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We studied heavy and light mineral associations from two grain-size fractions (63–125 μm,
125–250 µm) from 18 permafrost sites in the northern Siberian Arctic in order to
differentiate local versus regional source areas of permafrost aggradation on the late
Quaternary time scale. The stratigraphic context of the studied profiles spans about 200 ka
covering the Marine Isotope Stage (MIS) 7 to MIS 1. Heavy and light mineral grains are
mostly angular, subangular or slightly rounded in the studied permafrost sediments. Only
grains from sediments with significantly longer transport distances show higher degrees of
rounding. Differences in the varying heavy and light mineral associations represent varying
sediment sources, frost weathering processes, transport mechanisms, and post-
sedimentary soil formation processes of the deposits of distinct cryostratigraphic units.
We summarized the results of 1141 microscopic mineral analyses of 486 samples in mean
values for the respective cryostratigraphic units. We compared the mineral associations of
all 18 sites along the Laptev Sea coast, in the Lena Delta, and on the New Siberian
Archipelago to each other and used analysis of variance and cluster analysis to
characterize the differences and similarities among mineral associations. The mineral
associations of distinct cryostratigraphic units within several studied profiles differ
significantly, while others do not. Significant differences between sites as well as
between single cryostratigraphic units at an individual site exist in mineral associations,
heavy mineral contents, and mineral coefficients. Thus, each study site shows individual,
location-specific mineral association. The mineral records originate from multiple locations
covering a large spatial range and show that ratios of heavy and light mineral loads
remained rather stable over time, including glacial and interglacial periods. This suggests
mostly local sediment sources and highlights the importance of sediment reworking under
periglacial regimes through time, including for example the formation of MIS 1 thermokarst
and thermo-erosional deposits based on remobilized MIS 3 and 2 Yedoma Ice Complex
deposits. Based on the diverse mineralogical results our study supports the viewpoint that
Yedoma Ice Complex deposits are mainly results of local and polygenetic formations
(including local aeolian relocation) superimposed by cryogenic weathering and varying
climate conditions rather than exclusive long distance aeolian transport of loess, which
would have highly homogenized the deposits across large regions.
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INTRODUCTION

Periglacial landscapes are widespread in northern high latitudes
and are affected by specific cold-region physical weathering,
sediment production, transport and deposition (Murton,
2021). Understanding periglacial deposition and associated
landscape and permafrost dynamics on long and short time-
scales is important for the interpretation of currently ongoing
rapid changes in permafrost regions. In particular, changes in air
temperatures and precipitation regimes (Box et al., 2019),
warming and thawing of permafrost (Biskaborn et al., 2019),
and rapid hydrological and geomorphological change (Nitzbon
et al., 2020) do all affect cryogenic weathering, sediment
transport, and deposition processes. While the
cryostratigraphy of permafrost deposits (French & Shur, 2010),
and cryolithology (Popov, 1953; Katasonov, 1955; Popov, 1967)
have been used for decades to decipher indicators of past and
modern periglacial landscape changes, the analysis of mineral
associations is still rarely applied for the investigation of
sedimentary dynamics of periglacial landscapes and the role of
cryogenic weathering (Konishchev and Rogov, 1993).

However, heavy and light mineral associations of sediments
are widely used in present-day non-permafrost environments to
reconstruct source (provenance) areas and their changes and to
identify modifications of sediments after their deposition (e.g.,
Morton and Hallsworth, 1999; Woronko et al., 2013; Pisarska-
Jamroży et al., 2015). Therefore, identifying linkages of mineral
associations in sediments to local bedrock, fluvial sources, or far-
ranging sources for, e.g., the potential aeolian transport are useful
to shed light on permafrost formation and landscape changes in
the late Quaternary past.

The origin and genesis of periglacial deposits such as late
Pleistocene Yedoma Ice Complex that has been formed during
Marine Isotope Stage (MIS) 3 to MIS 2 have been under
discussion for decades (for overview see Astakhov, 2013;
Murton et al., 2015; Schirrmeister et al., 2013). To foster the
understanding of permafrost aggradation and degradation on late
Quaternary timescale, we conducted comprehensive paleo-
environmental and paleo-landscape reconstructions using the
permafrost deposits as archives for a total of 20 study sites in
the framework of joint Russian-German research projects in the
northeast Siberian Arctic since 1998. The main research foci for
the fieldwork were paleoecology, sedimentology, stable water and
carbon isotope geochemistry, geophysics, biogeochemistry, and
geochronology. Site-specific information and resulting
publications are summarized in Supplementary Table S1. In
the present paper, we report on the heavy and light mineral
associations from 18 study sites and discuss their use for
reconstructing the sources of permafrost deposits. Grain-size
data from most of these sites are available in Schirrmeister
et al. (2002b); Schirrmeister et al. (2003a); Schirrmeister et al.
(2008); Schirrmeister et al. (2010); Schirrmeister et al. (2011a);
Schirrmeister et al. (2011b); Schirrmeister et al. (2013);
Schirrmeister et al. (2020).

Our approach is based on the mineralogical composition of
periglacial deposits that is affected by the respective source
material (bed rocks or older sediments), the local periglacial

settings during deposition in, e.g., floodplains, polygonal
ponds, thermokarst lakes and at the foot of slopes, and the
influence of frost weathering and soil formation after deposition.

Beyond Yedoma Ice Complex, we investigated its stratigraphic
context below and above as well as deposits in thermokarst basins
and thermo-erosional valleys and further regionally exposed
deposits. Therefore, a wide spectrum of middle and late
Quaternary periglacial deposition in Northeast Siberia has
been comprehensively captured. To disentangle different
source rocks and areas, transport pathways, final deposition
and freezing, and post-sedimentary processes, we used the
associations of heavy and light minerals in fine (63–125 µm)
and coarse (125–250 µm) grain-size fractions as indicators. Fine
sand heavy mineral associations of the Laptev Sea margin have
been studied already elsewhere and can be used for comparison
(Peregovich et al., 1999; Schwamborn et al., 2002; Siegert et al.,
2002). With the present study we aim 1) to differentiate
mineralogical properties of permafrost deposits from various
sites, 2) to characterize the mineralogical variability of
different cryostratigraphic units at distinct sites over time, and
3) to detect post-sedimentary changes in mineral compositions.
Our study sheds light on late Quaternary periglacial depositional
processes and their variations over time and contributes to the
understanding of permafrost formation in Northeast Siberia.

FIGURE 1 | Position of the study region in the Laptev Sea area and the
positions of the study sites. 1—Bol’shoy Lyakhovsky Island; 2—Oyogos Yar
coast; 3—Cape Syatoy Nos; 4—Stolbovoy Island; 5—Bel’kovsky Island;
6—Cape Anisii, Kotel’ny Island; 7—Bunge Land (a—higher terrace,
b—lower terrace); 8—Novaya Sibir’ Island. Bykhovsky Peninsula:
9—Mamontovy Khayata; 10—Bykovsky North; 11—Ivashkina Lagoon;
12—Khorogor Valley. Lena Delta: 13—eastern Ebe Basyn Island; 14—Turakh
Island; 15—Nagym, southern Ebe Basyn Island; 16—Khardang Island;
17—Kurungnakh Island; 18—Cape Mamontov Klyk (maps compiled by S.
Laboor, AWI Potsdam).
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STUDY REGION

The study region covers the coastal lowlands of the western and
the eastern Laptev Sea, the Lena Delta, the coasts of the Dmitry
Laptev Strait connecting the Laptev and the East Siberian seas,
and several coastal sites of the New Siberian Archipelago
(Figure 1; Supplementary Figure S1). Small mountain ridges
of 200–500 m height such as the Pronchishchev Ridge, the
Chekanovky Ridge and the Kharaulakh Range frame the
coastal lowlands in the western part of the study region (study
sites 9–18; Figure 1). In the eastern part of the study region (study
sites 1–8; Figure 1), only isolated basement elevations of granite
domes exist such as those on Bol’shoy Lyakhovsky Island and in
the hinterland of the Oyogos Yar coast, while on Stolbovoy,
Belkovsky, and Kotel’ny islands denudated fold ranges are
present. The small mountains and heights are often
surrounded by multilevel cryopalanation terraces reaching
altitudes between 20 and 150 m above sea level (asl). Many of
the sites are located at the distal lowland ends of hillslope foreland
plains such as in Bykovsky Peninsula.

The stratigraphic classification of the middle Pleistocene to the
Holocene in the East Siberian Arctic lowlands is based mostly on
palynological (e.g., Gitermann et al., 1982; Kaplina and Lozhkin,
1984), palaeozoological (e.g., Sher, 1971; Vangenheim, 1977), and
cryolithological (e.g., Kaplina, 1981; Kaplina, 1989; Tumskoy,
2012) and geochronological data (e.g., Schirrmeister et al., 2002a;
Schirrmeister et al., 2003a; Schirrmeister et al., 2008;
Schirrmeister et al., 2011b; Andreev et al., 2004; Andreev
et al., 2009; Wetterich et al., 2009; Wetterich et al., 2011;
Wetterich et al., 2014; Wetterich et al., 2016; Wetterich et al.,
2019; Wetterich et al., 2020; Wetterich et al., 2021; Zimmermann
et al., 2017). The study of local profiles resulted in numerous
separate stratigraphic schemes, often with individual terms for
single suites, layers, or horizons, which were correlated for further
chronostratigraphic classification. However, for some periods, the
stratotype, the palaeoenvironmental interpretation, and the
absolute age, such as of the Kargin stratum, are still under
discussion (Astakhov and Mangerud, 2005; Astakhov, 2013).
Because of the inconsistent regional Quaternary stratigraphy of
northern East Siberia, we present the Russian classification of the

studied period in correlation with the Marine Isotope Stage (MIS)
(Table 1).

