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Supplementary Table S1: Study sites, coordinates, and geological characteristics, and corresponding site-specific publications. 

Loc
. 

No. 

Location 
(short code) 

Site specific references 

Sampling 
year 

Age 
(kyr) 

°N °E bedrock/ parent rock 

1 Bol’shoy Lyakhovsky Island 
(Zimov’e River, L, R, TZ, L7) 
(Andreev et al., 2004, 2009; 
Boike et al., 2008; Kienast et al., 
2008; Kunitsky et al., 2002; 
Kusch et al., 2019; Meyer et al., 
2002a; Palagushkina et al., 2012, 
2017; Schennen et al., 2016; 
Schirrmeister et al., 2000, 2002c; 
Schwamborn et al., 2015; Stapel 
et al., 2018; Walz et al., 2018; 
Wetterich et al., 2009, 2011, 
2014, 2016, 2019, 2021; 
Zimmermann et al., 2017) 

1999, 
2007 

54 - 22 73.30 141.5 Permian to Triassic siltstone, 
sandstone, mudstone, Early 
Cretaceous granite 

2 Oyogos Yar coast (Oy7) 
(Boike et al., 2008; Grigoriev et 
al., 2003; Kienast et al., 2011; 
Opel et al., 2010, 2017; 
Schirrmeister et al., 2011b; 
Wetterich et al., 2009, 2014, 
2016) 

2007 48 - 32 72.68 143.53 Neogene silt, sand, and gravel 



3 Cape Svyatoy Nos (X-99) 
(Schirrmeister et al., 2011b) 

1999 >50 - 36 72.84 140.85 Cretaceous granite 

4 Stolbovoy Island (Sto) 
(Grigoriev et al., 2003; 
Schirrmeister et al., 2011b) 

2002 >51 – 36.6 74.06 136.08 Cretaceous sandstone, siltstone 

5 Bel’kovskiy Island (Bel) 
(Grigoriev et al., 2003; 
Schirrmeister et al., 2011b) 

2002 54 - 40 75.37 135.59 Devonian siltstone, mudstone, 
sandstone, limestone 

6 Cape (Mys) Anisii, northern 
Kotel’ny Island, (Mya)  
(Grigoriev et al., 2003; 
Schirrmeister et al., 2011b) 

2002 28 76.17 139.01 Silurian limestone, siltstone 

7 Bunge Land (Bun) (Grigoriev et 
al., 2003; Schirrmeister et al., 
2010) 

2002 12.5 – 7 
modern 

74.87 
74.84 

142.16 
140.39 

Triassic and Devonian silt, sand, 
and limestone 

8 Novaya Sibir Island (Nes) 
(Grigoriev et al., 2003) 

2002 > 52 - 9 75.12 146.65 Tertiary sand, gravel, silt 
Jurassic silt, clay, sandstone 

9 Mamontovy Khayata, Bykovsky 
Peninsula (Mkh) 
(Andreev et al., 2002; Bobrov et 
al., 2003, 2004; Grosse et al., 
2005, 2007; Kienast et al., 2005; 
Kuznetsova et al., 2019; Meyer et 
al., 2000; Schirrmeister et al., 
2002a, b; Sher et al., 2000, 2005; 
Siegert et al., 1999; 2002; 
Wetterich et al., 2005) 

1998, 
1999 

57 - 12 71.78  129.43  Permocarbon sandstone and slate 
of the Kharaulakh Range 

10 Bykovsky North, Bykovsky 
Peninsula (B-S) (Siegert et al., 
1999) 

1998 53 – 13.4 71.95 129.19 Permocarbon sandstone and slate 
of the Kharaulakh Range 



11 Ivashkina Lagoon, Bykovsky 
Peninsula (Iv-2-99) 
(Schwamborn et al., 2000; 
Schirrmeister et al., 2018)  

1999 36 – 0.5 71.74 129.40 Permocarbon sandstone and slate 
of the Kharaulakh Mountain 
+ Surrounding Yedoma Ice 
Complex  

