizes between 0.375 and 2000 um using

https://doi.org/10.5194/egqgsj-69-33-2020

the Fraunhofer optical model preprogrammed in the LS 200
analyzer. Three or more subsamples of each main sample
were analyzed, and their combined GSD was calculated with
the analytical software of the laser diffraction particle ana-
lyzer. Grain-size parameters such as sand—silt—clay distribu-
tion, arithmetic mean in micrometers (um), and sorting in phi
(¢) were calculated using GRADISTAT 8.0 (Blott and Pye,
2001).

To have a sufficient number of individual samples for fur-
ther analysis (here, n > 15), we combined the 23 studied

E&G Quaternary Sci. J., 69, 33-53, 2020
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Figure 2. Example of grain-size analysis and the different steps of rfEM modeling analysis (R package TEMMAgeo; Dietze and Dietze,
2019). (a) All grain-distributions of a site, (b) identification of rEM from all similarly likely endmembers with a > 50 % explained variance,
(c) mean and 1 standard deviation of rEM, and (d) mean robust scores of respective rEM (more details are explained in the text).

Yedoma sites into 17 regional groups by merging sites lo-
cated close together (Table 1). To distinguish characteristic
grain-size subpopulations from specific regions and to disen-
tangle formation and transformation processes, we unmixed
the polymodal GSDs of each site and the overall record us-
ing a robust endmember modeling analysis ((EMMA) run in
the open-source R package EMMAgeo following Dietze et
al. (2012, 2014) and Dietze and Dietze (2019). A type of
eigenspace analysis, ITEMMA is similar to principal compo-
nent analysis but with the capacity to transform the endmem-
ber (EM) components so that the loadings can be interpreted
as GSDs (see details in Dietze et al., 2012). The scores pro-
vide a quantitative estimate of how much an EM contributes
to a sample. To obtain a robust estimate of EMs from a mea-
sured GSD, several EM models were analyzed with the fol-
lowing steps (see background in Dietze et al., 2012):

1. The ranges of a weight transformation parameter and
likely numbers of possible EMs were identified from the
measured data set (Fig. 2a).

E&G Quaternary Sci. J., 69, 33-53, 2020

2. Robust EMs (rEMs) were defined as grain-size subpop-

ulations that appear independent of model parameters.
For a number of parameter sets, IEMMA was then per-
formed. All model solutions with an overall explained
variance of > 50 % were used to determine the rEMs,
which consistently appeared among all chosen solu-
tions (with similar main modes and shape, identified in
Fig. 2b). An average over all similar EMs was calcu-
lated to describe the rEM.

. An uncertainty estimate for the loadings (contribution

of grain-size classes to each rEM) of each mean rEM
was calculated from the spread of the modeled rEM
loadings (Fig. 2c).

. Mean scores (Fig. 2d) were calculated for the mean rEM

loadings and a weight transformation limit that opti-
mized the explained variance in the data set. The un-
certainty estimate for the scores was calculated via a
Monte Carlo simulation (see Dietze and Dietze, 2019).

https://doi.org/10.5194/egqgsj-69-33-2020
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From the rEM loadings and scores, variances explained
by sample and class were calculated.

To group the study sites further based on the rEM analy-
sis, the rEMs, along with their explained variances, were
used for a hierarchical cluster analysis (Anderberg, 1973).
The explained variances in the primary modes of all rEMs
were summed within nine grain-size classes that contain
the most common rEM modes (see rTEMMA results below)
into coarse sand (> 750 um), medium sand (281-750 um),
fine sand (101-280 pm), coarse silt (51-100 and 28-50 um),
medium silt (12-27 um), fine silt (8—11.9 um), very fine silt
(4—7.9 um), and clay (< 4 um). As the explained variances
represent the fraction of a certain rEM for a specific site, a
chi-square distance measure was used; distances d;; between
two sites i and j were determined using the following for-
mula:

R [exvar (EM (i) — exvar (EMj (j))]
v Zk=1 exvar (EMy (i)) 4 exvar (EMy (j))

where exvar(EMy (i)) is the explained variance in the kth
rEM of site i. The clustering method used was “complete”,
meaning after the creation of a new cluster, distances to the
remaining clusters were calculated using the larger of both
original distances. The bootstrapping approach from the R
package pvclust (Suzuki and Shimodaira, 2006) was used
to assess the significance of possible clusters. Using this
method supplied probabilities for each edge in the cluster
dendrogram, allowing the choice of statistically certain clus-
ters. The package supplies a basic bootstrapping probability
significance value and a corrected approximately unbiased
significance value, which we used to assess the statistical sig-
nificance of the cluster edges and to determine the significant
clusters.