MATERIALS AND METHODS

Field Work
Our research is based on detailed field work during spring and
summer seasons between 1998 and 2007 (see Supplementary
Table S1). Permafrost coastal cliffs and riverbank exposures up to
40 m asl were studied. In places, drilling up to 10 m depth below
land or ice surface (bs) was carried out. At permafrost outcrops, it
often was necessary to study accessible subsections and
extrapolate their characteristics across the entire section. Steep
bluffs and extensive mudflows from melting ground ice limited
the accessibility at some sites. Subsections consisted of sediment
sequences deposited in fossil ice-wedge polygon centers exposed
between melting ice wedges on steep bluffs or in still-frozen,
undisturbed thermokarst mounds (baidzherakhs) on thermo-
terraces in front of bluffs. The geometry and thickness of such
exposures were surveyed using a laser tachymeter and measuring
tapes, accompanied by an initial stratigraphic assessment. We
described the frozen sediments in the field by color, organic
remains, sediment type, and cryostructures according to own
experiences and based on commonly acknowledged terminology
(for overview see French and Shur, 2010). General exposure
profiles were created by combining and stacking sub-sections
up to 5 m thick. Depending on exposure conditions and the
accessibility of steep cliffs such sequences were studied in
overlapping subsections or in full vertical profiles. We cleaned
outcrop walls and drill core segments with shovels, scrapers, and
knifes and described the visible cryolithology. Each subsection
was sampled at 0.2–1.0 m intervals with hammer and axe.
Collected single frozen sediment samples weighed from 0.5 to
1.0 kg and were sealed in plastic bags for transport to the lab.

Analytical Studies
In total, 486 samples were studied for heavy mineral associations
of the fine fraction (63–125 µm) and in 282 of these samples the
coarse fraction (125–250 µm) was additionally analyzed.

TABLE 1 | The regional Quaternary stratigraphic schemes and the corresponding Marine Isotope Stage (MIS; Lisiecki and Raymo, 2005) used in this work according to
Andreev et al. (2004, 2009), Wetterich et al. (2019, 2021) and Zimmermann et al. (2017) and references cited therein.

MIS ages (and periods)
[kyr]

Dated
age ranges [kyr]

Dating method Siberian nomenclature

0 to 11.7 (MIS 1) c. 0 to 10.1 14C Holocene (thermokarst, thermo-erosional, lagoon, and modern cover deposits)
11.7 to 29 (MIS 2) c. 22.4 to 29.4 14C Sartan Yedoma Ice Complex
29 to 57 (MIS 3) c. 29.0 to 62.8 14C Molotkov (Kargin) Yedoma Ice Complex
57 to 71 (MIS 4) c. 57 ± 10 to 77 ± 14 IRSL Zyryan (Ermakovo)
71 to 115 (MIS 5a-d) c. 89 ± 5 to 126 ± 16 Th/U Buchchagy Ice Complex
71 to 115 (MIS 5a-d) c. 99 ± 15 to 112.5 ± 9.6 IRSL Kuchchugui stratum
115 to 130 (MIS 5e) c. 99 ± 15 to 102 ± 9.7 IRSL Krest Yuryakh (Kazantsevo)

c. 96 ± 26 to 114 ± 28 TL
130 to 191 (MIS 6) c. 134 ± 22 IRSL Zimov’e stratum
191 to 243 (MIS 7) c. 178 ± 14 to 221 ± 24 Th/U Yukagir (Tazov) Ice Complex

Radiocarbon ages (14C) are shown as uncalibrated ages. IRSL—Infrared-stimulated luminescence dating, Th/U—Thorium/Uranium radiometric disequilibria dating, TL—thermo-
luminescence dating.

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 7419323

Schirrmeister et al. Mineral Associations on Siberian Permafrost

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Furthermore, light mineral associations were studied in 242
samples of the fine fraction and 131 samples of the coarse
fraction (Table 2).

To remove organic matter samples were treated three times a
week over several weeks with 100 ml of 3% H2O2 in a horizontal
shaker. Approximately 3 g of an organic-free sample was
separated into the two fractions (63–125 μm and 125–250 µm)
by wet sieving on the sieve tower. According to Zadkova (1973),
and Boenigk (1983), the 63–125 µm fraction contains the richest
heavy mineral association, less affected by transport processes.
Therefore, this fraction is the most suitable for subdividing
sediment sequences by mineralogical composition. The
125–250 µm fraction is used complementarily. The mineral
preparation was performed according to standard procedures
(Boenigk, 1983; Mange and Maurer, 1992) using sodium
metatungstate solution (Na6(H2W12O40) × H2O; density
2.89 g/cm3). After 20 min centrifugation, the heavy fraction
was frozen in liquid nitrogen (Fessenden, 1959; Scull, 1960)
and the heavy and light fractions were separated.

The mineralogical composition was analyzed by O. Babiy and
I. Klimova at the Melnikov Permafrost Institute in Yakutsk
(Russia) under the stereo microscope TECHNIVAL 2
including mineral determination, grain rounding, shape,
weathering degree, intergrowths. Additionally, a polarization
microscope (POLAM L-213M) was used for quantitative
analysis on slides applying immersion liquids with n = 1.53
and n = 1.63 for the light and heavy fraction, respectively. For
each fractionmostly 300 to 400 grains per sample were counted in
the coarser fraction. Sometimes fewer grains could be counted
while the numbers of counted grains are always indicated in the
analysis data. The mineralogical composition was calculated in
grain percentages. In addition, rock fragments were counted. For
the main minerals specific color appearance, grain shape, and

signs of weathering on grain surfaces were noted. Grain shapes
were observed visually during microscopic analysis. The
terminology follows Moorhouse (1959).

The heavy mineral association includes ilmenite, epidote,
clinopyroxene (monocline), orthopyroxene (rhombic),
amphibole, garnet, zircon, apatite, tourmaline, sphene, rutile,
anatase, leucoxene, disthene, staurolite, andalusite, chloritoide,
spodumene, corundite, orthite, sillimanite, chromite, spinelle,
pyrite, biotite, chlorite, muscovite, and weathered mica. The
light mineral association includes quartz, feldspar, zeolithe,
carbonate, muscovite, biotite, chlorite, broken mica, and rock
debris and aggregates.

Since the micas can occur in heavy and light mineral fractions
according to their marginal density, they were listed in both
fractions and used for comparisons within these fractions. They
are shown graphically as biotite, muscovite and weathered mica
individually. Thereby also weathered muscovite (Fe
accumulations) can be found in the heavy mineral fraction,
and vice versa biotite can be present the light mineral fraction
after removal of Fe during chemical weathering. The heavy
mineral content was calculated for each sample and average
values were determined for the respective stratigraphic units.

To characterize the separate profiles, different mineral
coefficients were used. The zircon + tourmaline + rutile (ZTR)
index indicates the chemical and mechanical alteration of a
sediment composition (Hubert, 1962). The zircon +
tourmaline + rutile/pyroxenes + amphibole (ZTR/Py + Am)
coefficient estimates the weathering intensity following soil
formation (modified from Marcinkowski and Mycielska-
Dowgiałło, 2013). For example, a ZTR/Py + Am value of 0.003
indicates low weathering; the unstable minerals (pyroxene,
amphibole) dominate the stable minerals (zircon, tourmaline,
rutile). In contrast, a ZTR/Py + Am value of 0.46 indicates more

TABLE 2 | Number of analyzed samples per site and fractions (heavy and light minerals and grain-size fractions).

No Site (short name), year of sampling Heavy mineral Light mineral Heavy mineral Light mineral

Fine fraction (63–125 µm) Coarse fraction (125–250 µm)

1 Bol’shoy Lyakhovsky Island (R, L, L7), 1999, 2007 91 46 37 23
2 Oyogos Yar coast (Oy7), 2007 21 — 6 —

3 Cape Svyatoy Nos (X-99), 1999 14 13 12 10
4 Stolbovoy Island (Sto), 2002 16 — 10 —

5 Belkovsky Island (Bel), 2002 5 — — —

6 Cape Anisii, Kotelny Island (Mya), 2002 3 — 1 —

7 Bunge Land (Bun), 2002 21 — 17 —

8 Novaya Sibir Island (NSI), 2002 6 4 4 5
9 Bykovsky Peninsula, Mamontovy Khayata (Mkh), 1998, 1999 59 62 61 62
10 Bykovsky Peninsula, Bykovsky North (B-S), 1998 6 6 6 5
11 Bykovsky Peninsula, Ivashkina Lagoon (iv-2), 1999 5 4 4 3
12 Khorogor Valley (Khg), 2002 22 24 14 23
13 Lena Delta, eastern Ebe Basyn Island (Ebe), 2005 13 13 12 —

14 Lena Delta, Turakh Island (Tur), 2005 41 40 36 —

15 Lena Delta, Nagym, southern Ebe Basyn Island (Nag), 2000 10 — 10 —

16 Lena Delta, Khardang Island (Kha), 2005 12 7 11 —

17 Lena Delta, Kurungnakh Island (Bkh), 2002 10 — — —

18 Cape Mamontov Klyk (Mak), 2003 131 23 41 —

Sum of samples 486 242 282 131
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intense weathering, as the stable minerals dominate over the
unstable minerals. The noticeable differences between the
pyroxenes/amphiboles (Py/Am) coefficient and the quartz/
feldspar (Q/Fs) coefficient point to changes in the source areas
(Nesbitt et al., 1996). The role of quartz during frost weathering
(Konishchev, 1982) gives another indication of the intensity of
this process.

