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ABSTRACT

Sand-sheet deposits of full-glacial age in the Tuktoyaktuk Coastlands, western Arctic
Canada, contain syngenetic sand veins 1-21 ¢cm wide and sometimes exceeding 9 m in
height. Their tall and narrow, chimney-like morphology differs from that of known
syngenetic ice wedges and indicates an unusually close balance between the rate of sand-
sheet aggradation and the frequency of thermal-contraction cracking. The sand sheets also
contain rejuvenated (syngenetic) sand wedges that have grown upward from an erosion
surface. By contrast, sand sheets of postglacial age contain few or sometimes no
intraformational sand veins and wedges, suggesting that the climatic conditions were
unfavourable for thermal-contraction cracking. Beneath a postglacial sand sheet near
Johnson Bay, sand wedges with unusually wide tops (<3.9 m) extend down from a
prominent erosion surface. The wedges grew vertically downward during deflation of the
ground surface, and represent anti-syngenetic wedges. The distribution of sand veins and
wedges within the sand sheets indicates that the existence of continuous permafrost during

sand-sheet aggradation can be inferred confidently only during full-glacial conditions.



INTRODUCTION

Cold-climate sand sheets, especially in central and northwest Europe, have provided
valuable palaeoenvironmental information about aeolian, cryogenic and fluvial processes
during the Late Quaternary (Koster, 1988, 1995, 2005). This paper discusses whether
sedimentary structures within sand sheets from western Arctic Canada record permafrost
conditions and, therefore, palacoclimate, during sand-sheet formation. Its objectives are to
(1) describe the abundance, size and morphology of inactive veins and wedges
stratigraphically associated with the sand sheets; (2) discuss the relationships between
deposition, erosion and thermal-contraction cracking; and (3) compare the structures with
those from other contemporary permafrost regions and from former periglacial

environments.

STUDY REGION
The study region is in the Tuktoyaktuk Coastlands of western Arctic Canada (Figure 1).
The region is within the zone of continuous permafrost. The mean annual air temperature
(MAAT) at Tuktoyaktuk is ca. —10.5°C, and the mean annual precipitation is 142 mm
(water equivalent), of which 67 cm typically falls as snow (Environmental Canada, 1993).
Permafrost thicknesses are as much as 750 m beneath northeast Richards Island (Taylor et
al., 1996).

The Quaternary history relevant to the present study commenced with deposition of the
Kittigazuit Formation, a regionally extensive aeolian sand unit characterized by large
dunes (Dallimore et al., 1997) deposited between ca. 43,000 and 14,000 yr BP (Bateman

and Murton, 2006). The northwest margin of the Laurentide Ice Sheet advanced across the



region, probably between ca. 22,000 and 16,000 yr BP. A subsequent glacial readvance (or
stillstand) across the southern edges of the Tuktoyaktuk Coastlands and Mackenzie
Trough (Sitidgi Stade) dates to ca. 15,300 cal. yr BP (Rampton, 1988). A postglacial warm
interval lasted from ca. 13,500 to 8,400 cal. yr BP (Ritchie, 1984). Mean July air
temperatures at ca. 10,900 cal. yr BP exceeded modern values by ca. 3-5°C (Ritchie,
1984), and between ca. 10,100 and 7800 cal. yr BP by ca. 1-3°C (MacDonald, 2000). J.R.
Mackay (1978) inferred from a regional thaw unconformity that the MAAT during the
warm interval remained, nonetheless, several degrees below 0°C. Warmer-than-modern
conditions probably lasted until ca. 5,150 cal. yr BP, with slow cooling from ca. 8,800 cal.
yr BP (Ritchie, 1984). The warm interval caused regional thermokarst activity and active-
layer deepening (Rampton, 1988; Burn, 1997).

Sand sheets in the Tuktoyaktuk Coastlands crop out along many kilometres of coastal
bluffs. The largest sand sheet occurs within an area of ca. 2000 km® at the northeastern end
of the Tuktoyaktuk Peninsula, near Johnson Bay (Figure 1; Rampton, 1988). The sheet is
up to several metres thick and commonly overlies the Cape Dalhousie Sands, which
Rampton (1988) attributed to glaciofluvial deposition. Approximately 20 km of coastal
bluffs southwest from Johnson Bay were examined at more than 30 stratigraphic sections
in 1990, 1993, 2001 and 2005; a representative section is illustrated in Figure 2a. Smaller
sand sheets along coastal bluffs around Summer Island, Hadwen Island and adjacent
Richards Island were examined in 1989-1991, 1993, 2001 and 2005. The sand sheet at
Crumbling Point, northern Summer Island, is illustrated in Figure 2b. Adjacent sections
through the same sand sheet at Crumbling Point are shown in Murton et al. (1997, fig. 3).

Other sections discussed below are from southern Hadwen Island (section 3.10), southwest



Summer Island (section 4.25), and northwest ‘Summer Bay’ (informal name; section 05-

01) (Figure 1).