In addition to cluster analyses, we combined the stud-
ied Yedoma sites into three spatially explicit regions for
Arctic-wide comparisons: (1) Alaska; (2) the Laptev and East
Siberian sea coasts, including the Lena Delta; and (3) the
Yakutian inland.

3 Results

3.1 Results of classical grain-size analyses

GSD curves of Yedoma sites reflect strong regional hetero-
geneity. The sand-silt—clay diagram of all studied samples
(Fig. 3) shows the various compositions of the Yedoma se-
quences. The studied Yedoma deposits consisted mostly of
poorly to very poorly sorted material with maxima in the silt
and fine sand fractions (Table 1), with a certain proportion of
the clay fraction. In addition, coarse sand and gravels were
also observed in the field. Most sites are silt-dominated, but
sites in the Lena Delta and on the Laptev Sea coast are sand-
dominated.

The Colville site (Fig. S3.1a in the Supplement) on the
Alaska North Slope is characterized by uni-, bi-, tri-, and
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polymodal distributions of poorly to very poorly sorted mud
to medium sandy silt (Fig. S4.1). The Itkillik site exhibits bi-,
tri-, and polymodal distributions of coarse silt to fine sandy
coarse silt. The VC tunnel Yedoma site near Fairbanks shows
mostly unimodal and sometimes bi- and trimodal distribu-
tions of poorly sorted coarse silt to very fine sandy coarse
silt. The Kitluk site on the Seward Peninsula contains sorted
to very poorly sorted very fine sandy coarse silt that is uni-,
bi-, tri-, and polymodally distributed.

The Yedoma sites on the coasts of the western and cen-
tral Laptev Sea as well as in the Lena Delta (Fig. S3.2) all
show a wide range of GSDs including uni-, bi-, tri-, and
polymodal curves (see examples in Fig. 4a). The sorting and
the prevalent particle sizes, however, differ from site to site.
The Mamontov Klyk site on the western Laptev Sea coast
is characterized by poorly to very poorly sorted medium silt
to very fine sandy coarse silt. The Ebe Sise (Nagym) and
Khardang Sise Lena Delta sites are composed of moderately
to very poorly sorted clay to fine sand. The Kurungnakh
Lena Delta site is characterized by poorly to very poorly
sorted fine sandy coarse silt to coarse silty medium sand.
The Bykovsky site includes sorted coarse silt to coarse silty
fine sand. The adjacent Muostakh site has the widest range in
GSD of poorly to very poorly sorted fine sandy coarse silt to
fine silty coarse sand. The Buor Khaya site contains poorly
to very poorly sorted coarse silt to fine sandy coarse silt.

The Yedoma sites of the New Siberian Islands are uni-
to bimodally distributed poorly sorted fine silt to fine sandy
coarse silt (Fig. S4.3). The largest data set from Bol’shoy
Lyakhovsky Island is characterized by uni-, bi-, tri-, and
polymodal distributions and poorly to very poorly sorted fine
silt to coarse silty coarse sand. The Oyogos Yar site located
on the opposite side of the Dmitry Laptev Strait is composed
of uni-, bi-, tri-, and polymodal poorly to very poorly sorted
coarse silt to fine sandy coarse silt.

3.2 Results of site-specific endmember modeling
analyses

The rTEMMA method was applied to data sets of each site
separately. Main modes of rEMs, their explained variances,
and the total grain-size variability explained by the average
robust model for each study site are presented in Table 2 and
Figs. 4 and S4.1-S4.5. Each data set can be described by
different numbers of rEMs with modes in various grain-size
fractions between clay, fine silt, and coarse sand fractions
(EM 9 =1.0um from Oyogos Yar to rEM 1= 863.9 um
from Muostakh Island; Fig. 4a). Across all sites, the mean
of the robust models explains between 54 % and 85.5 % of
the total grain-size variability in the 17 studied data sets
(Table 2). The non-Yedoma ice-wedge polygons have sim-
ilar distributions, from the clay fraction (rEM 9 = 3.2 ym)
to the coarse sand fraction (rEM 1 =716.9 um; Table 2b,
Figs. S4.5, S5.5).
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Table 2. (a) Main modes of robust grain-size EMs (um, bold), their explained variances (%, below mode), and the total grain-size variability (%) explained by the average robust model
for each study site (see also Figs. 1, 4a, and S4). (b) Main modes of robust grain-size EMs (um, bold), their explained variances (%, below mode), and the total grain-size variability (%)
explained by the average robust model for non-Yedoma sites of modern ice-wedge polygons (see also Figs. 1, S4.5). (¢) Robust grain-size EMs (in micrometers of main mode, bold)
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and respective explained variances (%, below mode) in regional and Arctic-wide combinations (see also Fig. S6.1).