Statistics
In a first step of statistical analysis, we performed an analysis of
variance (ANOVA), using a Tukey Honest Significant
Differences Test (Tukey, 1949) for multiple comparison of
mineral content means averaged according to site and
statistical units of sample mineral associations. The test was
performed using R’s inbuilt TukeyHSD functionality (R core
team, 2021), with the default 95% family-wise confidence level.
This test allows minerals to be identified that contribute
significantly to a distinction related to the statistical unit of a
sample at a specific sample site. We consider separation between
stratigraphic units to be prominent when at least five minerals
show statistically significant separation.

In order to further explore differences and commonalities
between mineral associations from different ages and different
sites, we performed an agglomerative hierarchical cluster analysis
on means of mineral associations according to age and sample
site. Since the mineral associations are determined as grain
counts, we used chi-squared distances in the analysis, and the
clustering method was average. We assessed the statistical
significance of determined clusters using a bootstrapping
approach following Suzuki and Shimodaira (2006). The
analysis was performed using R’s pvclust package (Suzuki
et al., 2019).

RESULTS

The Coasts of the Dmitry Laptev Strait
The study sites on Bol’shoy Lyakhovsky Island are located on the
northern shore of the Dmitry Laptev Strait (Figure 1; study site
1). The heavy mineral content of the fine fraction was highest in
the MIS 5d (MIS 5a-d) (0.9%) and MIS 1 (1.5%) sediments. The
heavy mineral content of the coarse fraction was highest in MIS
5e (3.6%) and MIS 1 (2.1%). In the other units the heavy mineral
content was between 0.2 and 0.7 in both fractions. Grains of both
fractions from this sample set (91 samples) are mostly subangular
and angular. Detailed grain descriptions for each stratigraphic
unit are summarized in Supplementary Table S2. In the heavy
mineral fractions, ilmenite, sphene, and anatase are partly
leucoxenized. Epidote shows irregular greenish fragments.
Zoisite occurs in small amounts. Rhombic pyroxenes are
represented by hypersthene and enstatite. Enstatite occurs as
fragments of prismatic crystals with distinct cleavage cracks,
slightly greenish and colorless. Amphiboles are mostly dark
green, rarely brown or colorless. Pyroxenes and amphiboles
are sometimes chloritized. Tourmalines are columnar, blue,
pink, brown, and green with strong pleochroism. Zircons and
anatase are prismatic bipyramidal. Garnet (almandine) is pink,

sometimes corroded, with numerous ore inclusions. The light
mineral fractions consist of organo-mineral aggregates. Quartz
and feldspar are contaminated with iron-humus stains and often
occur in intergrowths. Feldspars are partly chloritized. Calcite is
colorless or brown (ferruginous) and micro-oolitic.

Regarding the heavy mineral composition (Figure 2A) of the
fine fraction, more ilmenite and garnet are present in the MIS 7
and 6 sediments, while epidote is increased in MIS 2 deposits.
Amphibole dominates the spectrum and is most abundant inMIS
3 and 1 deposits. Leucoxene content is higher in MIS 7, 6, and 2
deposits. Mica and chlorite contents are significantly increased in
deposits of MIS 5e, 5a–d, and 4 ages (36, 54, and 40%
respectively). The coarse fraction shows comparable heavy
mineral associations. The light mineral fractions contain little
quartz (especially inMIS 5e, 5a–d, 4, and 3) and are dominated by
feldspar (34–62%, Figure 2A). The second most dominant
components are rock fragments (debris) and aggregates. Mica
occurs at elevated levels in MIS 5e, 5a–d, and 2 (in the fine
fraction: 16, 20, and 13% respectively).

With respect to the studied mineral coefficients of the fine
fraction, the MIS 7, 6, and 2 sediments indicate stronger
weathering, as can be seen from the ZTR (9.6, 11.3, and 8.0
respectively) and ZTR/Py + AM (0.46, 0.10, and 0.07 respectively)
values. The Py/Am and Q/Fs quotients show no clear distinction
within the stratigraphic profile. This implies that the source area
of the sediments did not change significantly over time. For the
coarse fraction, the ZTR/Py + Am coefficients for MIS 7, 6, and 5e
are increased (0.15, 0.14, and 0.10 respectively). The ZTR values
are increased for MIS 7, 6, 4, and 1 units. The Py/AM ratios vary
between 0.63 (MIS 7) and 0.14 (MIS 1). The Q/Fs quotients are
similar in MIS 7, 6, and 5a–d sediments (0.29) and highest in the
MIS 3 deposits (0.59).

The study area of the Oyogos Yar coast is located on the
mainland shore of the Dmitry Laptev Strait (Figure 1; study site
2), about 100 km southeast of the Bol’shoy Lyakhovsky Island
site. From this sample set (21 samples) only the fine heavy
mineral fractions from MIS 5e, 5a–d, 4, and 3 were analyzed.
The heavy mineral content was quite low (0.3, 0.3, 0.2, and 0.02%
respectively). Most of the grains are subangular and angular.
Epidote is of variable preservation, with small amounts of zoisite.
Monoclinic pyroxene is representedmainly by diopside. Rhombic
pyroxene (hypersthene) is rare. Amphiboles are mostly dark
green, more rarely brown and light green. Garnet, epidote, and
ilmenite are often intergrown with feldspars. Titaniferous
minerals are partially leucoxenized. In general, the associations
in the four sedimentary units studied here are quite similar
(Figure 2B). There is little ilmenite (2–3%), relatively high
epidote (10–20%), monoclinic pyroxene (15–23%), and
amphibole (30–40%). Rhombic pyroxene, garnet, zircon,
apatite, and tourmalines are few (1–5%). Leucoxene also
occurs (4–6%). Micas and chlorite are completely absent. The
ZTR/Py + Am (0.01–0.03) and ZTR (0.70–1.28) coefficients are
quite low and similar for the four sedimentary units. The Py/Am
quotient (0.44–1.02) is much higher than on the opposite
Bol’shoy Lyakhov Island site.

Cape Svyatoy Nos is also located on the mainland side of the
Dmitry Laptev Strait about 100 km west of the Oyogos Yar site
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and about 50 km south of the Bol’shoy Lyakhovsky Island site
(Figure 1, site 3). The upper profile section between 9–25 m asl
was dated as MIS 3 (Schirrmeister et al., 2011b). The middle and
the lower parts of the exposure were assigned to MIS 5a–d and

MIS 7 (Table 1), respectively (Gilichinsky et al., 2007; Blinov
et al., 2009). The heavymineral content of these three units clearly
differs. TheMIS 7 deposits have a very high heavy mineral load in
the fine and coarse fractions (8.2 and 9.2% respectively). The

FIGURE 2 | Heavy and light mineral associations of the fine and coarse fractions, the heavy mineral contents, and the corresponding mineral coefficients from (A)
Bol’shoy Lyakhovsky Island (1), (B) the Oyogos Yar coast (2), and (C) Cape Svyatoy Nos (3). The number of samples is in italics to the left of each diagram (Note the
different scales for heavy mineral contents and the mineral coefficients).
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FIGURE 3 | Heavy and light mineral associations of the fine and coarse fractions, the heavy mineral contents, and the corresponding mineral coefficients from the
northern New Siberian Islands: (A) Stolbovoy Island (4), (B) Bel’kovsky Island (5), (C)Mys Anisii, Kotel’ny Island (6), (D) Bunge Land, high terrace (7a), (E) Bunge Land,
low terrace (7b), and (F)Novaya Sibir Island (8). The number of samples is in italics to the left of each diagram (note the different scales for the heavy mineral contents and
mineral coefficients). For the legend, see Figure 2.
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other samples at Cape Svyatoy Nos range between 1.8 and 0.4%.
The grains of this sample set (14 samples) are angular and often
consist of mineral aggregates. Pyroxene and amphibole are
partially chloritized and iron-bearing (Supplementary Table
S2). Monocline pyroxene is diopside. Amphibole mostly
predominates the heavy mineral associations. In the MIS 5a–d
unit mica and chlorite are enriched. In light mineral fractions
angular and fresh plagioclase predominates. Carbonate occurs as
micro-oolith. The mineral compositions show clear differences
between the three stratigraphic units studied here, in both heavy
mineral fractions and the fine light mineral fraction. The coarse
fraction of the light mineral association shows a similar
composition for all three units. The heavy mineral associations
are similar for each unit in both fractions (Figure 2C). Epidote,
pyroxene, and amphibole dominate the MIS 3 and MIS 7
sediments, whereas amphibole in the MIS 7 deposits makes up
more than half of the composition. The MIS 5a–d sediments are
characterized by a high concentration of mica and chlorite in both
the heavy and the fine light mineral fraction. This corresponds to
similar observations on Bol’shoy Lyakhov Island (Figure 2A).
The ZTR, Q/Fs, and ZTR/Py + AM mineral coefficients differ
only slightly between the fine and coarse fractions. Only Py/Am
shows a significant increase from MIS 7 to MIS 3 (from 0.2
to 1.28).

Northern New Siberian Islands
We studied coastal outcrops of Stolbovoy, Bel’kovky, and Novaya
Sibir islands and on Bunge Land as well as a thermokarst mound
near Cape Anisii on northern Kotel’ny Island (Figure 1; study
sites 4–8) during a ship expedition in 2002 (Supplementary
Table S1). No descriptions of grain shapes and mineral
properties (except for Bunge Land) are available for most of
these sites.

From Stolbovoy Island there are heavy mineral analyses of fine
and coarse fractions (16 samples). Heavy mineral contents are
high for both fractions and almost all units (1.1–7.8%). The
composition is characterized by a predominance of mica and
chlorite in the MIS 4 and 3 units of the fine fraction and even
greater enrichment in all three units of the coarse fraction
(Figure 3A). In particular, we did not find muscovite in any
of the heavy mineral compositions. A single Holocene (MIS 1)
sample is dominated by ilmenite, epidote, pyroxene, and
amphibole. The mineral coefficients are relatively low and do
not show strong differences between the three studied units.

