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We report geocryological data from Hayes Island in the Franz Josef Land archipelago. The data include 
chemical and grain size compositions, species and age of shell faunas, cryostructures, and moisture content in 
samples from several boreholes and an outcrop, as well as micromorphology of thin sections and casts examined 
by optical and electron microscopy. Terraces of diff erent ages are composed of talus, eluvium, and coastal Holocene 
sediments deposited in a cold climate. Changes of cryostructures and microstructures record epigenetic and 
syngenetic types of permafrost formed in marine, tidal and subaerial environments.

Structure, genesis, age, epigenetic permafrost, syngenetic permafrost

INTRODUCTION

Paleogeogaphic reconstructions and understand-
ing of the Late Cenozoic geological and cryogenic 
history of Arctic islands and the Barentz-Kara shelf 
have been limited by data shortage until recently. No 
special geocryological research in the Franz-Josef 
Land archipelago has been undertaken through the 
20th century, while the inferred permafrost parame-
ters and types require empirical checks. The predic-
tions [Kondratiev, 1980] are, namely: 15–40 cm thick 
active layer (thaw depth); –7 to –13 °C temperature 
of ice-free ground; massive or layered cryostructures; 
ice contents from 0.2 in sand to 0.4 in clay silt. The 
presumed permafrost origin is para-syngenetic in 
Quaternary deposits or epicryogenic in older pre-
Quaternary rocks [Ershov, 1988a]. 

Field studies of 2010 in Hayes Island jointly by 
the Institute of Earth Cryosphere (IEC, Tyumen) 
and the Institute of Arctic Biology of the University 
of Alaska (Fairbanks, USA) showed a thaw depth of 
0.34–0.68 m and a permafrost temperature of –8.0 to 
–10.5 °C, all estimates being slightly above but gener-
ally consistent with the predicted values [Drozdov et 
al., 2011]. 

The available data include buried and shore ice, 
snow fi elds, and wedge ice in permafrost at 50, 25–20, 
and 10–8.5 m high terraces in 2.5–5.0 m thick Holo-
cene talus, marine, and glacial deposits [Dibner, 1961, 
1965], as well as recently found 2–3 mm thick incipi-
ent ice wedges [Drozdov et al., 2011]. However, the 
cryostratigraphy of the area remains poorly investi-
gated.

Periglacial deposition environments and types of 
permafrost are recorded in changes of cryogenic pat-
terns in sedimentary sequences [Katasonov, 1972, 
1979]. Syngenetic and epigenetic permafrost types 
diff er in ice content, cryostructures, and relations be-
tween wedge ice and its hosts. Rocks that thaw and 
then naturally freeze back preserve their primary cry-
otic signatures as ice casts and postcryogenc struc-
tures [Romanovsky, 1993; Kaplina, 2011a,b]. 

The problem of discriminating between synge-
netic and epigenetic permafrost arises when only 
small samples of frozen ground are available, such as 
cores with dispersed macroscopic characteristics. In 
this case, discrimination is guided by grain sizes and 
mineralogy of samples, as well as by their structures 
and textures controlled by permafrost [Konishchev, 
1981; Konishchev and Rogov, 1985; Ershov, 1988b; 
Rogov, 2009; Kurchatov and Rogov, 2014]. Repeated 
thawing and freezing in syngenetic subaerial and 
coastal saline permafrost [Badu, 2010] deform the 
primary sedimentary bedding and clastic particles 
and produce new minerals, aggregates, and circular 
forms [Zigert, 1981; Zigert and Slagoda, 1990; Slago-
da, 1991; Slagoda et al., 2014a]. Epigenetic perma-
frost is free from signatures of freezing-thawing cycles 
as freezing from above acts upon hard rocks [Slagoda, 
2005], except for cryotic eluvium (rocks reworked in 
the active layer) [Konishchev, 1981].

Traces of permafrost formation in the micromor-
phology of epigenetically and diagenetically frozen 
saline sediments, which are viscoplastic at negative 
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temperatures, remain very little investigated [Ershov, 
1988b; Zayonchek and Usov, 2003]. Meanwhile these 
structures have implications for cryotraceology (sys-
tematizing permafrost signatures) as a basis for re-
constructing the history of deposition and freezing in 
high-latitudes and on the Arctic shelf.

STUDY AREA AND METHODS

Study area 
Hayes Island belongs to the Franz-Josef Land 

archipelago lying between 80° and 82 °N in the nor-
theastern Barents shelf (Fig. 1). The archipelago con-
sists of 400–490 m high volcanic-sedimentary pla-
teaus cut by faults with up to 1000 m of vertical off -
set, the uplifted and subsided blocks being, 
respectively, islands and water between them [Er-
shov, 1988a]. Hayes Island is composed of Jurassic 
and Cretaceous mudstones, sandstones, and siltstones 
with basaltic lavas and sills from 5 to 40 m thick [Dib-
ner, 1965] and Mesozoic dolerite dikes [Karyakin et 
al., 2009]. The dipping or fl at basaltic bodies armor 
sandstones and mudstones creating cuesta-like to-
pography. Dikes form low (within 100 m) hogbacks 
striking in the northwestern direction and border ter-
raced depressions, with elevations 0–50 m, descend-
ing into the sea. The slopes are drained by a network 
of small creeks fed from melting snow fi elds and gla-
ciers which fl ow into shallow valleys incised in low 
coastal terraces.