(a)
Loc. no. Location rEM 9 rEM 8 rEM 7 rEM 6 rEM 5 rEM 4 rEM 3 rEM 2 rEM 1 Total
clay very fine silt fine silt  medium silt coarse silt  very fine sand fine sand  medium sand coarse sand  explained
<4um (4-8um) (7.9-119pm)  (12-27pm)  (28-50 pm) (51-100pm) ~ (101-280pm)  (281-750pm)  (750-865um)  variability
Alaska
1 Colville River 39 17.2 33.0 234.1 82
249 27.8 34.0 13.3
2 Itkillik River 29 17.2 36.2 63.4 213.2 73
27.1 26.0 17.3 14.7 14.8
3 Seward Peninsula (Kitluk River) 3.2 15.7 39.8 57.8 234.1 75
22.7 25.0 25.8 32 233
4 Vault Creek tunnel 17.2 47.9 76.4 339.8 74
47.6 26.7 17.2 8.6
Western Laptev Sea
5 Cape Mamontov Klyk 74 30.0 479 176.8 786.9 82
40.9 34.0 7.1 15.0 3.1
Lena Delta
6,7 Ebe Basyn Sise and Khardang Sise islands 57.8 194.2 409.6 86
213 423 153
63.4
21.1
8 Kurungnakh Sise Island 39 479 282.1 786.9 73
34.7 239 27.6 13.9
Central and eastern Laptev Sea
9 Bykovsky Peninsula 4.7 25.0 161.2 373.1 69
12.8 249 313 31.0
10 Muostakh Island 8.9 39.8 161.2 786.9 74
214 11.5 17.8 384
863.9
10.9
11 Buor Khaya Peninsula 3.2 25.0 83.9 121.8 76
9.5 32.0 31.6 26.9
New Siberian Islands and the Dmitry Laptev Strait
12,13, 14,15, 16  Stolbovoy, Bel’kovskiy, northern Kotelny, southwestern Kotelny, and Maly 29 10.8 437 68
Lyakhovsky islands 11.6 332 552
17 Bol’shoy Lyakhovsky Island 35 10.8 33.0 69.6 75
33.9 135 254 27.2
18 Oyogos Yar coast 3.5 10.8 274 176.8 72
232 12.8 25.0 23.7
1.0
153
Yakutian inland
19 Duvanny Yar 32 33.0 63.4 66
30.6 183 51.1
20 Kytalyk 6.2 39.8 213.2 54
37.8 26.9 353
21 Batagay Mega-slump 30.1 63.4 213.2 76
115 20.0 15.2
83.9 256.8
433 10.0
22,23 Tabaga and Yukechi 39 36.2 69.6 161.2 69
12.4 448 16.7 26.0
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Figure 3. Sand-silt—clay diagram of the Yedoma sites in Alaska (diamonds), on the Laptev Sea and East Siberian Sea coasts including the
Lena Delta (circles), and in the Yakutian inland (triangles) and non-Yedoma sites (squares).

In 4 out of 17 sites (Seward Peninsula, New Siberian Is-
lands, Duvanny Yar, Kytalyk), only three rEMs contribute to
the grain-size variability, whereas the sites from the Laptev
Sea coast and the Lena Delta are composed of four to five
rEMs. Figure 4a shows examples of the rEM loadings and
the original GSDs from the Laptev Sea coast and the Lena
Delta. The rEM modeling results for all study sites, shown in
Figs. S4.1-S4.5, 4b, and S5.1-S5.5, present the mean scores,
i.e., the relative contribution of a rEM to each sample. The
mean scores of the studied sample sets show the internal
variability in the composite Yedoma profiles or Yedoma se-
quences taken from different sites along riverbank and coast
segments.

Coarse sand tEMs (tfEM 1; between 750 and 865 um, ex-
plained variance 3.1 % to 38.4 %) were calculated for three
sites (Table 2a, Fig. 5) in the Laptev Sea region. Medium
sand rEMs (tEM 2) between 280 and 750 um (explained vari-
ances 8.6 % to 31.0 %) occurred at one site in Alaska, on
two islands in the Lena Delta, and at one site on the eastern
Laptev Sea coast (Table 2a, Fig. 5). Fine sand rEMs (tfEM 3;
101-280 um) are present in all regions (Table 2a, Fig. 5), e.g.,
forming the coarsest grain-size components at two sites in
Alaska, at two sites in Central Yakutia, and on the Oyogos
Yar coast.