From Bel’kovsky Island, we analyzed the fine heavy mineral
fraction of five samples from a 1.5 m profile. The heavy mineral
contents average between 0.4 and 1.7%. In the MIS 3 unit
ilmenite, epidote, pyroxenes, and amphibole are approximately
equally represented compared to biotite and muscovite, while
they dominate the composition in the MIS 1 unit (Figure 3B).
The ZTR, ZTR/Py + Am, and Py/Am coefficient are small and do
not differ between the two units.

From Cape (Mys) Anisii in the north of Kotel’ny Island, we
studied three samples from a 1.5 m profile (MIS 2). The heavy
mineral content is low (0.2–0.5%) but from the deepest sample
both heavy mineral fractions could be analyzed. The mineral
association in both fractions is similar (Figure 3C). Ilmenite,

epidote, pyroxene, and amphibole dominate the spectra.
Relatively high garnet contents in these two fractions of 6 and
12% are remarkable. The ZTR, ZTR/Py + AM, and Py/Am
mineral coefficients are 1.9–2.0, 0.03–0.05, 0.5–0.6 respectively.

From Bunge Land, a 70 × 70 km wide sandy plain between the
Kotel’ny and Faddeyevsky islands (Figure 1), two sites (with 21
samples) have been studied (Schirrmeister et al., 2010). One is the
remnant of a Lateglacial (upper MIS 2) to Holocene (MIS 1)
higher terrace (ca. 15 m asl). The other site, the lower terrace, is
located near the shore on a 2–5 m high wide sandy area. The
sediment is of late Holocene age (MIS 1). Heavy mineral contents
are high in the fine fractions (1.1–4.1%) and small in the coarse
fractions (0.3–0.7%). The grains of both heavy fractions are well
rounded and well preserved (without clear marks of weathering).
Ilmenite is often leucoxenized and intergrown with feldspars
(Supplementary Table S2). Epidotes are fragments of irregular
shape, transparent to cloudy. Monocline pyroxenes consist of
colorless and light green diopside, more rarely of augite. The
amphibole belongs to ordinary hornblende and is mostly a dark
green, almost black color; brown and colorless varieties rarely
occur. Mineral compositions in the fine fraction of the higher
terrace are similar for both units (Figures 3D,E). Mica and
chlorite occur only in the coarse fraction of the MIS 2 unit.
The high garnet content in all samples (8–26%) is remarkable.
The relatively low heavy mineral coefficients (ZTR/Py + Am
0.05–0.13, ZTR 2.4–3.9; Py/Am 0.4–0.5) confirm the microscope
observations of fresh, unaltered mineral grains.

On Novaya Sibir Island, a profile was investigated that was
assigned to the MIS 4 (four samples). In addition, one sample was
defined as marine MIS 5e and one surface sample belongs to the
MIS 1. The heavy mineral contents are high (0.9–3.5%). The
surface sample is very rich in heavy minerals with 16.9%. TheMIS
5e and 4 deposits have comparable heavy and light mineral
compositions (Figure 3F). Remarkable are the relatively high
garnet contents, which increase up to 34% in the fine fraction of
the MIS 1 surface sample. The mineral coefficients are relatively
similar for the MIS 5e and MIS 4 deposits (ZTR/Py + Am
0.03–0.09, ZTR 1.3–3.4, Py/Am 0.3–0.6, Q/Fs 0.4–1.0). The
MIS 1 surface sediment is characterized by increased ZTR/Py
+ Am (0.36), ZTR (7.7), and Py/Am (0.9) values, and similar Q/Fs
value (0.5).

Bykovsky Peninsula and the Adjacent
Khorogor Valley
The main study site on Bykovsky Peninsula (Figure 1; study sites
9–12) was the Yedoma cliff of Mamontovy Khayata and the
adjacent thermokarst basin (61 samples). In addition, we
included the Bykovsky North site (six samples) about 10 km to
the north and the Ivashkina Lagoon (five samples) about 4 km to
the south. Most mineral grains from the Bykovsky Peninsula are
slightly rounded, but angular. Quartz grains occur predominantly
as fresh quartz in the light mineral fraction. The heavy mineral
composition is dominated by pyroxene and amphibole. Pyroxene
consists mainly of greyish brown augite with rare occurrence of
diopsite and hypersthene (Supplementary Table S2). Amphibole
is dominated by ordinary green colored hornblende. Ilmenite,
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FIGURE 4 | Heavy and light mineral associations of the fine and coarse fractions, the heavy mineral contents, and the corresponding mineral coefficients from
Bykovsky Peninsula at study sites (A) Mamontovy Khayata (9), (B) Bykovsky North (10), (C) Ivashkina Lagoon (11), and (D) the Khorogor Valley (12). The number of
samples is in italics to the left of each diagram (Note the partly different scales for the mineral coefficients). For the legend, see Figure 2.
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leucoxene, and epidote are present, and garnet, apatite, and
sphene occur in smaller amounts. Zircon and tourmaline are
observed in minor amounts. Chlorite occurs in most samples.
Weathered mica occurs less frequently. Small amounts of rutile,
disthen, chloritoid, staurolith, and andalusite were counted.
Angular intergrowths of pyroxene, amphibole, and opaque
minerals occur. Aggregations with feldspars were also
observed. Augite and hornblende are mainly unchanged. Only
some grains show signs of weathering. Feldspars, predominantly
potassium feldspar, are often cloudy.

The profiles of the Mamontovy Khayata outcrop include
sediments from MIS 3 to MIS 1. The heavy mineral content is
relatively high in the fine fraction (0.9–1.9%) and lower in the
coarse fraction (0.4–1.2%). The heavy and light mineral
associations in both fractions are similar in the three
stratigraphic units (Figure 4A). This is also reflected in the
similar values of the ZTR (1.9–2.4), ZTR/Py + Am
(0.03–0.05), and Q/Fs (0.16–0.19) mineral coefficients of the
fine fraction. Only the Py/Am ratio changes more between the
units. The coarse fraction also has coefficients quite close to each
other, but they are higher for ZTR and Py/Am and lower for the
other two coefficients. The light mineral association is dominated
by mineral debris and aggregates.

The profile of Bykovky North covers six samples from MIS 3
and 2. The heavy mineral contents for both fractions are relatively
high (0.7–3.1%). The mineral associations are slightly different
from the Mamontovy Khayata outcrop (Figure 4B). First, there is
significantly more amphibole (15–33%), which is also reflected in
a lower Py/Am ratio. Second, there are stronger differences
between the two MIS 2 and 3 investigated units in ilmenite,
epidote, monocline pyroxene, and amphibole contents.
Carbonate (2–6%) is present in both units as well as in both
fractions.

All five samples from a drill core from the Ivashkina Lagoon
are characterized by a quite low heavy mineral content
(0.2–0.8%), subangular grains, insignificant ore mineral
content or lack thereof, and uniform mineralogical
composition. Monoclinic pyroxenes are represented by gray-
brown augite; a minor amount of light green diopside is
present. Amphiboles are represented by dark green
hornblende. Pyroxene and amphibole are partially fractured
and ferruginous. The light fraction is represented by feldspars,
clasts of chlorite schists, sedimentary rock fragments, and
aggregate grains. Reddish brown ferruginous carbonate grains
occur in dense aggregation (probably micro concretions). The
mineral associations from Ivashkina Lagoon show clear
differentiations between the units in the fine fraction. From
MIS 3 to MIS 1 the pyroxene content decreases and the
amphibole content increases (Figure 4C). For the light
minerals, the feldspar content decreases. In contrast, mineral
associations and coefficients are quite similar in the coarse
fraction.

The Kharaulakh Range including the Khorogor Valley is
considered the source area for the late Pleistocene deposits of
Bykovsky Peninsula (Schirrmeister et al., 2002a; Siegert et al.,
2002; Slagoda, 2004; Grosse et al., 2007). Modern (MIS 1) samples
(24) from different surface sites, like frost boils or river sediments,

were taken during field work around Tiksi in 2002 (Grosse et al.,
2003). The samples have mostly the same mineralogical
composition of terrigenous material, but they differ in
quantity. The average heavy mineral content is about 0.5%.
They contain rock fragments - predominantly fragments of
chloritic shales, which occur as outcrops in the valley slopes.
In addition, there are small amounts of sedimentary and
metamorphic rock fragments. All mineral grains are angular,
but in fluvial sediments some grains are rounded to subrounded.
Very often they occur as clusters of several minerals (ilmenite and
augite, leucoxene and sphene, feldspars with minerals of the
heavy fraction, etc.). This is typical for a close source area.
Predominant heavy minerals are pyroxene (19–72%) and
titaniferous minerals like ilmenite, leucoxene, sphene, and
rutile (15–53%). Feldspar, which predominates in the light
fractions, is mostly altered and turbid. Samples rich in humus
and iron hydroxide show brownish colored grains with stained
surfaces and fillings in cleavage cracks. The studies of the modern
sediments from the Khorogor Valley show a strong dominance of
pyroxene and underrepresented amphibole in both fractions
(Figure 4D). Therefore, the Py/Am coefficients of 21 and 73
in these two fractions are significantly higher than in many other
results shown here.

The Lena Delta
We collected samples from riverbank outcrops from
Kurungnakh, Khardang, and Ebe Basyn islands in the western
Lena Delta, and two bank outcrops and a 11.4 m deep adjacent
borehole from Turakh Island also in the western Lena Delta
(Figure 1, study sites 13–17). Further details on fieldwork and
results can be found in references of Supplementary Table S1.