12 Khorogor Valley (Khg) 
(Grigoriev et al., 2003; Grosse et 
al., 2007) 

2002 modern 71.73 128.72 Permocarbon sandstone and slate 
of the Kharaulakh Mountain 

13 Ebe Basyn Island (Ebe) 
(Schirrmeister et al., 2007, 
2011a) 

2005 12.6 – 0.6 72.93 123.60 Mesozoic sandstone and slate of 
the Chekanovsky Ridge 

14 Turakh Island, Arga Complex 
(Tur) (Schirrmeister et al., 2007, 
2011a) 

2005 > 52 – 0.3 72.97 123.80 Paleo Lena River deposits 

15 Nagym, Ebe Basyn Island (Nag) 
(Schirrmeister et al., 2001, 2003, 
2011a) 

2000 >56.8 - 43 72.88  123.32  Paleo Lena River deposits 

16 Khardang Island (Kha) 
(Schirrmeister et al., 2007, 
2011a) 

2005 30 - 20 72.95 124.21 Paleo Lena River deposits 

17 Kurungnakh Island (Bkh) 
(Schirrmeister et al., 2001, 2003, 
2011a; Schwamborn et al., 2002; 
Wetterich et al., 2008) 

2002 50 - 32 72.33  126.30  Paleo Lena River deposits and 
Mesozoic sandstone and slate of 
the Chekanovsky Ridge 

18 Cape Mamontov Klyk (Mak) 
(Bobrov et al., 2009; Grosse et 
al., 2006; Mitzscherling et al., 
2019; Müller et al., 2009; 
Schirrmeister et al., 2004, 2008; 
Winterfeld et al., 2011) 

2003 46 - 9.5 73.61  117.18  Mesozoic sandstone and siltstone 
of the Pronchishchev Range 
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Supplementary Figure 1. Important landscape elements used in the paper. A – Granite domes of 
Cape Svyatoy Nos, B – Dmitrii Laptev Strait, C – Khaptagai Tas Hill on Bol’shoy Lyakhovsky 
Island, D – Novaya Sibir Island, E - Bunge Land, F – Kotel’ny Island, G – Bel’kovsky Island, H – 
Stolbovoy Island, I – Bykovsky Peninsula, J - Kharaulakh Range, K – Chekanovsky Ridge, L - 
Pronchshishev Ridge  
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Supplementary Table S2. Description of heavy and light minerals in each stratigraphic unit  

No Site Descriptions 
1 Bol’shoy 

Lyakhovsky 
Island 

MIS >7 (Cryogenic Eluvium)  
- Grains are weakly rounded and clean. 
- Rhombic pyroxene is represented by hypersthene. 
- Hornblende is dark green, rarely brown. 
- Garnet (almandine) is pink, sometimes corroded, with numerous ore inclusions. 
- Sphene and ilmenite are partially leucoxenized. 
- Tourmalines are columnar, blue, pink, brown, and green with strong pleochroism.  
- Zircons are prismatic bipyramidal. 
- Feldspars are unrounded and weakly rounded, altered (sericitized, slightly ferruginous), or 
fresh; remnants of sandstones cement.  
– detritus rock grains are translucent or translucent at the edges.  
 
MIS 7 (Yukagir) 
- Grains are unrounded and weakly rounded. 
- Epidote: Along with transparent debris of pistachio green color, aggregated fragments are 
present. small amount of zoisite. 
- Monoclinic pyroxenes: weakly colored and colorless diopside in good preservation; 
rhombic pyroxenes are hypersthene. 
- Amphiboles are dark green, rarely brown, and nearly colorless. 
- Quartz (unrounded) and feldspars are contaminated with iron-humus stains and often occur 
in intergrowths. 
- Feldspars are unrounded, partly chloritized. 
- Carbonate aggregates are ferruginous. 
 