Two or three tEMs out of all rEMs are in the silt range.
Several tTEMs with main modes in the coarse silt to very
fine sand range that we have grouped into two main rEMs
— rEM 4 (51-100 um) and rEM 5 (28-50um) — occur in
most of the sites. These size classes constitute the finest and
second-finest tTEMs of the combined Ebe Basyn Sise and
Khardang Sise islands regional group (i.e., main mode at

E&G Quaternary Sci. J., 69, 33-53, 2020

57.8 um). These rEMs have the highest explained variances
in the Yakutian inland (Table 2a, Fig. 5).

Medium silt rEMs (tEM 6; 12-27 um) explain variance of
11.5 % to 47.6 % of eight sites in the three regions (Fig. 5).

Fine silt rEMs (fEM 7) between 8 and 11.9 uym (explained
variance 13.5 % to 33.2 %) are calculated for four sites but
not in the Yakutian inland. Very fine silt rEMs (rEM 8) be-
tween 4 and 7.9 um (explained variance 12.4 % to 37.8 %)
occur at six sites (Table 2a) throughout the study regions. The
clay rEMs (rEM 9) between 1 and 4 ym (explained variance
of 9.2 % to 33.9 %) are present at seven sites (Table 2a); the
finest rEM, with a main mode at 1 um, occurs on the Oyogos
Yar coast.

The reference sites of non-Yedoma ice-wedge polygons
have clay (tfEM 9) and very fine silt (t{EM 8) with explained
variances between 16.8 % and 44.2 %, fine to coarse silt
(rEMs 7 to 5) with explained variances of 8.8 % to 35.1 %,
and very coarse silt to coarse sand (rfEMs 4 to 2) with ex-
plained variances of 12.6 % to 47.5 % (Table 2b, Fig. 5).

3.3 Results of regional and Arctic-wide endmember
analyses

The rEMs of the regional aggregation of sites as well as the
rEMs from all Arctic-wide sites are presented in Table 2¢ and
Figs. 5, S6.1, and S6.3 (see scores in Figs. S6.2 and S6.3).
They show that very fine silt TEMs exist in Alaska and the
Laptev and East Siberian seas region but not in the Yaku-
tian inland. Fine and medium silt rEMs are missing in the
regional and Arctic-wide combinations. Coarse silt rEMs oc-
cur in all three regions, with the coarsest silt rEMs occur-

https://doi.org/10.5194/egqgsj-69-33-2020
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Figure 4. (a) Examples of GSD curves and rEM modeling from six sites on the Laptev Sea coast and from islands in the Lena Delta. The
GSD diagrams reflect different curves for each site. GSD curves from all studied Yedoma sites and non-Yedoma reference sites are given in
Figs. S4.1-4.5 (sediment nomenclature according to Blott and Pye, 2001). The rEM modeling shows a great variety with four to five different
rEMs. The dotted lines show the standard deviation for each rEM. Grey lines show original GSDs. The EM modeling results for all study
sites are also shown in Figs. S4.1-4.5. (b) Examples of the mean scores (i.e., the relative contribution of a rEM to each sample) for the Laptev
Sea coast and the Lena Delta sites. Please note, for better comparability, scores are plotted in the same stratigraphic order, i.e., from top (left)
to bottom (right). The mean score results for all study sites are shown in Figs. S5.1-5.5.

ring in Alaska and the Yakutian inland. Very fine sand rEMs
are calculated for sites on the Laptev Sea and East Siberian
Sea coasts and for the Yakutian inland but not for Alaska.
A medium sand rEM occurs only in the Laptev and East
Siberian seas region, while coarse sand rEMs are found in
Alaska and the Yakutian inland.

3.4 Results of cluster analysis

Clustering the study sites based on the explained variances
in the rEMs resulted in four significant clusters and three
additional sites that could not be combined into a cluster
(Fig. S7.1) according to a corrected, approximately unbiased
significance value above 0.9. There are two to five sites in one

E&G Quaternary Sci. J., 69, 33-53, 2020

cluster. The outliers (black in Fig. S7.1) comprise the New
Siberian Islands, Muostakh Island, and Kurungnakh Sise Is-
land. Cluster 1 consists of Bol’shoy Lyakhovsky Island and
the Duvanny Yar site; cluster 2 includes one Yakutian inland
site (Batagay), three sites at the Laptev Sea (Ebe Basyn Sise
and Khardang Sise, Bykovsky, Buor Khaya) and the Alaskan
VC tunnel. All three other Alaskan sites fall into cluster 3,
together with two Siberian sites from the Laptev Sea coast
(Oyogos Yar) and the Yakutian inland (Tabaga and Yukechi).
Finally Cluster 4 consists of Kytalyk and Cape Mamontov
Klyk, both in the Laptev Sea region. The sites that cluster to-
gether are often hundreds or thousands of kilometers away

https://doi.org/10.5194/egqsj-69-33-2020
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from each other and have no common geological history,
source rocks, or typical distances to late Pleistocene glaciers.