For the eastern part of Ebe Basyn Island, we analyzed seven
samples from three 1–2 m deep trenches and five samples from a
4 m deep shore profile. These were fluvial sediments deposited
during MIS 2 and MIS 1 periods. The average heavy mineral
contents are high, with 9–12% for fine and about 2.5% for the
coarse fractions. Grains are mostly angular or subangular. Most
epidote grains are dark and occur as fresh mineral fragments
(Supplementary Table S2). Some epidote grains are intergrown
with hornblende. Zoisite is rare. Ilmenite is partially leucoxenized.
Rhombic pyroxenes are represented by hypersthene. Enstatite is
rare. Monoclinic pyroxenes are represented by diopside and
augite. Zircons have an oval-elongated pomegranate shape and
are bipyramidal. The heavy mineral association of the fine
fraction is similar for both units (Figure 5A). The coarse
fraction is characterized by higher epidote, pyroxene, and
garnet contents and lower amphibole contents than the finer
fraction. There is more pyroxene (14–27%) and less amphibole
(30–43%) compared to the Nagym site. The garnet content
(6–12%) is quite similar. The light mineral fraction is
dominated by feldspars (approx. 60%). At 13–17%, quartz is
represented as frequently as on Khardang Island. The mineral
coefficients have ranges similar to those of the previous sites.

Turakh Island belongs to the Arga Complex, a large sandy
plain with many oriented lakes, which forms the second terrace of
the Lena Delta (Schwamborn et al., 2002). We analyzed a total of
41 samples from two outcrops (6 and 2 m high) and one 11.4 m
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FIGURE 5 | Heavy and light mineral associations of the fine and coarse fractions, the heavy mineral contents, and the corresponding mineral coefficients from the
Lena Delta sites on (A) eastern Ebe Basyn Island (13), (B) Turakh Island (14), (C) Nagym, southern Ebe Basyn Island (15), (D) Khardang Island (16), and (E) Kurungnakh
Island (17). The number of samples is in italics to the left of each diagram (Note the mineral coefficients have smaller scales than in previous figures). For the legend, see
Figure 2.
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long drill core. This approximately 17 m long sand profile was
formed betweenMIS 3 and 1. The average heavy mineral contents
are very high for the fine fraction (10–13%) and also high for the
coarse fraction (1.3–2.3%). Most grains are angular or
subangular. Titanium minerals (ilmenite, sphene) are often
leucoxenitized (Supplementary Table S2). Epidote is more
often opaque with secondary alteration products. Aggregations
of several minerals often occur: e.g., of pyroxene with feldspars,
zircon with garnet, epidote with chlorite, garnet with epidote,
sphene with rutile, ilmenite with feldspars, and others. Rhombic
pyroxenes consist of hypersthene. Monoclinic diopsites have
colors of different intensity; augite occurs rarely. Garnet is
completely angular. Iron bearing carbonates are considered as
new formations (probably siderite). Colorless calcite crystals are
rare. Fe hydroxides occur in the form of rounded relocation
products. All three units (MIS 3 to 1) show similar heavy and light
mineral associations. In comparison, the coarse fraction contains
more epidote (20–24%) and garnet (10–16%), but less ilmenite
(about 4%), while the pyroxene (18–24%) and amphibole
(28–38%) contents are relatively similar. (Figure 5B). The
mineral coefficients are quite similar for both fractions.

The set of 10 samples from the Nagym site in the southern part
of Ebe Basyn Island includes the lower fluvial sands (MIS 3S) and
the overlying Yedoma Ice Complex (MIS 3 IC). The average
heavy mineral contents are quite high in both units and fractions
(1.2–4.9%). Mineral grains have different roundness. Some
minerals are fissured with black and brown parts. Ilmenite is
often leucoxenized. Epidote is clear and dark; zoisite and
intergrowths with hornblende and feldspar occur
(Supplementary Table S2). Pyroxenes (diopside and augite)
are colorless or brown and are present in aggregates with
feldspar, sometimes ferruginous. Enstatite is present among
the rhombic pyroxenes. Amphibole is clear and dark with a
fractured surface and is sometimes contaminated with clayey
material. Garnets are colorless, pink, and brown; grains are
angular and occur in aggregates with hornblende and epidote.
Zircon is colorless and brownish. Staurolite occurs with
carbonaceous inclusions and chlorite is intergrown with
ilmenite interspersed with rutile needles. The heavy mineral
associations are not significantly different between the lower
fluvial sand and the Yedoma Ice Complex deposits and
between the fine and coarse fractions (Figure 5C). Amphibole
(40–50%) dominates, epidote (11–17%) and pyroxenes (13–16%)
are not very frequent, while garnet (10–14%) is quite strongly
represented. The ZTR coefficients of the fine fractions of the
sands and the Yedoma Ice Complex are 2.3 and 2.8 respectively,
which are much higher than in the coarse fraction (0.3 and 0.5
respectively).

The Yedoma Ice Complex sediments from Khardang Island
were formed duringMIS 3 (10 samples) andMIS 2 (2 samples). In
addition, the MIS 3 sequence is divided into lower fluvial sands
(MIS 3 S) and the overlying Yedoma Ice Complex (MIS 3 IC).
However, there are no clear differentiations between these two
units regarding heavy mineral contents and mineral associations.
Ilmenite grains are leucoxenized (Supplementary Table S2). The
light fraction is calcified and weakly rounded. Quartz grains are
intergrown with rutile. Feldspars are contaminated and have

black spotty inclusions. Carbonate microaggregates exist as
parts of organo-mineral aggregates. The mineral contents in
the sand and the Yedoma units and in both fractions are quite
similar (Figure 5D). Garnet also occurs frequently (6.5–12%) but
not as frequently as on Kurungnakh Island. Traces of carbonate
minerals (0.2%) are present, but low. This, however, differs from
all other Lena Delta sites, where carbonate minerals are lacking.
The mineral coefficients are quite similar (ZTR/PY + Am
0.002–0.015, ZTR 0.1–1.9, Py/Am 0.4–0.9, Q/Fs 0.3) and do
not reflect either changes in the source areas or strong
weathering and soil formation processes.

On Kurungnakh Island, we analyzed the lower fluvial sands
(MIS 3S, 4 samples), the overlying Yedoma Ice Complex (MIS 3
IC, 3 samples), and the Holocene cover (MIS 1, 2 samples). From
these studies, no mineral grain descriptions are available. The
average heavy mineral content of the fine fraction differs clearly
between the MIS 3 sand (11%) and the MIS 3 Yedoma Ice
Complex (0.9%) units. The MIS 1 unit is similar to the
Yedoma Ice Complex unit (0.6%). Pyroxene and amphibole
contents are significantly higher (21% and 32% respectively) in
the MIS 3 sand (Figure 5E). The MIS 3 Yedoma Ice Complex and
MIS 1 sediments have higher epidote (27–30%) and garnet
(31–32%) contents. Mineral coefficients reflect low weathering
intensities for the MIS 3 sands (ZTR/Py + Am = 0.02) relative to
the other two units (0.10–0.12). The Py/Am coefficient shows no
significant differences (0.62–0.95) and thus no significant changes
in the source area.

Cape Mamontov Klyk, Western Laptev Sea
The outcrops of Cape Mamontov Klyk are located on the coast of
the western Laptev Sea, about 200 km west of the Lena Delta
(Figure 1; study site 18). These are fluvial sands (MIS 3 S, 10
samples) overlain by Yedoma Ice Complex deposits (MIS 3 IC, 33
samples; MIS 2, 65 samples) and Holocene (MIS 1, 22 samples)
cover sediments and deposits from a thermokarst basin and a
thermoerosional valley. The heavy mineral contents are high for
the fine fraction (2.3–5.5%) and quite small (0.4–0.8%) for the
coarse fractions (Figure 5). The mineral grains are mainly weakly
rounded and are well preserved, except for epidote and micas.
The predominant minerals of the heavy fraction are epidote,
pyroxene, and amphibole. Ilmenite is rounded and weakly
rounded, occurs in assemblages with sphene, and is sometimes
leucoxenized (Supplementary Table S2). Epidote occurs in the
form of irregularly shaped fragments and is clouded by secondary
alteration products. Less common are well preserved prismatic
crystals. Sometimes epidote grains are found in aggregates with
other minerals (e.g., zoisite). Monoclinic pyroxenes are
represented by colorless and light green diopside grains.
Augites are present as a minor admixture; sometimes the ratio
of augites and diopside changes. Rhombic pyroxenes are
represented by hypersthene. Amphiboles are represented by
mostly dark green, rarely brown hornblende. Garnets are
irregularly shaped, weakly rounded, colorless to pink
(almandine). Brown, orange, and bright yellow varieties are
rare. Zircon is found as prismatic-bipyramidal minerals and
their fragments. Tourmaline occurs as prismatic crystals and
their fragments. Their coloration is brown (magnesian variety)
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or more rarely blue (ferruginous variety). Sphene occurs in the
form of prisms and envelope-like flattened crystals, but more
often as irregular fragments and aggregate grains, often
leucoxenized. The coloration of the grains varies from light
brown to intense brown, reddish, with strong pleochroism.
Rutile is partially leucoxenized. Mica is ferruginous and is
fissured. Hydrous iron oxides are often found as spherical
formations. They are probably ferruginous marcasite.
Carbonates (calcite) are colorless, irregularly shaped fragments;
more rarely prismatic crystals, micro-oolites, and rosettes
are found.

Although the general distribution of mineral associations in
the fine and coarse fractions is similar, there are minor differences
between MIS 1 + 2 and MIS 3 IC + S sediments. This concerns
especially the mean contents of epidote, monoclinic pyroxene,
garnet, and quartz (Figure 6). The predominant minerals of both
heavy fractions are epidote, pyroxene, and amphibole (about
80%). Mica and chlorite rarely occur in the heavy mineral
fractions, but they are present in the light mineral fraction of
the MIS 2 and MIS 1 samples. The similarities of the main
components are supported by the quite similar mineral
coefficients of ZTR = 0.7–1.5, ZTR/Py + Am = 0.01–0.02, Py/
Am = 0.5–0.8, and Q/Fs = 0.3–0.5.

