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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. 
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