The clusters that include Siberian sites are more or less
randomly distributed (Fig. 6), indicating that grouping of
sites is determined by factors other than geographical loca-
tion. Instead, clusters show a typical rEM composition. Clus-
ter 1 lacks the coarse rEMs 1-3, the medium silt tEM 6,
and very fine silt rEM 8, while cluster 4 is dominated by
the coarser rEMs 1, 3, and 5 and a distinctive contribution
of rEM 8. Cluster 3, like cluster 1, lacks the coarse rEMs 1
and 2 and the very fine silt rEM 8. Cluster 2 only lacks the
coarse sand rEM 1 and the fine silt fEM 7. Statistically sig-
nificant differences between the clusters are evident for the
rEMs with main modes in the very fine sand and very fine
silt classes (rEMs 4 and 8; p values < 0.05; Fig. S7.2).

4 Discussion

4.1 Interpretation of endmember modeling analyses

The multimodal GSD curves of Yedoma deposits from the
studied sites of the Laptev Sea region, from Alaska, and
from the Yakutian inland indicate a wide range of contribut-
ing grain-size subpopulations that could be unmixed by a
rEMMA. Grain-size characteristics and contributing rEMs
differed within the horizons of a site as well as between study
sites, confirming the results of heterogeneous GSDs across
the Yedoma region (Schirrmeister et al., 2011).

These subpopulations likely reflect different sediment pro-
duction, transport, depositional, and postdepositional pro-
cesses. Here, we interpret the main modes of the nine rEMs
that cluster in similar grain-size classes across sites (Table 2,
Fig. 5), suggesting that common processes were involved
in Yedoma formation. The main assumption is that higher
energy is required to mobilize and transport coarser com-
pared to finer sediment. We consider fluvial deposits from
large streams and from temporary meltwater creeks as simi-
larly important parts of the periglacial sediments that com-
prise Yedoma deposits, as are deposits from aeolian pro-
cesses (Murton et al., 2015, 2017; Péwé and Journaux, 1983;
Tomirdiaro, 1996).

However, the interpretation of the contributions of rEM
subpopulations to the individual sample compositions (i.e.,
rEM scores) can only occur in general terms, because
comparing samples and depositional environments across
Yedoma sites is hampered by postdepositional cryogenic
processes such as cryoturbation and ground ice formation
that complicate assigning an age to individual samples and,
hence, their temporal comparison. In addition, due to neotec-
tonics (seismotectonics and isostatic adjustments following
the deglaciation), we cannot reconstruct site-specific catch-
ments and ancient fluvial sediment pathways to determine
local sediment transport processes.

E&G Quaternary Sci. J., 69, 33-53, 2020

4.2 Yedoma grain-size endmembers and associated
processes

High transport energies are required to move the coarse sand
grains (rEM 1) that are found at three sites in the Laptev
Sea region, with the highest contributions to the sediment
of Muostakh Island deposited ca. 20-39 kyr ago, as well as
medium sands (rEM 2) that dominate on three other Laptev
Sea islands. The two rEMs found at these sites (explained
variance 10.9 % to 55.2 %) point to high-energy processes,
i.e., saltation and traction processes, in confined running wa-
ter such as during strong meltwater runoff, with the medium
sands forming the main saltation component (Visher, 1969;
Sun et al., 2002; Cockburn and Lamoureux, 2008). Fluvial
sands of rEMs 1 and 2 are coarser compared to aeolian
sands, from modes in the medium sand (e.g., 200-400 pm;
Sun et al., 2002) to coarser sand fractions, and they are more
poorly sorted, as occurs, for example, in alluvial fan envi-
ronments (Tsoar and Pye, 1987; Pendea et al., 2009; North
and Davidson, 2012). On the Tibetan Plateau, fluvial sands
with modes of around 450 um appeared as rEMs in lake
sediments (Dietze et al., 2014). We cannot assess the an-
cient topographic position of these coarse-grained deposition
sites anymore. Yet, all these sites are located in the vicin-
ity of Permo-Carboniferous sandstone outcrops (Table S2),
which could have served as sand sources. Modern pond sub-
strates from modern ice-wedge polygons also exhibit tEM 2
with explained variances of 30.7 % to 47.5% (Table 2b,
Figs. 5, S2.5).