DISCUSSION

Differences and Similarities—Site Specific
and Between Different Sites
The profiles from Bol’shoy Lyakhovsky Island cover the
stratigraphically longest period of all sites presented here. High
mica and chlorite contents in the heavy (10–54%) and the light
mineral association (3–20%) indicates that eolian activities could
not have played the major role in the formation of these sediments.
According to Reineck and Singh (1980) wind activities would result

in destruction of unstable minerals, especially of micas. Only the
lowermost exposed unit (MIS 7) has relatively low mica and
chlorite contents (1–9%) that might indicate a higher share of
aeolian transport in the formation of the unit. Throughout the
stratigraphic profile, the MIS 5e interglacial deposits as well as the
MIS 5a–d floodplain deposits and the MIS 4 Ice Complex
sediments are characterized by high mica and chlorite contents
(Figure 2A). The heavy mineral compositions of the MIS 3 and 2
Yedoma Ice Complex deposits and the MIS 1 Holocene sediments
are very similar in both fractions. This indicates that the mineral
sources and transport pathways did not change significantly during
the MIS 3 interstadial and MIS 2 stadial periods and that the
mineral content of Holocene sediments mainly derived from
thawed and re-deposited late Pleistocene Yedoma Ice Complex
deposits. The relatively stable Py/Am (0.14–0.36) and Q/Fs
(0.04–0.6) mineral coefficients indicate that the sediment supply
area did not change significantly over the studied period. Increased
ZTR values of the MIS 7, 6, 4, and 1 units reflect more intense
weathering during these periods. Comparing the light and coarse
heavy mineral fractions, there are similar trends in mineral
contents and associations. Anatase occurs only in the coarse
fraction in MIS 5a–d and 5e. The light mineral coarse fraction
is dominated by rock debris and aggregates, while the fine fraction
is dominated by feldspars. The organo-mineral aggregates in the
light fraction are typical of intense soil formation or post-
sedimentary alteration under subaquatic conditions. The most
probable mineral source area for Bol’shoy Lakhovsky Island are
Permian sandstones and phyllitic slates of the nearby Khaptagai-
Tas hill and rocks of Permian quartzitic sandstone, slates, basalt,
granites, quartz-pebbles, and porphyry found as debris or as solid
rocks on the beach (Volnov et al., 1998; Schirrmeister et al., 2000;
Kunitsky et al., 2002).

On the Oyogos Yar coast the stratigraphic units of MIS 5e,
5a–d, 4, and 3 ages show very similar heavy mineral associations
in the fine fraction. This is also reflected in the similar mineral

FIGURE 6 | Heavy and light mineral associations of the 63–125 μm and 125–250 µm fraction, the heavy mineral contents, and the corresponding mineral
coefficients from Cape Mamontov Klyk (18). The number of samples is in italics to the left of each diagram (Note the larger scales for heavy mineral contents and some
mineral coefficients than in previous figures). For the legend, see Figure 2.
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coefficients within the profile. In contrast to Bol’shoy Lyakhovsky
Island, mica and chlorite play only a minor role. The pyroxene
content of 17–30% is significantly higher than that found on
Bol’shoy Lyakhovsky Island (5–8%). The low ZTR and ZTR/Py +
Am coefficients indicate a uniform and relatively low degree of
weathering. This means that although Bol’shoy Lyakhovsky
Island is close and certainly formed an accumulation area with
the Oyogos Yar site in the past, the latter had a different mineral
source area that might be Tertiary sediments in the bedrock of the
hinterland, according to the regional geological map (Volnov
et al., 1998).

The deposits of Cape Svatoy Nos have significantly high heavy
mineral content in the fine and coarse fractionsof the MIS 7 unit.
In the stratigraphic profile, each unit has a different heavy
mineral composition in both fractions. Low ZTR and ZTR/Py
+ Am coefficients indicate an relatively low weathering degree.
Although the associations are quite different in some cases, the
mineral coefficients are close to each other, which indicate an
relatively low weathering degree for ZTR and ZTR/Py + Am. We
assumed the chain of Cretaceous granite domes (Volnov et al.,
1998) that dominates the landscape of Cape Svyatoy Nos as
source rock.

The MIS 4 and 3 samples from Stolbovoy Island show the
highest mica and chlorite contents (fine fraction 22–70%) of all
the studied sites. The pyroxene content is lower than 10%. The
fine and coarse fractions have distinctly different compositions.
The coarse fraction consists almost entirely of mica and chlorite.
The low and similar ZTR and ZTR/PY + Am coefficients
indicates a low weathering degree and uniform source rocks of
Jurassic and Cretaceous sedimentary rocks, exposed at the coast
and in higher hill positions (Volnov et al., 1998; Schirrmeister
et al., 2003b).

The heavy mineral association of Bel’kovsky Island, located
about 140 km to the north, differs by slightly higher pyroxene and
amphibole contents (8–13% and 25–40% respectively), and lower
but still high mica and chlorite contents (18–48%). The coarse
fraction of the heavy minerals contains more ilmenite, garnet,
leucoxene, and mica than the fine fraction but less epidote,
pyroxene, and amphibole. The small mineral coefficients
reflect low weathering degrees and no changes in source rocks.
Bedrock consisting of strongly folded Paleozoic sediments
(Volnov et al., 1998) and outcrops at the study site
(Schirrmeister et al., 2003b) are considered as source rocks.

The composition of the small sample set from Cape Anisii is
again different from the two previous sample sets from the
northern New Siberian Islands. Mica and chlorite play a
minor role (5–14%), while pyroxene is much more represented
(15–20%). Mineral coefficients are slightly higher than at the
other two sites on the northern New Siberian Islands. Palaeozoic
basement of Ordovician and Silurian limestone (Volnov et al.,
1998), which is exposed at the beach, is assumed as source rock.

The sediments origin on the higher and lower terraces of
Bunge Land differs from the other sites studied on the New
Siberian Archipelago. The good rounding of the grains indicates
longer transport processes According to Schirrmeister et al.
(2010) the higher terrace was accumulated under periglacial
flood plain conditions during the Lateglacial to Holocene and

the lower terrace has been affected by frequent modern marine
inundation. However, the compositions are not much different
from those of the neighboring Cape Anisi site, located about
150 km to the north, and the Novaya Sibir Island site located
about 150 km to the east; this might point to the same mineral
source area, although these sediments are from different time
periods and have a different genesis. The northwestern area of
strongly folded Kotel’ny Island Paleozoic rocks is considered as
source area. The lower terrace is furthermore characterized by
high garnet contents. This can be explained by marine relocations
in the beach area.

The MIS 1 sample of fine heavy mineral fraction from Novaya
Sibir Island is characterized by very high garnet, low amphibole,
and very high heavy mineral content. Preliminary, this might be
explained with locally scaled aeolian or hydrodynamic sorting in
a surface sample. The heavymineral contents of the other samples
are also high. The light mineral data of both fractions are quite
similar. The mineral coefficients show significantly different
values only for the Holocene cover sediment. This supports a
greater amount of alteration of grains and different source rocks
for the Holocene cover sediment if compared to any older
deposits here. According to the geological map (Volnov et al.,
1998), the bedrock consists of Paleogene and Oligocene sandy
sediments. These may have originated from the folded ridges on
Kotel’ny Island. Therefore, similar heavy mineral associations are
found at sites that are 100–200 km away from each other.

The goals for the mineralogical studies on the Bykovsky
Peninsula and the adjacent Khorogor Valley was to determine
how Yedoma Ice Complex sediments were transported from the
Kharaulakh Range to the foreland. Most of the heavy mineral
fractions studied here (except for MIS 3 and MIS 2 fine fractions
from Ivashkina Lagoon) are characterized by high clinopyroxene
contents (31–78%) and quite low amphibole contents (5–13%).
Also remarkable are the comparatively low quartz contents of
2–7%. This distinguishes these sediments from most of the other
sites studied in the New Siberian Archipelago and at the coasts of
the Dmitry Laptev Strait. The high pyroxene and higher
titaniferous mineral contents in the Khorogor Valley and in
the two Yedoma Ice Complex sites (Mamontovy Khayata and
Bykovsky North) indicate that the sediment source for the late
Pleistocene sediments were permo-carboniferous sandstones and
slates from the Kharaulakh Range (Siegert et al., 2002; Slagoda,
2004). However, there are higher amphibole contents in the
Yedoma Ice Complex sediments than in the Khorogor Valley
deposits, which may indicate input from an additional sediment
source. In the Ivashkina Lagoon prove different mineral
associations and coefficients of the fine fraction different
sources of the parent material and distinct changes during the
different stages of formation (Yedoma deposition, thermokarst
formation, lagoon formation).

In the Lena Delta, the MIS 3 Sand-Yedoma Ice Complex
profile from Kurungnakh Island differs significantly within the
profile as well as from the other two more western sites
(Khardang, Nagym) regarding ilmenite, pyroxene, amphibole,
and garnet contents (Figure 5). On the other hand, the sites in the
west of the delta differ little within their profiles or from each
other despite their different genesis. Except for theMIS 3 Yedoma
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Ice Complex and the Holocene thermokarst deposits from
Kurungnakh Island, all other sites show mineral associations
strongly reminiscent of Lena River deposits (Schwamborn et al.,
2002; Schirrmeister et al., 2003a). However, the composition of
the MIS 3 Yedoma Ice Complex and the Holocene thermokarst
deposits from Kurungnakh Island are similar to the sediments
originating from the southern Chekanovsky Ridge, mainly
because of the high garnet content (Schirrmeister et al.,
2003a). The Chekanovsky Ridge consists of Mesozoic
sandstones and slates in a sequence of overthrusted imbricate
synclines (Mikulenko, 1996).