The elevated parts of the dike hogbacks are oc-
cupied by an ice dome (Gidrografov) rising up to 
242 m, and their slopes are cut by low-angle steps, 

where sandstone bedrock is incised by modern creeks 
tracing ice retreat. The ice dome was larger in the 
past, judging by the presence of blocks and boulders 
transported to short distances on depressed surfa-
ces. There are modern perennial snow fi elds, locally 
buried under aeolian sand, on northern slopes, rocky 
or ice benches, and in creek valleys. The ice-free part 
of the island belongs to the climate zone of Arctic 
 desert.

Methods 
Samples were taken from three 3 to 10 m deep 

boreholes (BH) and an outcrop cut in a creek valley 
between a 40–80 m high dike and a glacier (Fig. 2). 
Core samples were studied in terms of cryostructures, 
moisture contents, grain sizes, as well as dissolved 
salts and chemistry of melt ice, and its oxygen and 
heavy hydrogen isotope compositions (H. Meyer, Al-
fred Wegener Institute of Polar and Marine Research 
in Potsdam, Germany). Fauna studies were: stratigra-
phy; species of mollusks and their habitats (A.V. Kry-
lov, CJSC Polargeo); ages of shells found in core sam-
ples (T. Goslar, Poznan Radiocarbon Laboratory).

Mineralogy and cryostructures (micromorphol-
ogy) were examined in thin sections and replicas of 
oriented samples, under optical and scanning electron 
microscopes, at the Institute of Earth Cryosphere 
(Tymen, Russia). The results were used to infer the 
environments of deposition and freezing of sediments, 
as well as to trace signatures of permafrost in the Arc-
tic coastal plains [Slagoda and Kurchatova, 2008; Sla-
goda et al., 2013, 2014a,b]. In syngenetic permafrost, 
they are layered and reticulate cryostructures, cracks, 
and circular forms produced by spatial diff erentiation 
of particles. The latter may be simple radiated forms 
or complex concentric aggregates inside larger struc-
tures. Post-cryogenic processes produce voids and 
pores as ice lenses melt in natural conditions and 
cause disintegration and lumping of sediments. Epi-
genetic permafrost commonly shows layered or re-

Fig. 1. Location map of study area.
1 – river drainage; 2 – dikes; 3 – glacier; 4 – lake; 5 – boreholes 
and outcrop cut; 6 – elevation above sealevel.

Fig. 2. Location of boreholes.
1 – Jurassic sandstones and siltstones; 2 – basaltic sills; 3 – ma-
rine and coastal deposits; 4 – talus, eluvium, and slope wash.
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ticulate cryostructures and cryoturbation inherited 
from or superposed upon the primary sedimentary 
bedding, as well as diagenetic or primary postcryo-
genic structures. After epigenetic permafrost thaws, 
voids in rocks often coalesce and leave displaced or 
compacted layers, traces of dehydration or iron im-
pregnation along cracks. 

RESULTS

Zone of ice retreat (Gidrografov glacier). Sam-
pling was from 1 m (1H) and 3 m (2H) deep bore-
holes drilled on 30–27 m high steps dipping at 5–10° 
to the west, in a valley side in central Hayes Island 
(Figs. 1, 2). On the step surfaces, which are mostly 
free from ice and partly covered with lichen and moss, 
there are scattered debris, heaved and fractured 
plates, sandstone boulders, and siderite nodules (up 
to 2 m). Small gullies between large (more than 20 m) 
polygons, which are split, in turn, by seasonal desic-
cation cracks into 0.1–0.3 m patches and blocks, pro-
duce patterned ground. 

BH 2H (80°35′35″ N, 57°54′13″ E), interval 1.9–
3.0 m: frozen bedrock (Table 1; Figs. 3, A, B; 4, c–e).

Layer 1: hard cross-bedded fi ne sandstones and 
siltstones, with 8–13 % clay content and low ice con-
tent, cut by ice-fi lled thin dipping cracks; 

Layer 2: weathered ice-rich sandstones and sands 
with lenticular cryostructures; 

Layers 3, 4 in BH 2H and layers 1–3 in BH 1H: 
subaerial sediments (silt, clay silt, and silty sand) on 
bedrock, with blind cross bedding parallel to ground 
surface and with lenses of weathered ferruginated 
sandstones and fi ne plant detritus; high ice content; 
massive, lenticular, reticulate, basal, and ataxitic 
cryostructures (Table  1). From 29.0 to 41.5  % of 
coarse silt particles in sand and silty sand and up to 
40 % of particles smaller than 0.005 mm in clayey silt; 
low salinity; marine-type salt ion composition with 
Cl > SO4 > HCO3 and Na + K > Mg > Ca (Table 2). 