The fine sand rEM 3 between 101 and 280 um (explained
variance 14 % to 51.1 %) was found for 11 sites (Table 2a)
in all study regions. Studies of modern snow patches show
grain-size means in the same fraction, linking this rEM with
niveo-aeolian deposition (Galabala, 1997; Kunitsky et al.,
2002), which could have been reworked postdepositionally
by runoff below or on top of the snow patch. These rEMs
also include the size classes of local aeolian sands that roll
and saltate due to strong surface winds (Tsoar and Pye, 1987,
Sun et al., 2002; Vandenberghe, 2013; Dietze et al., 2014).
When showing a well-sorted rEM distribution, as at the Itkil-
lik, Colville, and Mamontov Klyk sites, these sands could
indicate local dune deposits (Tsoar and Pye, 1987; Sun et al.,
2002) and/or additional sorting by unconfined alluvial flow
(North and Davidson, 2012; Pendea et al., 2009). The rEM 3
explained 14.5 % to 33.5 % of the variance, on average, in the
modern polygon tundra samples (Table 2b, Fig. S2.5), sug-
gesting that polygonal structures are ideal sites to retain snow
patches and trap local sediments.

Two rEMs fall within the very fine sand to coarse silt
fractions (rfEM 4, 51-100 um, explained variance of 3.2 %
to 51.1% and rEM 5, 28-50um, explained variance of
11.5 % to 44.8 %). Only two sites (Bykovsky Peninsula, New
Siberian Islands) did not exhibit these rEMs. These sub-
populations could be explained as fine-grained overbank de-
posits or settled suspended loads in temporarily flooded sec-
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Figure 6. Distribution of the clustered sites in Beringia according to the hierarchical cluster analyses (Fig. S7.1). Location numbers are
explained in Table 1. The color codes of the legend denote the cluster corresponding to Fig. S7.2.

tions with small slopes or shallow flow depth (Visher, 1969;
Cockburn and Lamoureux, 2008). Accordingly, fEM 4 ex-
plains most of the variance in modern floodplain sediment
of the Berelekh and the Kolyma rivers (Table 2b) and both
rEM 4 and rEM 5 were present in drill cores from ice-
wedge polygons (Table 2b, Fig. S2.5). In addition the sub-
population rEM 5 could also be explained as primary or
secondary (reworked) aeolian material (Vandenberghe, 2013;
Vandenberghe et al., 2018). The disintegration of coarser
grains by repeated frost weathering processes (Viran and Bi-
nal, 2018) could also contribute to these rEM 4 and 5 frac-
tions. Schwamborn et al. (2012) showed that experimen-
tal frost weathering of fine sand samples (63—125um) by
up to 230 freeze—thaw cycles leads to an increase of up to
25% in the < 63 um fraction of a sand sample; this pro-
cess seems likely to occur in ice-rich Yedoma sediments.
Snow patches could also have acted as sediment traps, form-
ing niveo-aeolian deposits (Galabala, 1997; Kunitsky et al.,
2002). The studied snow patch samples from Kunitsky et
al. (2002) exhibit an arithmetic mean from 22 to 491 um
(median 10-381 pm). Very fine sand to silt fractions are also
characteristic of grain-size subpopulations of dune sand and
coarse local dust in present-day arid and periglacial environ-
ments (Tsoar and Pye, 1987; Dietze et al., 2014; Vanden-
berghe, 2013). These rEMs explain most of the grain-size
variances at Yakutian inland sites (Table 2a, Fig. 5), where
during glacial time a grassy steppe environment (Fradkina
et al., 2005a, b; Ashastina et al., 2018) could have provided
the surface roughness required for the deposition of sediment
from local low-energy floods and/or aeolian transport during
storms and short-term near-surface suspension clouds, as de-
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scribed from modern-day periglacial settings (Stauch et al.,
2012; Dietze et al., 2014).

Medium silt TEM 6 between 12 and 27 um with an ex-
plained variance between 24.9 % and 47.6 % dominates at
six sites and is present in Alaska and the Laptev Sea (Ta-
ble 2a, Fig. 5). This could be the result of unconfined flu-
vial and alluvial sediments that settled out of suspension in
ponding water, when the Shields stress fell below a criti-
cal threshold needed for motion (Dietrich, 1982). Medium
silts can either reflect low-energy sediment delivery from the
main fluvial suspension component during snowmelt (Sun et
al., 2002; Macumber et al., 2018; Cockburn and Lamoureux,
2008; Visher, 1969) or represent coarse regional dust that can
remain in suspension for several days during storm events
(Tsoar and Pye, 1987; Dietze et al., 2014). The rfEM 6 ex-
plained 13.4 % to 30.9 % of the explained variance in the
modern polygon tundra samples (Table 2b, Fig. S4.5), sug-
gesting that fluvial suspension components contributed to
modern and Yedoma deposits.