At the Mamontovy Klyk site in the west of the study region,
the mineral associations and coefficients are dominated by
epidote, pyroxene, and amphibole and are relatively uniform
within the profile as well as in the fine and the coarse fractions
(Figure 6). However, there are minor differences between the
MIS 3, the MIS 2 and the MIS 1 sediments. The weathering and
soil formation processes and the source areas did not change
significantly during the deposition of the different units. The
source area, the Pronchshishev Ridge, is located to the south and
is composed of Mesozoic sandstones and siltstones. We assume
that the source area has not changed significantly over time, but it
is possible that transport processes and pathways changed
somewhat. In addition, the Holocene units resemble mainly
MIS 2 Yedoma Ice Complex deposits from which thawed and
re-located built the Holocene sequences.

Many of the sections do not differ clearly in their mineral
coefficients; values remain in a narrow range. Small scale
variations might be explained by hydrodynamic sorting rather
than indicating source rock change. The Bol’shoy Lyakhovsky
section is the site with the largest number of samples and the
longest record; stretching over two glacial-interglacial cycles,
exemplarily demonstrating the coefficient range in the study
area. Even though the coefficient span, e.g., in the ZTR, is
greatest here among all sites, the mineral spectrum does not
change over time and sediments in the area have likely been
remobilized in varying depositional environments
(i.e., floodplain, aggrading polygonal tundra soils, thermokarst
lakes). We assume that this is also the case with other sites around
the Laptev Sea margin.

In general, Q/Fs coefficients are <1 for all studied sites. This
agrees with experimental studies of Konishchev and Rogov (1993)
showing a quartz enrichment in silt when compared with feldspar
and which is interpreted to be typical for permafrost terrain with
frequent freeze/thaw cycling.

Our results show that local heavy and light mineral spectra are
relatively constant over time in the region, although the mineral
proportions individually vary from site to site. This finding
strongly suggest that local bedrock properties drive the
composition of deposits as opposed to long-range transported
contributions.

General Overview From the Statistics
We performed an ANOVA on the association of heavy minerals
in the sediment samples to allow quantification of the differences
in sample sets with regard to the stratigraphic units. If the
stratigraphy can be clearly distinguished at a site, we assume

that sedimentary conditions were different or that sediments were
altered after sedimentation by different processes.

Tukey Honest Significant Differences Test (Tukey, 1949) was
used for multiple comparisons of mineral content means
averaged according to site and stratigraphy of sample mineral
associations. Figure 7 summarizes the comparison of
stratigraphic-wise means of the mineral associations of the fine
fraction, where each block table refers to one sample site.
Minerals with significantly different means among the
compared stratigraphic units are shown with different
background coloring in the table.

For the Oyogos Yar coast, Bunge Land high terrace, the
Novaya Siber Island, Mamontovy Khayata, Ivashkina Lagoon,
Eastern Ebe Basyn Island, Nagym (southern Ebe Basyn Island),
and Khardang Island, the ANOVA analysis shows that no clear
separation of the stratigraphy by heavy mineral content is
possible. This implies that sedimentary conditions during the
different ages and source material were somewhat similar is at
these sites.

For Bol’shoy Lyakhovsky Island, the ANOVA analysis
demonstrates that both MIS 6 and MIS 7 are significantly
different from all other stratigraphic units, but cannot be
distinguished from each other. The other stratigraphic units also
do not show strong distinctions from each other. In contrast, at
Cape Svyatoy Nos, all studied stratigraphic units (MIS 3, MIS 5a,
MIS 7) are distinguishable from each other. At Stolbovoy Island,
the MIS 1 mineral composition is clearly different from those of
MIS 3 andMIS 4, while MIS 3 andMIS 4 are similar to each other.
For Bel’kovsky Island and Bykovsky North, MIS 2 and MIS
3 mineral associations can be differentiated. For Turakh Island,
MIS 1 has no clear distinction from MIS 2, and MIS 2 in turn has
no clear distinction from MIS 3. MIS 1 and MIS 3, however, are
clearly distinguished from each other. The Kurungakh Island
sediments from MIS 3 S can be distinguished from MIS 3 IC
and MIS 1 sediments through their fine heavy mineral content,
while there is no apparent difference between MIS 1 and MIS 3 IC
indicating that MIS 1 deposits here formed from re-deposited MIS
3 deposits. For Cape Mamontov Klyk, MIS 1 and MIS 2 are
indistinguishable, similar to MIS 3 IC and MIS 3S. However, both
MIS 1and MIS 2 are clearly different from MIS 3 IC and MIS 3S.

In general, ANOVA shows that the heavy mineral contents
contributing to a statistically significant separation of
stratigraphic units are mainly epidote, garnet, ilmenite, zircon,
and weathered mica. Weathered mica content seems to gain
importance with increasing age of the samples.

In order to assess the implications of differences between
stratigraphic units and sites, a cluster analysis was performed on
age means of mineral associations for the heavy and light
minerals in the fine fraction. Clusters containing one sample
site each would indicate that the geographical location dominates
the similarities between mineral associations. Clusters containing
one stratigraphic unit each would indicate that the stratigraphic
unit of the sediments dominated the mineral association and in
turn the sedimentary conditions. Eight clusters were extracted
from the dendrogram in Supplementary Figure S3 for the fine
fraction heavy mineral associations, using a combination of
cluster significance and height.
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The clusters do not show a clear differentiation by
stratigraphic units for the fine heavy mineral associations, but
they highlight site-specific relationships and differences.

The three stratigraphic units from Cape Svyatoy Nos (MIS 3,
MIS 5a-d, MIS 7) could not be assigned to any cluster.

The Stolbovoy Island MIS 3 andMIS 4 deposits form cluster 1,
along with Bel’kovsky Island MIS 3. Cluster 4 contains MIS 1
from both Bel’kovsky Island and Stolbovoy Island.

Cluster 2 consists of all stratigraphic units from Bunge Land
(Bunge Land, low terrace MIS 1, Bunge Land, high terrace MIS 1
andMIS 2), Turakh Island (MIS 1, MIS 2, andMIS 3), eastern Ebe
Basyn Island (MIS 1, MIS 2) and Nagym, Ebe Basyn Island (MIS
3S, MIS 3 IC). Additionally, this cluster contains Novaya Sibir
Island (MIS 5e), Khardang Island (MIS 2 and MIS 3 S), and
Kurungnakh Island (MIS 3 S). Both other stratigraphic units of
Kurungnakh Island (MIS 1, MIS 3 IC) form cluster 8, while two
other units from Novaya Sibir Island (MIS 4, MIS 1) cannot be
assigned to any cluster. The third stratigraphic unit from
Khardang Island (MIS 3 IC) is assigned to cluster 3.

In addition, cluster 3 contains all stratigraphic units fromCape
Mamontov Klyk (MIS 1, MIS 2, MIS 3 IC, MIS 3 S), Mys Anisii,
Kotel’ny Island (MIS 2), Oyogos Yar (MIS 5a–d and MIS 5e) and
Bykovsky North (MIS 2). Oyogos Yar MIS 3 andMIS 4 cannot be
assigned to a cluster. Bykovsky North MIS 3 is contained in
cluster 6.

Cluster 5 contains Ivashkina Lagoon MIS 2 and MIS 3
deposits, while MIS 1 could not be assigned to any cluster.
Cluster 6 contains all stratigraphic units from Mamontovy
Khayata (MIS 1, MIS 2, and MIS 3) together with Bykovsky
North (MIS 3).

Cluster 7 contains five stratigraphic units from Bol’shoy
Lyakhovsky (MIS 1, MIS 3, MIS 4, MIS 5a–d, MIS 5e). The
other three stratigraphic units from Bol’shoy Lyakhovsky (MIS 2,
MIS 6, MIS 7) could not be assigned.

Aside from Mamontov Klyk, where ANOVA suggests a
separation between MIS 1 + MIS 2 and MIS 3 IC + MIS 3 S
that is not reflected in the cluster analysis, all separations shown
in the ANOVA are also present in the cluster analysis, sorting the

FIGURE 7 |Comparison of stratigraphic-wise mean values of mineral associations of the fine fraction from sites (site numbers according to Figure 2) with sufficient
number of samples. using the Tukey Honest Significant Differences Test (Tukey, 1949). The background coloring shows minerals with significantly different means
among the compared stratigraphic units. (Ep—epidote, Cpx—clinopyroxene, Opx—orthopyroxene, Amp—amphibole, Grt—garnet, Zrn—zircon, Ap—apatite,
Tur—tourmaline, Ilm—ilmenite, Rt—rutile, Leuc—leucoxene, Spn—sphene, Bt—biotite, Chl—chlorite, Ms—muscovite, WM—weathered mica).
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different units into different clusters. Additionally, units from
Novaya Sibir Island and Ivashkina Lagoon are sorted into
different clusters, reflecting the differences apparent from the
means shown in Supplementary Figures S3 and S4 that ANOVA
cannot detect due to too few samples.