Zone of low terraces. Sampling was from 10 m 
borehole 3H drilled in terraces dipping westward 
(seaward) at 3–5° and from outcrop cut 4H. 

BH 3H (80°36′23″ N, 57°54′35″ E) is located on 
a 20-m high terrace incised by the Romantikov Creek 
and its tributaries, as well as by gullies along frost 
cracks. Patterned ground is produced by large poly-
gons extending parallel to 2.5–3.0 m high escarp-
ments dipping toward the creek valley. There are fl at-
bottom ravines and triple junctions of frost cracks 
with narrow bars between them. The sediments con-
tain abundant mollusk shells. 

The BH 3H section consists of silty sands and 
sandy or clayey siltstones (Table 1), with 17–25 % 
and 30.0–56.2 % of coarse silt particles, respectively 
(Fig. 3). Bluish-gray, tobacco-gray or less often yel-
lowish-brownish frozen sediments contain integer or 
broken bivalve shells and numerous bluish-black 

mottles or curved bands of polychaeta tissues degrad-
ed in situ (Fig. 4). The sediments are highly saline and 
become encrusted with salt as ice moisture evapo-
rates. Salt ion composition is of marine type with 
Cl > SO4 > HCO3 and Na + K > Mg > Ca (Table 2). 

The section includes five layers with erosive 
boundaries, which diff er in lithology and cryostratig-
raphy. 

Layer 1 (3.5 m): numerous angular to rounded 
clasts and pebbles of weathered basalts, dolerites, 
sandstones, mudstones, and quartz; shells of bivalves 
Mya truncata Linnaeus, 1758 and Astarte crebrico-
stata (MacAndrew & Forbes, 1847); low ice contents; 
massive or fi ne reticulate cryostructures and cryotur-
bation; 0.2–15.0 mm thick ice lenses (Fig. 4, j–o). 

Layer 2 (2.9 m): cross-bedded sand at base lying 
over an eroded surface of the underlying sediments; 
silts and lenses or layers of yellowish silt and sand 
with weathered dolerite in the middle; thick-walled 
shells, a piece of a thin-walled pearl shell of Mar-
garites сf. groenlandicus gastropod (Gmelin, 1791), 
and a shrub branch with bark (possibly, willow) in 
silts (Fig. 3; 4, h–j); high ice content; ataxitic and len-
ticular cryostructures with inclined or horizontal 
lenses (Table 1). 

Layer 3 (2.7 m): predominant sands with thick-
walled shells of Mya truncata Linnaeus, 1758 and 
bluish-black burrows of polychaetes delineating the 
eroded layer surface (Fig. 4, g); ice content decreas-
ing upsection; lenticular cryostructures at base, mas-
sive or crust-like (around shells) and lenticular ones 
in the middle, and lenticular cryostructures with 
voids in ice lenses near top. 

Layer 4 (0.43 m): variegated sands with ochre 
and black stains; contorted bedding; ground veins; 
high ice contents; crust-like and reticulate cryostruc-
tures. 

Layer 5 (0.52 m): yellowish sand and silt with 
basal and ataxitic cryostructures (Fig. 4, f); unfrozen 
dry sand to depths of 0.4 m. 

Outcrop cut 4H, 100 m away from BH 3H, ex-
poses the stratigraphy of a low terrace (14–15 m 
above the sealevel), which extends in a narrow strip 
along the Romantikov Creek and is separated from 
the 20-m terrace by snow fi elds. Gullies cut the ter-
race into 30–50 m wide blocks rising 4–5 m above the 
creek valley. There are deflated sands, fractured 
blocks, and scattered shells on the surface; organic 
remains include whale vertebras and a rounded and 
cracked tree trunk in the creek channel. 

The 4H section (Table 1) includes an active lay-
er (seasonally thawing) and three permafrost layers: 
ice-rich plane-bedded silt and clay silt (1); ice-poor 
sand and silt with cross bedding dipping toward creek 
valley (2, 3), with damaged shells of Mya truncata 
Linnaeus, 1758, Astarte placenta (Morch, 1869) and 
an oblique ice lens with chaotic ice bubbles and inclu-
sions of the host soil on the margins (Fig. 3). 
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Ta b l e  1. Cryostratigraphy of drill sections 

Borehole, 
layer

Depth,
(thickness), 

m
Lithology Cryostructure

Moisture 
content, 

%

1 2 3 4 5
BH 1H,
layer 1

1.0–0.64
(0.36)

Dark and light gray silty sand with low-angle 
lenticular bedding; scattered landwaste; vertical 
elongate clasts of gray sandstones and siltstones 
and brown lenses of plant detritus 