MIS 6 (Zimov’e Stratum) 
- Grains are clear, iron-free and unrounded or weakly rounded.  
- Epidote is of variable preservation. 
- Ilmenite and anatase are partially leucoxenized. 
- Leucoxene as dense grains with smooth surfaces.  
- Carbonates (calcite) are colorless and present in elongated crystals with distinct twinning 
and tangled-fibrous structure. 
 
MIS 5e (Krest Yuryakh) 
- Grains are angular, and subrounded. 
- Iron hydroxide grains of yellowish-ochre, reddish-brown, and almost black color.  
- Light fraction is dominated by sericitized feldspars. 
- Ilmenite is partially leucoxenized. 
- Epidote as irregular pistachio green fragments, in aggregates with other minerals. Zoisite is 
present in small amounts. 
- Rhombic pyroxenes are represented by hypersthene and enstatite. Enstatite as fragments of 
prismatic crystals, with distinct cleavage cracks, slightly greenish and colorless. 
- Hornblende is dark green, slightly rounded. 
- Mica plates are carbonated and ferruginous. 
- Calcite colorless or brown and micro-oolithic. 
- Magnetite on plant remains. 
 
MIS 5a-d (Kuchchuguy, Buchchagy) 
- Grains are weakly rounded or unrounded. 
- In the heavy mineral fractions rounded mica plates of different preservation dominated. 
- Ilmenite: angular, partially leucoxenized. 
- Epidote: well-formed prismatic crystals and fragments, good preservation.  
- Hornblende: elongated round grains of dark green color.  
- Sphene is crystalline and aggregated 
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- Feldspars are unrounded or slightly rounded. 
- Iron hydroxides are compact, rounded grains.  
- Carbonates: rhomboedric, mirodrusses, white spherical aggregates (micro-oolithes). 
- Many grains are coated with an iron film. 
- Aggregates consist of clayey, micaceous particles and small fragments of various minerals, 
light colored.  
- Organo-mineral pellets are found containing carbonates and are reactive to iron and 
manganese. 
 
MIS 4 (Zyryan) 
- Grains are differently rounded and also angular. 
- Ilmenite is partially leucoxenized.  
- Epidote and pyroxene grains with fresh chipping. 
- Sphene is crystalline and aggregated.  
- Biotite as thin round plates of different preservation.  
- Feldspars are variably rounded. 
 
MIS 3 (Kargin) 
- Grains are only weakly rounded; most of them have a brownish film on the surface. 
- Predominant minerals are epidote and amphibole. 
- Light fraction consists of organo-mineral aggregates with admixture of feldspars, 
muscovite, and chlorite. 
- Carbonates are ferruginous, micro-oolithic. 
 
MIS 2 (Sartan) 
- high contents of plant detritus and clay material. 
- no detailed description. 
 
MIS 1 (Holocene) 
- Grains are angular. 
- Pyroxenes and amphiboles with fresh fragments and in aggregates with other minerals, 
ferruginous, chloritized.  
- Epidote is fresh and altered. 
- Anatase is represented by zonal bipyramidal crystals. 

2 Oyogos Yar 
coast 

MIS 5e to 3 (Krest Yuryakh, Buchagy, Zyrayan, Kargin) 
- Grains are weakly rounded or angular. 
- Epidote is of variable preservation, small amounts of zoisite are present.  
- Monoclinic pyroxene is represented mainly by diopside.  
- Rhombic pyroxenes (hypersthene) are rarely present.  
– Amphiboles are dark green, more rarely brown and light green. 
- Often garnet, epidote, and ilmenite in intergrowths with feldspars.  
- Titaniferous minerals are partially leucoxenitized.  
- Authigenic parts contain some fine-grained aggregates with iron-carbonate composition. 
-  Carbonates are kidney-shaped and microdruses.  

