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Introduction: We are studying the stratigraphy  

and aqueous-phase distribution of the high-latitude, 
cold-climate Great Kobuk Sand Dunes (GKSD) 
(Fig. 1) of northwestern Alaska as potentially analo-
gous to extraterrestrial æolian dunes affected by per-
mafrost [1–3 and references therein] and other vola-
tiles. Our team acquired a suite of geophysical, shallow 
borehole, ground temperature, and topographic data 
from the field in late-March 2010 [1–3]—long before 
mean daily surface temperatures rose to 0ºC [4]. 

Observations: Interdunes, small dunes, lee slopes, 
and most of the stoss slopes of large dunes are com-
pletely snow-covered for approximately 70% of each 
year, yet crests of the largest dunes remain exposed to 
atmospheric forcing throughout much of the winter 
season. Estimates based upon remote sensing {Fig. 4 in 
[5]} suggest that large dunes migrate faster here than 
smaller dunes—a distinctly atypical behavior. 

Reversing dune signatures [6] that would document 
reactivation surfaces from brief, summer-season wind 
reversals are not evident in ground-penetrating radar 
(GPR) profiles that reveal the internal sedimentary 
structure of the dunes. Wind reversals do not produce 
flat-topped dunes or complex internal bounding sur-
faces like those observed at the Packard dune field in 
Antarctica [7]. Rather, simple, high-angle and general-
ly west-dipping cross-strata (i.e., grainfall and 
grainflow laminae) are prevalent within the dunes, 
with erosional truncation on eastern stoss slopes and 
deposition on western lee slopes. Higher order bound-
ing surfaces are dominated by Stokes surfaces [8] near 
the base of dunes where wind scoured the sand to an 
irregular, flat-lying plain at the top of the capillary 
fringe, slightly above the level of the regional ground-
water table. 

GPR, OhmMapper capacitively coupled resistivity, 
and shallow borehole data directly or indirectly identi-
fied and provided support for the variable thickness of 
the seasonally frozen active layer in the dunefield. The 
active layer is ~4 m thick beneath dune crests, and 
<2 m thick beneath interdunes [1, 2]. Unfrozen water 
lies beneath the active layer, either within a regional 
aquifer or within a perched water zone (Fig. 1). 
OhmMapper data show that the highest resistivity val-
ues are within the frozen active layer and the lowest 
are below a hydrologic GPR reflector, especially be-
neath interdunes [2]. The ever-present, near-surface 
hydrologic GPR reflector closely matches the position 
of the 5000 Ω∙m resistivity contour at the dunefield 
margin and below interdunes, but better matches the 
~50,000 Ω∙m contour in dune uplands [2]. While the 
near-surface hydrologic reflector does not mirror to-
pography exactly, it does so generally even in the up-
lands, which differs from warm-climate dune fields 
characterized by relatively flat-lying water tables. 

Interpretations: Arctic dunes have relatively slow 
migration rates [e.g., 5] compared to warm-climate 
dunes, and large arctic dunes may display atypical rap-
id migration rates relative to small arctic dunes be-
cause of the frequent absence of snowcover near large 
dune crests and the presence and duration of longterm 
snowcover on interdunes, stoss slopes, and small dune 
crests. The dominant, sand-transporting winds at the 
GKSD are polar easterlies from November to April [4], 
but snow-covered sand is largely decoupled from these 
cold season winds. GPR data confirm the dominance 
of easterly cold-season winds in dune construction [4]. 
The lack of preservation of reversing dune signatures 
is consistent with the transport-dampening effects of 
warm-season rains that also frequently occur during 
the brief summer wind reversal. 

Fig. 1. GKSD context map and annotated GPR section from a ~1.3-km-long curvilinear transect on the southeastern lobe of the GKSD [1]. 
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Given that these dunes are composed of fine sand 
{i.e., 167 μm [2]}, one would expect them to drain 
rapidly and the regional water table to be relatively 
flat, similar to those associated with warm-climate 
dunes. The hydrogeologic anisotropy of the layered, 
steeply sloping grainfall and grainflow bedforms is 
understood to shed water in the vadose zone preferen-
tially and downslope [9] through lateral flow diversion. 
We think that we have imaged near-surface regional 
groundwater at the lowland dunefield margins and 
below interdunes, but that near-surface liquid water in 
the dune uplands must be perched above a relatively 
continuous, low permeability unit (Fig. 1). The pseu-
do-topographic mirroring behavior of the near-surface 
hydrologic GPR reflector and certain resistivity con-
tours, along with the depths of free water or moist, 
unfrozen sand observed in boreholes altogether suggest 
that the near-surface presence of liquid water within 
dune uplands is thermally controlled, and that it is very 
likely perched upon a syngenetic permeability barrier. 
But what is this barrier that develops in virtual dynam-
ic equilibrium with slow dune migration? 

We suggest that this low-permeability perching 
unit developed through cryodessication and may be 
composed of (i) an ice-rich lens oriented normal to the 
direction of heat flow in the transition zone at the base 
of the active layer [10], (ii) calcrete [11], and (iii) other 
fines deposited through thermal regelation [12]. 
Cryodessication can produce both ice lenses and 
calcrete deposits at the base of the active layer where 
upward freezing from a permafrost table or downward 
freezing from the land surface occur [13–15]. Second-
ary precipitation of CaCO3 occurs during slow, pro-
gressive, seasonally closed (to the input of atmospheric 
CO2)-system freezing—a solute concentration process 
by which both the partial pressure of CO2 and calcite 
saturation index increase as a result of (i) vapor migra-
tion toward freezing fronts and (ii) ion exclusion in ice 
formation [14–17]. Carbonate grains and phyllo-
silicates comprise 7% and 5% of the GKSD sands, and 
widespread calcrete has been observed [e.g., 11]. 
Thermal regelation is a process associated with frost 
heaving whereby a growing ice lens preferentially seg-
regates fine soil particles below it. Because fine parti-
cles are spatially segregated by seasonal freezing, an 
initially marginally frost-susceptible sediment (such as 
the fine, dirty GKSD sand) may gradually transform 
into a more strongly frost-susceptible sediment [18]. 

Conclusions: Our data suggest that the GKSD are 
a wet æolian system [19]. Although they are exposed 
to a semi-arid climate, the presence of near-continuous 
permafrost in this region results in considerable near-
surface moisture. The GKSD and surrounding land are 
vulnerable to accelerating permafrost degradation be-
cause the continuous permafrost zone boundary, which 

lies nearby [20–22], is migrating northward in re-
sponse to a warming climate. 

We hypothesize that mechanical arrest of dune 
movement at the GKSD is due especially to the com-
bined influences of long-lived, wind-shielding niveo-
æolian deposits, the seasonally frozen active layer, 
warm-season rains, a regional aquifer beneath 
interdunes and perched liquid water within the dune 
uplands [1, 2]. 

The high-latitude, cold-climate GKSD are an excel-
lent U.S.-based terrestrial analog for cold-season study 
of the hydrocryologic controls on high-latitude niveo-
æolian transport. It is important for in-depth investiga-
tions of the GKSD to continue while the arctic analogy 
is still defensible, given the anticipated effects of a 
warming climate on the permafrost of this region. This 
arctic analog site may provide less beneficial infor-
mation in future decades than it can today. 
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