Lenticular, irregular reticulate, wavy; 0.2 
to 2.5  cm thick ice lenses; inclusions of silt, 
detritus, and air bubbles in 4–6 cm thick in-
clined ice layers 

65.0

BH 1H,
layer 2

0.64–0.48
(0.16)

Gray yellowish sand with interbeds of brown silt 
and inclusions of ochre sandstone clasts

Inclined lenticular, irregular reticulate, basal 
near top; ice lenses thickening up the section 

78.1

BH 1H,
layer 3

0.48–0.0
(0.48)

Yellow-brown silt with minor ochre stains and 
plant detritus 

Coarse lenticular (lenses to 2.5  cm) and re-
ticulate. Ice pockets (5 cm) with up to 1 cm 
voids above. Frozen to depth 0.35 m; unfro-
zen tixotropic part of active layer on top 

94.3

BH 2H,
layer 1

2.9–1.9
(1.0)

Hard fi ne sandstones interbedded with dark 
gray siltstones; ochre stains and tongues; grading 
smoothly to sediments above

Massive with scarce thin (1–3  mm) lenses 
across or parallel to bedding; iron stains and 
whitish crusts of carbonate salts on walls of 
cryogenic voids 

11.4–19.0

BH 2H
layer 2

1.9–1.25
(0.65)

Gray sand and soft sandstones and siltstones 
with distinct sedimentary bedding 

Fine lenticular in clay silt and silt; up to 2 cm 
thick ice lenses in sand 

36.9

BH 2H,
layer 3

1.25–0.6
(0.65)

Dark gray silt and clay silt; minor ochre stains; 
small plant detritus; lenses of gray clay silt and 
brown clay; discontinuous horizontal and low-
angle cross bedding 

Fine lenticular, with scarce horizontal or 
oblique lenses; iron stains at ice contacts; to 
0.5 cm thick oblique ice lenses in cross-bed-
ded sands 

14–19

BH 2H,
layer 4

0.6–0.0
(0.6)

Yellowish-brown silt and sand; light-gray silt 
with wavy bedding; yellow stains and plant detri-
tus; brown clay silt lenses, layers; cryoturbation 

Pure fi ne lenticular and massive; frozen to 
depth 0.4  m and unfrozen and dry above; 
modern active layer 

29.4

BH 3H,
layer 1

6.5–10.0
(3.5)

Saline gray sand and silt; black stains and circles 
along polychaeta burrows; fl attened rounded 
pebbles and angular clay pieces below; landwaste 
(gray carbonate and ochre sandstones and silt-
stones); large thick-walled shells above; fuzzy top 

Massive; scarce dipping ice lenses, broken or 
parallel; thin vertical and horizontal lenses 
making a reticule (Figs. 2, 3) 

25–31

BH 3H,
layer 2

3.62–6.5
(2.9)

Saline tobacco and dark gray fi ne sand and sandy 
silt; black stains; below: dipping 0.5–2.0 cm thick 
layers of sand and dark gray silt with shells; in the 
middle: thin layers and pockets (0.10–0.15 m) of 
yellowish-brown silt with basaltic landwaste; 
clasts of thin-walled shells; integer or partly 
degraded shells and sporadic plant remnants (a 
willow branch with bark); salt encrustation on 
permafrost; fuzzy top

Inclined and horizontal lenticular;
ataxitic (granular ice with sand inclusions 
and voids) in interbeds of yellowish-brown 
silt 

37–41;
95–100

BH 3H,
layer 3

0.95–3.62
(2.7)

Sand with silt interbeds; below: cross-laminated 
bluish-gray silty sand; above: saline blind-lam-
inated tobacco-gray silt and sand with thick-
walled integer or broken shells; black dipping 
or vertical thin layers and circles of polychaeta 
burrows, and sections along and across them; salt 
encrustation on permafrost; fuzzy top

Below: dipping ice lenses, to 0.3  cm, with 
voids; in the middle: thin lenses parallel to 
cross lamination; above: thin ice lenses and 
open cracks, with hoar on walls 

25–49

BH 3H,
layer 4

0.52–0.95
(0.43)

Bluish-black fi ne sand with black stains and shell 
clasts; black stains around tongues of tobacco-
gray sand with ochre stains penetrating from 
above; distinct wavy base cut by small and nar-
row cracks 

Massive with ice pockets and crusts, and thin 
ice lenses; transitional layer

56

BH 3H,
layer 5

0.0–0.52
(0.48)

Brownish and yellowish-gray sand and silt with 
ochre iron stains; inclusions, tongues, and pock-
ets

Below: basal and ataxitic; above: thin lenticu-
lar and irregular reticulate to massive; post-
cryogenic layeed unfrozen rocks, to 0.34  m; 
modern active layer

77–98

Cut 4H,
layer 1

3.2–2.2
(1.0)