3 Cape Svyatoy 
Nos 

MIS 7 (Yukagir), MIS 5a-d (Kuchchuguy, Buchchagy), MIS 3 (Kargin) 
- Grains are mostly angular and consist often of mineral aggregates. 
- Pyroxenes and amphiboles are partially chloritized and iron-bearing¸ Hornblende 
predominates; Monoclinic pyroxenes are diopsides. 
- unrounded, unaltered plagioclases predominate. 
- Carbonates are micro-ooliths.  

4 Stolbovoy Island No descriptions available 
5 Bel’kovskiy 

Island 
No descriptions available 

6 Cape Anisii 
(Kotelny Island) 

No descriptions available 

7 Bunge Land MIS 2 (late Sartan), MIS 1 (Holocene) 
- Grains of heavy  fractions are well-rounded and preserved. 
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- Ilmenite is often leucoxenized and intergrown with feldspars. 
- Epidotes are fragments of irregular shape, transparent to cloudy. 
- Monocline pyroxenes consist of colorless and light green diopside, more rarely of augite; 
sample Bun-7-1(lower terrace) is characterized by a great diversity in the composition of the 
occurring diopsides (bluish-green, emerald-green, light green, colorless); all grains are well 
preserved and show no traces of alteration. 
- The amphiboles belong to the ordinary hornblendes. Most often they have dark green, 
almost black color, rarely occur brown and almost colorless varieties. Sample Bun-7-1 is 
distinguished by the great variety of hornblendes. Bluish-green, dark green, almost black, 
dark brown, and brownish-green varieties occur. 
- Sample Bun-8 (lower terrace) contains 11.6% heavy minerals in the 63-125 µm fraction and 
3.1% in the 125-250 µm fraction; in addition, the 63-125 µm fraction contains pyrite (grains 
of grape-like form or as crusts, partly somewhat oxidized to FeOOH, bronze-colored with 
partly distinct metallic luster). 

8 Novaya Sibir 
Island 

No descriptions available 

9 Bykovsky 
Peninsula, 
Mamontovy 
Khayata,  

MIS 3 (Kargin), MIS 2 (Sartan), MIS 1 (Holocene) 
- Mineral grains are slightly rounded or angular. 
- The heavy mineral composition in both investigated fractions is dominated by minerals of 
the pyroxene and amphibole groups.  
- The pyroxene group consists mainly of greyish brown augite with rare occurrence of 
diopsite and hypersthene in minor amounts.  
- The amphibole group is dominated by ordinary green colored hornblende. In addition, soda 
amphibole was sometimes observed. 
-  Ilmenite, leucoxene, and epidote are present in significant amounts, followed by garnet, 
apatite, and sphene.  
- Zircon and tourmaline are continuously observed in minor amounts.  
- In small but marked amounts some sediments contain rutile, disthen, chloritoid, staurolith, 
and andalusite. 
- Some amounts of chlorite also occur in most samples.  
- Weathered mica is less frequently present.  
- A striking fact is the predominance of angular, fresh quartz grains in the light fraction.  
- Angular intergrowths of pyroxene, amphibole, and opaque minerals occur.  
- Aggregation of these minerals with feldspars can be also observed.  
- Augite and hornblende are mainly untouched and only a minor part shows signs of 
weathering (limonitisation, irregular coloring).  
- Different states of weathering suggest that source rocks were already partly transformed. 

10 Bykovsky 
Peninsula, 
Bykovsky North  

MIS 3 (Kargin), MIS 2 (Sartan) 
- In all samples except for B-S1 grains are not rounded and show frequent intergrowths of 
several minerals. 
- Monoclinic pyroxene in sample B-S1 is augite and diopside; in all other samples pyroxene 
is augite only. 
- Amphibole is ordinary hornblende; in sample B_S1 light green, dark green, and brown; in 
all other samples dark green only. 
- Feldspar predominantly as potassium feldspar, often cloudy. 