The fine light mineral associations can be separated into four
clusters (Supplementary Figure S4). Ten stratigraphic units from
different sites could not be assigned. Cluster 1 contains Cape
Svyatoy Nos MIS 3 and Bol’shoy Lyakhovsky MIS 4 associations.
Bol’shoy Lyakhovsky MIS 5a–d, MIS 5e, and MIS 6 associations
could not be assigned to a cluster, while MIS 1, MIS 2, and MIS 3
associations are contained in cluster 4. Cape Svyatoy Nos MIS
5a–d and MIS 7 associations could not be assigned to any cluster.
Novaya Sibir Island MIS 4 and MIS 5a–d associations form
cluster 2 along with Turakh Island MIS 3. Turakh Island MIS
1 and MIS 2 associations are contained in cluster 3 along with
eastern Ebe Basyn Island MIS 1 and MIS 2, Khardang Island MIS
3c and MIS 3 IC, and Bol’shoy Lyakhovsky MIS 7 associations. In
addition to the stratigraphic units from Bol’shoy Lyakhovsky
listed above, cluster 4 contains all stratigraphic units from
Ivshkina Lagoon (MIS 1, MIS 2, and MIS 3), Khorogor Valley
MIS 1, both Bykovsky North MIS 2 and MIS 3, all stratigraphic
units from Mamontovy Khayata (MIS 1, MIS 2, and MIS 3), and
Khardang Island MIS 2. All three stratigraphic units from Cape
Mamontov Klyk with light mineral records (MIS 1, MIS 2, and
MIS 3 IC) are outside of all clusters. Novaya Sibir Island MIS 1
could also not be assigned to a cluster.

Cluster associations from the fine light minerals fraction are
distinctly different from those of the fine heavy minerals fraction.
However, they also indicate that there is no clear differentiation
by stratigraphic units at certain sites or by geographic location of
the study sites.

The cluster analyses of the fine heavy and light mineral
associations contain clusters that explain a local genetic
association with the same source rocks (Bykovsky Peninsula,
Lena Delta). There are also clusters where the site units are several
hundred kilometers distant from each other. Furthermore, close
correlations between the MIS 3 Yedoma units and the MIS 1
thermokarst units were often evident. This supports the
hypothesis that the mineral composition of Holocene deposits
in most cases derives from thawed and redeposited Yedoma Ice
Complex deposits.

Generally, the mineral compositions are results of several
process factors. These include the source rock, the
sedimentation conditions, the duration of frost weathering
after deposition in the active layer, and the impact of post-
sedimentary soil formation processes.

Regional and Methodical Context
Finally, we have compared the best studied heavymineral fraction
(63–125 µm) in the most widespread stratigraphic units (MIS 3, 2
and 1) (Figure 8). In general, this regional comparison
demonstrates that heavy mineral contents are specific to the
sample sites within similar sedimentary context, which
indicates that local processes determine the heavy mineral
content. The heavy mineral associations of some neighboring
sites are similar within limits for certain stratigraphic units.

For MIS 3, the Laptev Strait sites (Figure 8, study sites 1–3),
the Stolbovoy and Belkovsky islands (study sites 4 and 5),
Bykovsky Island (study sites 9–11); and the Kurungnakh sands
and all other sites in the Lena Delta and Mamontov Klyk (study
sites 17S, 13–18) are relatively similar.

Not as many data sets are available for MIS 2. Here the sites of
Cape Anissi on Kotel’ny Island and from the higher terrace of
Bunge Land (study sites 6 and 7a), on the Bykovsky Peninsula the
sites Bykovsky North and Ivashkina Laguna (study sites 10 and
11) and in the Lena Delta the sites eastern Ebe Basyn Island,
Tuarakh Island and Khardang Island as well as further west Cape
Mamontov Klyk are similar.

For MIS 1, there are relative similarities at Stolbovoy and
Belkovsky Islands (study sites 4, 5), at the two sites on Bunge Land
(study sites 7a, 7b), at Tuarakh Island and eastern Ebe Sise Island
in the Lena Delta. The sites at Novaya Sibir’ Island and
Kurungnakh Island (MIS 1 and MIS 3 Ice Complex) stand out
primarily because of their high garnet contents. In the Lena Delta,
the MIS 3 sand and Yedoma Ice Complex deposits of study sites
13–16 have a similar heavy mineralogical signature (Figure 8). It
is similar to the sediments of the Lena River (Schwamborn et al.,
2002; Schirrmeister et al., 2011a). While the MIS 3 Ice Complex
deposits from Kurungnakh Island (study site 17) were formed by
proluvial sediments from Chekanovsky Ridge which accumulated
on a flat foreland plain in front of the mountain range
(Schirrmeister et al., 2011a). The MIS 1 deposits from this site
are similar to the MIS 3 sediments as they were formed from the
redeposited Yedoma Ice Complex sediments.

Stolbovoy and Belkovsky islands (Figure 8, study sites 4 and 5)
are characterized by high mica content compared to all other
sites. This could be caused by changes in heavy mineral content
dominated by mica weathering which leads to higher percentage
of all other heavy minerals in MIS1 compared to MIS3. On
Bykovsky Peninsula the development of Mamontovy Khayata
(study site 9) from MIS3 to MIS1 show very small changes, while
for the Ivashkina Lagoon (study site 11), MIS3 and MIS2 are
similar, but MIS1 looks very differently. This is due the Holocene
lagoon impact.

Over many decades there has been a debate on how to
interpret the origin of the Yedoma deposits. Transport via
aeolian drift over long distances has been proposed to explain
the silty to sandy sediment load that has built up the several
meters to tens of meters high Yedoma uplands in the otherwise
flat Northern Siberian lowland (e.g., Tomirdiaro, 1996; Murton
et al., 2015). In contrast, other studies favored local sediment
sources and dynamics delivering the detritus (e.g., Kunitsky et al.,
2002; Schirrmeister et al., 2020). While a number of studies have
described heavy mineral associations of Arctic sediments both
from the Laptev Sea region (Siegert et al., 2002; Siegert et al., 2009;
Schwamborn et al., 2002; Schirrmeister et al., 2003a;
Schirrmeister et al., 2008; Schirrmeister et al., 2010;
Schirrmeister et al., 2011b) and the neighboring shelf sea areas
(Behrends et al., 1999; Peregovich et al., 1999; Kaparulina et al.,
2018), our study presents the first comprehensive analysis of
heavy mineral associations as a proxy for provenance. This
analysis is restricted methodically to sand fractions, due to
weathering processes that alter the silt fractions and the fact
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FIGURE 8 | Regional comparison of the best studied heavy minerals association (63–125 µm) in the most widespread stratigraphic units (MIS 3, 2 and 1). For the
light-yellow boxes are no data available. The map is a cutout from the map of Figure 1. (1—Bol’shoy Lyakhovsky Island; 2—Oyogos Yar coast; 3—Cape Syatoy Nos;
4—Stolbovoy Island; 5—Bel’kovsky Island; 6—Cape Anisii, Kotel’ny Island; 7—Bunge Land (a—higher terrace, b—lower terrace); 8—Novaya Sibir’ Island. Bykhovsky
Peninsula: 9—Mamontovy Khayata; 10—Bykovsky North; 11—Ivashkina Lagoon; 12—Khorogor Valley. Lena Delta: 13—eastern Ebe Basyn Island; 14—Turakh
Island; 15—Nagym, southern Ebe Basyn Island; 16—Khardang Island; 17—Kurungnakh Island; 18—Cape Mamontov Klyk).
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that in the silt fractions, the minerals cannot be identified
anymore. Therefore, this analysis allows no direct conclusions
on the origins of the Yedoma sediment silt fraction, where a
homogeneous heavy mineral association would fit the long-range
aeolian transport hypothesis, while heterogeneous associations
would be consistent with local and polygenetic origin of the
sediments. In accordance with the grain size distribution analysis
presented in Schirrmeister et al., 2020, our results demonstrate a
polygenetic origin of coarse grain Yedoma sediments, which
make up 5–50% of the Yedoma deposits.

Perhaps in the future, mineralogical studies of the finer
fractions of the Yedoma deposits could help to further clarify
the genesis of this Arctic phenomenon.

CONCLUSION

At most of our 18 study sites in Northeast Siberia (except on
Bunge Land) the studied heavy and light mineral grains of more
than 450 samples from a wide range of Late Quaternary
permafrost deposits are weakly rounded, rounded to
subangular, and angular. For the fine sand fraction this finding
indicates that the sediments did not experience long transport
distances.

Within single outcrop profiles we found clear differences, but
also relatively similar mineral associations in stratigraphic units
of different ages. We suggest two possible scenarios resulting in
this:

(1) the mineral source areas and/or transport mechanisms and
distances changed over time for a distinct site, resulting in
clear differences in the mineral composition of stratigraphic
units of different ages (such as on Bol’shoy Lyakhovsky
Island); and

(2) the mineral source area did not change over time and the
main transport mechanism and distance remained the same
resulting in rather similar mineral associations at distinct
sites (such as on Bykovsky Peninsula). In addition, there are
distinct regional differences in the heavy mineral associations
that mainly reflect differences in provenance.

Mineral associations of the same age differ significantly
between different sites, not in their spectra but in their
mineral proportions. This means that different sites had
different source rocks. However, there are also some sites with
similar mineral associations that are sometimes dozens or
hundreds of kilometers away from each other, but that had
clearly different formation periods and conditions. In these
cases, the source rocks, like sandstones or slates, were
somewhat similar in composition.

Cluster associations of the fine light mineral fraction are
distinctly different from those of the fine heavy mineral
fraction. The light minerals are much more subject to frost
weathering and are therefore more likely to indicate the
intensity of these processes. The heavy minerals, on the other
hand, provide information on the provenance areas.

Our study of heavy and light mineral associations from
permafrost deposits helps disentangling periglacial sediment
dynamics in Northeast Siberia. In particular for the late
Pleistocene Yedoma Ice Complex deposits, our findings
suggest a strong local sediment source for individual sites, in
agreement with dominance of periglacial weathering and local
transport processes (including local aeolian relocation) instead of
solely far-ranging transport and mixing during aeolian loess
deposition.
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