The fine silt rEM 7 between 8 and 12 um was present at
four sites in the Laptev Sea, on the New Siberian Islands,
and in the Dmitry Laptev Strait (Table 2a, Fig. 5) but not
in Alaska, the Lena Delta, or the Yakutian inland. Our ice-
wedge polygon references do not show this rEM 7. In addi-
tion, dust that traveled over distances of several hundred kilo-
meters (Vandenberghe, 2013; Tsoar and Pye, 1969; Dietze et
al., 2014) could have accumulated along rough surfaces, sim-
ilar to other acolian components (see also experiments on dry
dust deposition by Goossens, 2005).

Very fine silt tTEM 8 between 4 and 7.9 um (explained vari-
ance between 12.8 % and 40.9 %) occurred at three sites,
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which are 500 to 1000 km apart from each other (Table 2a).
This could have originated from fine silts that were trans-
ported in low-energy fluvial suspension for a long time, as
could occur in larger streams (e.g., Kytalyk in the Yana-
Indigirka Lowland) or in recurring meltwater runoffs which
would require still water conditions for the sediments to set-
tle (Tsoar and Pye, 1987; Visher, 1969). On the Kolyma and
Berelekh river floodplains, rEM 8 deposits explain 44.2 % of
the variance (Table 2b, Fig. S4.5). This tfEM 8 could also
derive from primary or fluvially reworked background dust
(Vandenberghe, 2013; Dietze et al., 2014) or even from pri-
mary or fluvially reworked pedogenic clay (Vandenberghe et
al., 2018) potentially deposited in polygon ponds such as the
polygon structures where the reference samples are from.
Similarly, clays between 1 and 4 um (rEM 9, explained
variance of 9.2 % to 33.9 %), were present at 10 sites (Ta-
ble 2a, Fig. 5). Similar to the very fine silts, calm water con-
ditions, such as under frozen surfaces of ponds or small lakes,
i.e., palustrine conditions, are required for these clays to set-
tle (Cockburn and Lamoureux, 2008; Francus et al., 2008;
Dietze et al., 2014). The finest rEM at the Oyogos Yar coast
site can only be explained by postdepositional conditions.
Clay was formed in situ during pedogenesis (Schirrmeister
et al., 2013; Strauss et al., 2017), as it happened during the
short but warm summers of the interstadials (Kienast et al.,
2005; Andreev et al., 2011). Clays could also be concentrated
into polygon ponds by cryogenic reworking; tfEM 9 consti-
tuted 16.8 % to 38.2 % of the sediment in modern ice-wedge
polygon samples (Table 2b, Fig. 5). Hence, frost weathering
might have been more important for postdepositional grain
disintegration in polygon ponds compared to at dry sites.

4.3 Synthesis

Overall, various Yedoma types exist across the large region
where Yedoma occurs (Fig. 6), ranging from spatially con-
fined Yedoma valley fills along, for example, the Lena, Yana,
Indigirka, and Kolyma rivers to vast accumulation plains on
Arctic lowlands and shelves. Cluster analyses revealed four
distinct site clusters, each comprised of two to five sites that
are distributed across Siberia. Yet the three major regions,
Alaska, the Laptev and East Siberian seas, and Yakutian in-
land, could not be differentiated by unique rEM configura-
tions. Accordingly, rEM modes did not show a distinct re-
gional or Arctic-wide pattern.

The large variety and spread of rEMs from very coarse to
very fine grain sizes suggests different source areas and dif-
ferent transport and depositional processes that act along the
sediment cascades from source rock to final deposition and
subsequent reworking (Fig. 7). In cold environments, physi-
cal weathering of clayey, silty, and sandy source rocks deter-
mines the grain sizes available for transport from local and
regional sources. From an energetic point of view grain-size
rEMs > 250 um and < 2 pm can only be explained by flu-
vial transport (Dietze et al., 2014, and references therein) or
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in the case of the < 2 um fraction also by chemical weather-
ing. Silts and very fine sands could have derived from sev-
eral transport and depositional mechanisms that depend on
shear stress and shear velocities modified by surface rough-
ness, grain densities, cohesiveness, and other properties of
the transport medium such as water flow depth or wind fields
(Tsoar and Pye, 1987; Visher, 1969; Dietrich, 1982; Van-
denberghe, 2013; Dietze et al., 2014). In the Yedoma sam-
ples, we find a link, in that sites of coarser rEMs tend to
be located close to sandy source rocks. Yet de facto fluvial—
alluvial catchment areas and fluvial pathways are difficult to
constrain for our sites and samples due to isostatic neotecton-
ics during the Holocene and seismotectonics in modern times
(e.g., Franke et al., 2000; Grigoriev et al., 1996). Therefore,
the identification of specific catchments as sources of fluvial
and aeolian deposits is not possible without further, for ex-
ample mineralogical, information. Yet, both local to regional
fluvial and aeolian transport and depositional processes are
represented by several rEMs, especially in deposits of the
periglacial environments of MIS 2 and 3 during the late Pleis-
tocene (Fig. 7). For example, the trapping of all types of ae-
olian sediment in snow patches, forming niveo-aeolian de-
posits (Bateman, 2013), is supported by snow patch samples
from Kunitsky et al. (2002) that showed arithmetic means
from 22 to 491 um.