11 Bykovsky 
Peninsula, 
Ivashkina 
Lagoon  

MIS 3 (Kargin), MIS 2 (Sartan), MIS 1 (Holocene) 
- All samples are characterized by low yield of heavy fraction, unrounded terrigenous 
material, insignificant ore mineral content or lack thereof, and uniform mineralogical 
composition.  
- More diverse composition was sampled at the 6.11-6.13 m depth and at the 5.30-5.34 m 
depth.  
- Monoclinic pyroxenes are represented by gray-brown augite; a minor amount of light green 
diopside is present. Amphiboles are represented by dark green hornblende.  
- The light fraction is represented by feldspars, clasts of chlorite schists, sedimentary rocks, 
and aggregate grains. 
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- In sample iv-2-99 (1.44-1.46 m depth), the light fractions of both fractions consist of 
unstable light gray fine aggregates; quantitatively, they account for 100%. 
In the heavy fractions of sample iv-2-99 (4.11-4.15 m), pyroxenes and amphiboles are 
partially fractured, ferruginous.  
- Many rock fragments, reddish brown ferruginous carbonate grains in dense aggregation 
(probably micro concretions). The carbonates are ferruginous. Their color is reddish-brown 
and yellow-brown. 
- The light fractions of samples 17/8, 10/3, and 15/5 have a composition similar to that of 
sample iv-2-99 (1.44-1.46 m). 

12 Khorogor Valley MIS 1 (Holocene, modern) 
- Samples have the same mineralogical composition, but different quantities of terrigenous 
material. 
- They contain rock fragments - predominantly fragments of chloritic shales, with a small 
amount of sedimentary and metamorphic rock fragments. 
- Predominant minerals in the heavy fraction are pyroxenes (augite) and, in some samples, 
titaniferous minerals (ilmenite, leucoxene, sphene, rutile). 
- In the light fractions feldspars predominate, which are mostly altered, turbid.  
- Samples rich in humus and iron hydroxides are brown colored (film on the surface and 
fillings on cleavage cracks).  
- Silty samples contain many unstable, easily disintegrated organominerals. 
- All minerals are angular, unrounded; in fluvial sediments only some grains are rounded and 
semi-rounded. Very often the grains occur as clusters of several minerals (ilmenite and 
augite, leucoxene and sphene, feldspars with minerals of the heavy fraction, etc.).  
- The amount of the heavy fraction is low. 

13 Eastern Ebe 
Basyn Island 

MIS 2 (Sartan); MIS 1 (Holocene) 
- The rounding of grains is weak, some of the grains are angular. 
- Rhombic pyroxenes are represented by hypersthene, enstatite grains are rare; monoclinic 
pyroxenes are represented by diopside and augite. 
- Most epidote grains are dark, and consist of fresh crystal fragments; zoisite is rarer.  
- Ilmenite is partially leucoxenized. 
- Zircons have an oval-elongated pomegranate shape and are bipyramidal. 
- In sample Ebe 4-11 grains are calcified, garnet is weakly calcified and angular; epidote 
grains are intergrown with hornblende. 

14 Turakh Island MIS 3 (Kargin), MIS 2 (Sartan), MIS 1 (Holocene) 
- Most grains are angular or weakly rounded; often there are clusters of two and three 
minerals. 
- Ilmenite is partially leucoxenized. 
- 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 colorations of 
different intensity, rarely augite occurs. 
- Garnet is completely unrounded. 
- Titanium minerals (ilmenite, sphene) are often leucoxenitized. 
- Fe-bearing carbonates were considered as new formations (probably siderite), colorless 
calcite crystals are rare. Fe hydroxides occur in the form of rounded rearrangement products. 
- In sample T-02-1 are semi-rounded grains. Leucoxene develops on sphene and anatase. 
There are aggregates of pyroxene with hornblende: sphene is represented by flat, envelope-
shaped crystals. 
- In samples Т-021-6, Т-021-10, Т-021-11 mineral grains are covered with iron skins. 