Brownish-gray silt with blind bedding produced 
by lenses or thin (2 cm) layers of yellowish sand 
with iron and black stains; fuzzy top 

Below: coarse wavy bedding with 2–5  cm 
thick ice lenses; above: basal, ataxitic, irregu-
lar reticulate, with 0.5 cm ice lenses 

–
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Ice samples analyzed for oxygen and hydrogen 
stable isotopes, salinity, and chemistry show low sa-
linity (20.7 mg/l TDS), chloride-sulfate-sodic ion 
compositions (Table 3), and relatively high contents 
of some trace elements: Be, B, Cr, Mn, Se, and Cd 
(Table 4). Ice stores cultivable psychrophile bacteria 
(725 CFU/ml) that form mostly orange, yellow, and 
pink pigmented colonies. 

Variations in cryostructures and ice contents in 
BH 1H and 2H record the presence of an active layer 
(seasonally thawing) and permafrost: transitional 
layer (relict active layer) [Shur, 1988], subaerial lay-
er, and weathered and hard bedrock. The 20-m ter-
race section includes an active layer and permafrost 
(layer 5), a transitional layer (4), and layers 3, 2, 1 of 
saline permafrost. The 4H section includes an active 
layer and permafrost, both diff erent from those in the 
20-m terrace (Fig. 2).

 DISCUSSION

The obtained data have implications for deposi-
tion environments, cryostratigraphy, permafrost 
types and ages. 

Origin and types of permafrost in zone
of ice retreat 

The sections of dipping steps (BH 1H, 2H) com-
prise several layers evident from changes in cryo-
structures and ice contents: a 0.48 m thick modern 
active layer (seasonally thawing), a 0.16 m transition-
al (fossil active) layer and three layers of frozen sedi-
ments, including subaerial silt and sand with bedding 
parallel to the dipping surfaces that contain bedrock 
clasts and plant detritus (layer 3), and weathered and 
hard bedrock (layers 1 and 2). 

Permafrost types were inferred from microstruc-
ture (micromorphology) analysis. 

Hard siltstones and sandstones (layer 1) have dis-
tinct cross and horizontal bedding produced by dis-
tribution of clay and iron hydroxides and by orienta-
tions of clastic particles and elongate lignitic rem-
nants. The sediments consist of angular to rounded 
detrital feldspar, quartz, and weathered bedrock. The 

bedding is crosscut and displaced by frost cracks 
(merged linear voids fi lled with fi ne particles) pro-
ducing irregular reticulate cryostructure. Magnifi ca-
tion of different strengths reveals cracks in clasts, 
even in the samples that did not experience mechanic 
eff ects. 

Weathered siltstones and sandstones (layer 2) pre-
serve parallel bedding but contain abundant frac-
tured angular and detrital feldspar clasts. Fine-
grained sediments (Fig. 5, a–c) have complex micro-
structures with 0.3–0.5  mm isometric aggregates 
encircled by fl at detrital grains and enclose isometric 
or elongate cryogenic voids (to 2.5 mm) with rough 
walls. 

Variations in cryostructures, fracture patterns in 
clasts and aggregate-circular microstructures record 
eff ects of cyclic freezing and thawing that decay down 
the section. Therefore, weathered and hard Mesozoic 
rocks are interpreted as cryogenic eluvium. Bedrock 
alluvium became saline when it was fl ooded by seawa-
ter prior to the formation of glaciers in the archipela-
go [Dibner, 1998].

Subaerial sand (layer 3, BH 1H and 2H) mainly 
consists of angular clasts and detritus and often forms 
complex concentric aggregates. It encloses inclined 
plant remnants, fresh or substituted by clay, and 
round cryogenic voids with rough walls. The micro-
structures, along with sedimentary bedding parallel 
to the dipping surface, fresh plant remnants, and high 
ice contents, indicate subaerial origin and syngenetic 
freezing of sediments. 

Thus, high terraces and steps in Hayes Island are 
surfaces exposed to subaerial denudation and deposi-
tion. Sediments have low contents of seawater salts 
but mostly receive salts from bedrock.

Origin and types of permafrost in zone
of low terraces 

The section of the 20-m terrace consists of fi ve 
cryogenic layers: an active layer (5), seasonally thaw-
ing with unfrozen and frozen parts; a transitional 
layer (4); and three permafrost layers (3, 2, 1). The 
division according to macroscopic features is consis-
tent with that indicated by microstructures. 