Yet, the finding of primary grain-size modes across all
Yedoma deposits outside the range of classical aeolian de-
posits (i.e., coarser and finer) supports the hypothesis of a
polygenetic origin of Yedoma deposits including alluvial,
fluvial, and palustrine processes (Sher, 1997; Schirrmeister
etal., 2013; Fig. 7). In addition, further postdepositional pro-
cesses occur in periglacial environments, such as cryotur-
bation, mass wasting, solifluction, frost weathering, and re-
working (Francus et al., 2008; French, 2018; Bateman, 2013;
van Huissteden et al., 2013; Strauss et al., 2012; Dietze et al.,
2014; Fig. 7). These processes might have affected the grain-
size composition directly via postdepositional disaggrega-
tion (e.g., Schwarmborn, 2012) or soil (clay) formation dur-
ing warmer interstadials (e.g., Munroe and Bockheim, 2001;
Ping et al., 2015).

However, the dominance of ground ice and cryostrati-
graphic and cryolithologic properties in Yedoma deposits
is key to understanding the genetic distinction between the
Yedoma Ice Complex and other permafrost deposits of al-
luvial, fluvial, and aeolian origin that did not have a ma-
jor ground ice component. Various ground-ice-forming pro-
cesses during and after sediment deposition increase the in-
fluence of frost weathering and cryoturbation processes com-
pared to ice-free deposits. These processes can principally
affect all grain sizes, with potentially higher contributions
to tTEM 4 and 5 (see above). Yet, assessing the contribu-
tion of secondary cryogenic processes relative to primary
sedimentation processes would require further studies that,
for example, characterize microstructures on mineral grains
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(Woronko and Pisarska-Jamrozy, 2016) and/or compare with
permafrost deposits of low ice content.

Indirectly, all postdepositional sediment reworking pro-
cesses affect rEM interpretation across larger geographic ar-
eas, adding uncertainties to the already large dating uncer-
tainties. Still, the quantification of the contribution of grain-
size EMs to Yedoma samples allows us to assess the relative
importance of certain sedimentary and postdepositional pro-
cesses. The four rEM clusters are not related to a certain ge-
ographic area. Yet, they are differentiated by a characteristic
lack of certain rEMs in the coarse sand, very fine sand, and
very fine silt classes, which allows for the characterization of
certain types of Yedoma deposits from a granulometric point
of view. These types and their full grain-size distributions
may help to improve parametrization in a reasonable way in
further permafrost modeling and carbon storage estimates.

5 Conclusions

We applied grain-size endmember modeling to a large pan-
Arctic sample data set of GSD data to differentiate between
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possible sedimentation processes responsible for the forma-
tion of Yedoma in Beringia during the late Pleistocene. We
characterized up to nine robust grain-size endmembers, or
rEMs, within Yedoma Ice Complex deposits. We interpret
these rTEMs as signals of diverse sedimentation processes,
from local to regional aeolian, alluvial, fluvial, nival, and
ponding water accumulation, which occurred in a polygo-
nal landscape and likely contributed to the minerogenic pro-
cess in different Yedoma regions. These deposits were not
only frozen into permafrost over thousands of years but also
periglacially altered during this time, for example, by in situ
frost weathering. The observed variability in grain-size rEMs
supports the hypothesis of a polygenetic Yedoma origin in-
volving multiple transport, depositional, and transformation
processes. Each Yedoma site had a different rEM composi-
tion dominated by silty rEMs, with cluster analyses revealing
four distinct rEM composition clusters.

The diversity of Yedoma deposits results from multiple
sediment origins and transport and (post)depositional sedi-
mentary processes. This has strong implications for assess-
ments of the role of Yedoma permafrost in the future. Sed-
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iment properties such as cryolithologic properties, sediment
pore volumes, and field capacities are mediated by grain sizes
and are important parameters for modeling, for example, car-
bon storage capacities, ground ice content, and permafrost
thaw rates that are very different in sand-dominated com-
pared to silt- and clay-dominated deposits (Strauss et al.,
2013; Langer et al., 2016). Hence, next to ground ice content,
future assessments of climate change impacts on circum-
Arctic permafrost deposits need to consider the current grain-
size compositions that are ultimately determined by past sed-
imentation histories.
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