15 Nagym (southern 
Ebe Basyn 
Island) 

MIS 3 (Kargin) 
- Grains with different roundness. Some minerals are fissured with black and brown parts. 
-- Ilmenite is often leucoxedized. 
- Epidote is clear and dark, zoisite occurs intergrown with hornblende and feldspar. 
- Pyroxenes (diopside and augite) are colorless or brown and are present in aggregates with 
feldspar, sometimes ferruginous. Enstatite is present among the rhombic pyroxenes. 
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 - Amphibole is clear and dark with a fractured surface, sometimes contaminated with clayey 
material. 
- Garnets are colorless, pink, and brown; grains are angular and in aggregates with 
hornblende and epidote.  
- Zircon is colorless and brownish. 
- Staurolite with carbonaceous inclusions. 
- Chlorite is intergrown with ilmenite interspersed with rutile needles. 

16 Khardang Sise 
Island 

MIS 3 (Kargin), MIS 2 (Sartan) 
- The heavy mineral association corresponds to Turakh Island above. 
- Ilmenite grains are leucoxenized.  
- The light fraction of the Kha-2-11, 2-28, 2-33 samples are calcified and weakly rounded. 
- Quartz grains are intergrown with rutile. 
- Feldspars are contaminated and have black spotty inclusions. 
- Microaggregate carbonates are part of organomineral aggregates. 

17 Kurungnakh 
Island 

MIS 3 (Kargin), MIS 1 (Holocene) 
- There are clear differences between the Lower Sand Unit (MIS 3 S) and the covering Ice 
Complex Unit (MIS 3 IC). 
- This is especially reflected in higher garnet and epidote contents as well as lower pyroxene 
and amphibole contents of the Ice Complex deposits 
- The heavy mineral composition of the Lower Sand Unit is comparable to all the other 
samples from the Lena Delta. 

18 Cape Mamontov 
Klyk 

MIS 3 (Kargin), MIS 2 (Sartan), MIS 1 (Holocene) 
- All samples are rather uniform in composition and mineral appearance. 
- The grains are differently rounded; weakly rounded grains dominate. The preservation of 
the grains is good, except for epidote and micas. 
- The predominant minerals of the heavy fraction are epidote, pyroxene, and amphibole. 
- Ilmenite is rounded and weakly rounded, sometimes leucoxenized. Sometimes it is found in 
assemblages with sphene. 
- Epidote is usually in the form of irregularly shaped fragments, and clouded by secondary 
alteration products. Less common are prismatic crystals of good preservation. 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 dark green, rarely by brown hornblende. 
- Garnets are irregularly shaped, weakly rounded, colorless to pink (almandine). Rarer are 
brown, orange, and bright yellow varieties. 
- Zircon is found as prismatic-bipyramidal crystals and their fragments. 
- Tourmaline occurs as prismatic crystals and their fragments. Their coloration is brown 
(magnesian variety) 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 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, rosettes are found. 
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Supplementary Table S3. Excel file of the mean contents of heavy and light mineral composition 
for the 63-125 µm and the 125-250 µm fraction for each study site and each studies horizon 

 

 



   

 
Supplementary Figure S2. Cluster dendrogram for the hierarchical clustering of heavy mineral association sample means (fine fraction) for 
each age and sample site. Distances between site/age combinations are assessed using the chi-squared method. Clustering method is 
"average". Clusters are indicated by black rectangles. Numbers at the dendrogram edges are for basic bootstrapping probability significance 
values (red) and corrected approximately unbiased significance values (green), statistical significances according to the bootstrapping 
approach used in the pvclust package.   
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Supplementary Figure S3. Cluster dendrogram for the hierarchical clustering of light mineral association sample means (fine fraction) for 
each age and sample site. Distances between site/age combinations are assessed using the chi-squared method. Clustering method is 
"average". Clusters are indicated by black rectangles. Numbers at the dendrogram edges are for basic bootstrapping probability significance 
values (red) and corrected approximately unbiased significance values (green), statistical significances according to the bootstrapping 
approach used in the pvclust package.  