C o n t i n u e d  t a b l e  1

1 2 3 4 5
Cut 4H,
layer 2

2.2–1.25
(1.0)

Dark gray silt and ochre sand; integer or broken 
thin- and thick-walled shells; low-angle parallel 
bedding produced by 8–20 cm thick layers of silt 
and 2–5 cm ochre sand

Massive and crust-like (around shells) –

Cut 4H,
layer 3

1.25–0.5
(0.75)

Ochre sand and brownish clayey sand; dolerite 
landwaste; integer or broken shells; distinct cross 
bedding (2–10 cm layers); base dipping toward 
creek 

Massive; 60 cm long and 3–10 cm oblique ir-
regular ice lens at depth 0.80–1.25 m 

–

Cut 4H,
layer 4

0–0.5
(0.5)

Pale yellow massive sand; shell clasts; top dipping 
toward creek 

Unfrozen; modern active layer –



Fig. 3. Cryostratigraphy.
A: BH 1H, 30 m asl; B: BH 2H, 28 m asl; C: BH 3H, 20 m asl; D: outcrop cut 4H, 17 m asl. 
1 – hard (a) and weathered (b) cemented sandstone; 2 – plane- (a) and cross-bedded (b) siltstones; 3 – non-saline gray (a) and 
brownish clayey-silty (b) sand; 4 – saline clayey-silty sand; 5 – non-saline (a) and saline (b) silt; 6 – cross bedding of saline sand 
and silt (a), plane-bedded silt and clay silt (b); 7 – cross-bedded sand (a) and soil injections or veins (b); 8 – lenses and layer of 
non-saline sand; 9 – pebble of hard rocks (a), rounded pebble of siltstones and mudstones (b); 10 – angular clasts of sandstones (a) 
and mudstones (b); 11 – plant remnants, branches; 12 – mollusk shells (a), traces of degraded polychaeta (b); 13 – ochre (a) and 
bluish (b) stains and tongues; 14 – erosive (a) and deposition (b) boundaries; 15 – base of modern (a) and fossil (b) active layers; 
16–22 – cryostructures: massive (a) and crust-like (b) (16), ataxitic (a) and basal (b) (17), fi ne reticulate (а) and coarse lenticular 
(b) (18), regular (а) and irregular (b) reticulate (19), lenticular (a) and cryoturbated (b) (20), fi ne layered (a) and coarse lenticu-
lar (b) (21), enclosed structures (a) and ice lenses (b) (22); 23–26 – grain sizes (mm): 1.0–0.05 (23), 0.05–0.01 (24), 0.01–0.005 
(25), <0.005 (26); 27 – shell samples for dating (a) and layer number (b). Points I–V are 14C dates (calendar ages): (7140 ± 50) kyr 
BP, BH 3H, depth 1.5 m, marine bivalves (I); (9770 ± 50) kyr BP, BH 3H, depth 7.8 m, marine bivalves (II); (7510 ± 50) kyr BP, 
cut 4H, depth 0.45 m, marine bivalves (III); (8040 ± 50) kyr BP, cut 4H, depth 1.6 m, clasts of marine bivalves (IV); (8170 ± 50) kyr 
BP, cut 4H, depth 2.0 m, clasts of marine bivalves (V).
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Ta b l e  2. Ion composition 

Borehole Depth, m
Ion contents, % eq. Ion sum,

mg/100 g Ctot,%
HCO3 Cl SO4 Ca Mg K Na

2H 0.6 12.1 60.4 27.5 2.3 8.1 2.1 87.5 4.04 0.279
1.0 – – – – – – – – 1.262
1.2 5.9 65.0 29.1 0.7 4.4 1.7 93.2 12.38 1.363
1.4 – – – – – – – – 0.482

2.5–2.55 6.9 51.8 41.3 1.3 6.7 2.4 89.6 6.66 –
3H 0.32 – – – – – – – – 0.350

0.71 – – – – – – – – 0.610
1.0 – – – – – – – – 0.558

1.4–1.5 4.2 74.9 20.9 3.9 7.3 3.9 84.9 29.66 0.585
2.2–2.27 0.7 86.4 12.9 2.9 6.7 2.7 87.7 48.62 0.950

2.5 – – – – – – – – 0.885
2.52 – – – – – – – – 0.480

3.0–3.2 0.7 88.3 11.0 2.5 4.9 2.1 90.5 63.18 0.665
3.5 – – – – – – – – 1.162
4.3 – – – – – – – – 0.562
5.0 0.7 87.4 11.9 2.2 6.7 2.5 88.6 57.62 –
5.5 – – – – – – – – 0.882

6.35–6.4 0.8 88.3 10.9 2.5 6.1 2.6 88.8 32.41 –
6.95 – – – – – – – – 0.767
7.5 – – – – – – – – 0.663

7.92 – – – – – – – – 0.768
8.5–8.6 0.6 87.6 11.8 3.2 5.1 2.2 89.5 60.26 0.873

9.0 – – – – – – – – 1.153
9.6 – – – – – – – – 0.597

10.0 – – – – – – – – 0.897

N o t e. Dash means not determined. 

Ta b l e  3. Oxygen and deuterium isotope composition of ice from outcrop cut 4H-2010 

Sample number Position Section δ18O, ‰
(vs. SMOW)

δD, ‰
(vs. SMOW) dexc

31806 7/5 4H-2010-1A –14.82 –110.8 7.7
31807 8/5 4H-2010-1B –14.84 –110.5 8.2

N o t e. dexc is deuterium excess.

Ta b l e  4. Major- and trace-element compositions of molten ice lens

рН γ, S/m
Ion contents, % eq. Ion sum, 

mg/l
Suspended 
matter, g/l

PО4 NO3 Org. COD

НСО3 Cl SO4 Na K Са Mg mg/l

6.08 4.65 ⋅10–3 24 49 27 50 5 25 20 20.69 1.29 0.04 8.08 0.72
Trace elements (ppm), from ICP–MS data*

Li Be B Al Ti V Cr Mn Fe Co Ni Cu Zn As Se Sr Mo Cd Ba
– 13.37 64.42 2.50 0.36 0.51 77.52 98.92 0.16 1.53 0.44 3.73 0.03 – 10.26 1.66 – 5.72 –

N o t e. Ice was molten immediately before analysis.
γ is specifi c critical electrical conductivity at liquid temperature 25 °C.
COD is chemical oxygen demand that indirectly measures the amount of organic compounds in water (mass of oxygen con-

sumed per liter of solution). 
* Mass Spectrometry with Inductively Coupled Plasma on an Agilent 7500ce analyzer.
Dash means contents below detection limit.
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Layer 1: chaotic patchy distribution of clasts 
typical of ice rafting; absence of fractured clasts and 
prevalence of simple clay aggregates (smaller than 
0.05 mm); plastic contorted bedding; traces of strong 
chemical weathering in angular to rounded clasts of 
rocks and minerals common to marine environments; 
cryogenic voids with smooth walls which crosscut, 
off set, and bend the layers; rounded mudstone peb-
bles with diff erent orientations corresponding to len-
ticular or reticulate cryostructures (Fig.  5,  g–i). 
These microstructures lack evidence of cyclic freez-
ing and thawing and cryogenic weathering. There-
fore, diagenetically altered saline sediments of layer 1 
were frozen epigenetically.

Layer 2 : fractured detrital feldspar and quartz 
clasts, with primary sedimentary bedding obscured 
by numerous circular forms and complex aggregates 
(0.25–0.80 to 2 mm); integer carbonate shells of fora-
minifera coexisting with degraded tissues of poly-
chaeta, plant detritus, either fresh or replaced by col-
loids and iron sulfi des; redeposited clasts of siderite 
concretions and shells. These microstructures corre-
spond to syndepositional cyclic freezing and thawing. 
Therefore, the saline sediments of layer 2 form synge-
netic permafrost recorded also in cryostuctures.

Layer 3: fractured detrital mineral grains; com-
plex aggregates of matrix material in fi ne-grained lay-
ers; foraminifera and fresh poorly degraded tissues of 
polychaeta; newly formed iron sulfi des and carbon-
ates; numerous irregular and tortuous voids with 
rough walls between aggregates producing lenticular-
reticulate cryostructures (Figs. 5, d–f ). These fea-
tures correspond to syndepositional cyclic freezing 
and thawing of sediments. Ice content decreasing up 
the section and voids in ice lenses may result from 
cooling and subaerial evaporation of ice moisture 
from rocks near the surface. 

Depositional and permafrost environments
of low terraces 

High salinity of frozen deposits in the 20-m ter-
race, as well as presence of polychaeta remnants, 
abundant mollusk shells, and dispersed clasts indicate 
their marine origin. Astarte crebricostata (MacAn-
drew & Forbes, 1847) and Mya truncata Linnaeus, 
1758, whose shells are found in layers 1 and 3, are ex-
tant mollusks in moderately cold and cold Arctic seas 
at shelf depths from 3 to 200 m [Merclin et al., 1979; 
Krylov et al., 2009]. Layer 2 contains shells of Mar-
garites сf. groenlamdicus (Gmelin, 1791) that live now 
at shelf depths 0–100 m in moderately cold Arctic 
seas [Troitsky, 1979], and remnants of terrestrial 
plants (a shrub branch with bark). The habitats of 
mollusks and the presence of chaotically dispersed 
clasts suggest deposition of layers 1 and 3 in condi-
tions of ice rafting in sea gulfs deeper than those 
where layer 2 was deposited in a shallow-water shelf 
environment. 

The history of marine deposition reconstructed 
from macroscopic and microscopic cryogenic features 
and permafrost types was as follows: 

– layer 1 was deposited and then altered in a sea 
gulf; it was partly eroded when emerged during re-
gression and frozen epigenetically;

– layer 2 was deposited at alternating subaerial/
submarine shore and shelf conditions and froze and 
thawed repeatedly; freezing was syngenetic, in the 
presence of frozen substrate (layer 1); 

– layer 3 was deposited in a relatively deep sea 
gulf but froze syngenetically while frozen layer 2 re-
mained preserved on the shelf bottom; correspond-
ingly, the deposition was faster than that of layer 2 
and occurred in a colder climate.

Therefore, the 20-m terrace formed when sea 
depths changed and the former shelf emerged. 

Silt layer 1 exposed in cut 4H on the 15-m ter-
race incised in the 20-m terrace has distinct horizontal 
bedding, high ice contents, and layered or reticulate 
cryostructures, unlike layers 1 and 2 in BH 3H lo-
cated at the same depth (Fig. 3). Layers 2 and 3 in cut 
4H dip toward the creek valley and have distinct 
cross bedding, ochre color of sand, lower salinity and 
low ice contents. There are abundant clasts and inte-
ger shells of Astarte crebricostata (MacAndrew & 
Forbes, 1847) and Mya truncata Linnaeus, 1758 that 
live at shelf depths from 3 to 200 m and in shallow 
gulfs of the Arctic shelf. Judging by abundant frag-
ments of redeposited shells and cryostructures, the 
15-m terrace formed in a shallow gulf by erosion of 
the 20-m terrace, while its deposits became synge-
netically frozen in shallow-water or subaerial condi-
tions.

The layered sands of the 15-m terrace enclose an 
ice lens at the base, with its composition and struc-
ture indicating aeolian and nival processes involved 
in the terrace formation. The dip of the lens, its ir-
regular shape, chaotically dispersed air bubbles, in-
clusions of the host sand, as well as coarse crystalline 
structure (Fig. 4, n, o) are typical of free water frozen 
in a confi ned space, or cave-thermokarst ice accord-
ing to Vtyurin [1975]. Ice of this kind lies under mod-
ern aeolian sand in Hayes Island and under frozen 
talus on degrading ice-rich Arctic coasts [Streletskaya 
et al., 2012]. The oxygen and hydrogen isotope com-
position of the Hayes Island ice lens diff ers from that 
of wedge ice in northern West Siberia [Vasil’chuk, 
2006] and falls into the fi eld of infi ltration meteoric 
water [Kritsuk, 2010], though this information is in-
sufficient to infer the ice origin [Konishchev et al., 
2014]. The relative contents of major ions (Cl  > 
> SO4 > HCO3) and the presence of B and Mn in ice 
are as in seawater [Fotiev, 1999]. High concentrations 
of Cr, Be, and Cd in the ice lens, compared with those 
in Spitsbergen ice [Korzun, 1985] and in ground ice 
from the northern Yenisei catchment [Opokina et al., 
2014], indicate an input of surface waters rich in com-
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ponents leached from weathered dolerite and basalt. 
The presence of pigmented microbial colonies is com-
mon to Artic snow fi elds. 

Therefore, the ice lens results from freezing of 
confined snow-melt and surface waters that drain 
dolerites and the 20-m saline coastal terrace. The 
small width of the 15-m coastal terrace, as well as the 
dip of subaerial sediments, evidence that the creek 
valley was fl ooded during ingression while the sea re-
treated progressively. 

Age of coastal terraces 
Layers 1–3 separated by eroded surfaces in the 

3H section were deposited within the 9.8 to 7.1 kyr 
interval, as inferred from mollusk shells buried in situ 
(Fig. 3). Thus, the 20-m terrace formed during Boreal 
and Atlantic stages of the Holocene in conditions of 
changing sealevel when the shelf emerged. The depo-
sits of the 15-m terrace contain 8.1 to 7.5 kyr shells 
(Atlantic stage), but the presence of redeposited 
thick-walled shells and whale bones suggest a young-
er age of the terrace corresponding rather to the sec-
ond half of the Holocene [Dibner, 1998].

CONCLUSIONS

Geocryological studies of permafrost in drill sec-
tions of Hayes Island in the Franz  Josef Land archi-
pelago provide evidence on cryostratigraphy and ori-
gin of sediments. High dipping terraces in the zone of 
ice retreat are composed of Mesozoic bedrock aff ected 
by frost weathering (cryogenic eluvium) and thin 
syngenetically frozen talus. Low terraces are com-
posed of saline marine sediments laying under sub-
aerial deposits. The permafrost section of the 20-m 
terrace consists of three layers (from bottom to top):

– epigenetically frozen deposits of a sea gulf with 
products of ice rafting; 

– beach and shelf sediments syngenetically fro-
zen in submarine and subaerial conditions of a shoal-
ing gulf;

– deposits of a relatively deep sea gulf syngeneti-
cally frozen upon permafrost in submarine conditions.

Permafrost of the 15-m terrace formed in a set-
ting of ingression consists of syngenetically frozen 
sediments of a shallow gulf that fl ooded creek valleys 
and subaerial talus and aeolian sand. 

The 20-m coastal terrace formed while the sea 
depths in the gulf changed and the sea retreated be-
tween 9.8 and 7.1 kyr BP, during the Boreal and At-
lantic stages of the Holocene. 

The study was supported by grant 14-17-000131 
from the Russian Science Foundation. 
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