SAND SHEETS

The sand sheets comprise horizontal to undulating bodies of sand with horizontal to gently
dipping stratification in which dune deposits with slipfaces are generally absent (Figure 2;
cf. Kocurek and Nielson, 1986; Schwan, 1988; Lea, 1990). They occur in several
stratigraphic and geomorphic settings: (1) within the Kittigazuit Formation; (2)
interbedded with outwash deposits; (3) involuted within supraglacial meltout till; (4)
overlying the deposits of drained thermokarst lakes; and (5) inland from the tops of sandy
bluffs. The timing of sand-sheet activity, determined by OSL dating of quartz sand grains,
is summarized in Table 1. Widespread sand-sheet aggradation occurred between ca.
14,000 and 8,000 yr BP, coinciding broadly with the postglacial warm interval and
episodic fluvial activity. Today, aggradation is limited to areas near sandy beaches, bluffs

and drained lake basins.

SAND VEINS AND WEDGES
The sand sheets examined contain or overlie a variety of inactive sand veins and wedges.
Epigenetic ice wedges that penetrate buried sand sheets are not discussed as they extend

down from the base of the modern active layer and relate to the modern tundra surface.

(i) Syngenetic Structures

Sand veins and composite veins



Three isolated, sand-filled structures with narrow, chimney-like shapes were examined in
sand-sheet deposits at least 10 m thick, within the Kittigazuit Formation on southwest
Summer Island and adjacent Richards Island (Figures 3—5). The chimney-like shape refers
to the more or less uniform width of the structures with depth; because they lack the
downward taper characteristic of wedges, they are termed veins (cf. Murton et al., 2000).
The veins were 1-21 cm wide, measured orthogonally to their axial planes. Their sides
contained between 1 and 7 horizontal ‘shoulders’ above which the vein narrowed abruptly,
usually by a few centimetres (Figure 4b). The height of one vein exceeded 9 m. Internally,
the veins were filled with fine sand and silty fine sand, similar to the interstratified sand
and silty sand facies of the host sand sheet. The fill contained occasional granules to small
pebbles and varied in field appearance from well laminated to structureless within an
individual vein. The laminae were vertical to subvertical, often wavy to irregular, and
typically a few millimetres thick. One fill contained small cavities, very loose sand and
irregular streaks of silty fine sand with a chaotic appearance. Strata in the host sand sheet
were mostly undeformed adjacent to the veins, although minor upturning or downturning
was locally present.

The veins are interpreted as syngenetic structures, i.e. they have grown vertically with
aggradation of the host sand sheet. The vertical lamination is very similar to that reported
from other sand veins and wedges along the Beaufort Sea coast (Carter, 1983; Murton,
1996) and more generally within sand wedges of primary infilling (Murton et al., 2000).
Where the fill is structureless but firm (i.e. lacking evidence for melt of ice), the sand
source was probably texturally and mineralogically very uniform (cf. Murton, 1996). Each

shoulder probably marks the former ground surface when the sand sheet experienced a



short phase of non-deposition or erosion. The cavities and irregular streaks within one of
the veins probably indicate locations where ice has melted due to inward thaw during
recent bluff retreat, and suggest that the vein was originally a composite structure
dominated by sand but containing a small amount of ice, probably in the form of ice veins;
the unthawed part of this vein is therefore a composite vein. The syngenetic growth
indicates that sand was blown across the sand sheets when thermal-contraction cracks

were open during winter or spring.

Rejuvenated sand wedges
Two sand wedges with distinctive raised tops above an erosional (bounding) surface
(Brookfield, 1977) that truncated aeolian dune deposits and underlay sand-sheet deposits
were observed in the Kittigazuit Formation on southern Hadwen Island. The first wedge
comprised a downward-tapering body extending 2.15 m beneath the bounding surface, and
a raised top with four narrowing shoulders and a central sand vein extending up at least 0.5
m above the bounding surface (Figure 6a). The upper right part of the main wedge, ca. 0.2
m high (beneath the highest arrow in Figure 6a), was truncated along the bounding
surface. The second wedge was 10.6 m from the first, and related to the same bounding
surface. A bundle of sand veins extended up at least 2.8 m above the bounding surface
(Figure 6b), but lacked shoulders similar to those of wedge 1 above the bounding surface.
Both wedges are interpreted as rejuvenated sand wedges. Beneath the bounding
surface the lower part of each wedge displays the form characteristic of a downward-
tapering epigenetic sand wedge. Wedge 1 has clearly been truncated by aeolian deflation —

which formed the bounding surface — because the upper right part of the wedge is only 0.2



m high; originally it was probably at least 1-2 m taller, based on comparison with the
numerous epigenetic sand wedges that we have observed in the Summer Island area.
Sometime after deflation ceased, sand-sheet aggradation recommenced, rejuvenating both
sand wedges. The sand sheet above the bounding surface showed no obvious differences
in stratification that might suggest differences in erosion and sedimentation over a lateral
distance of 10.6 m. Therefore, the absence of shoulders associated with the sand-vein
bundle above wedge 2 indicates that the frequency of cracking and filling was distinctly
lower during its rejuvenation phase than that of wedge 1, just 10 m away. In summary,
both sand wedges commenced growth as epigenetic or possibly syngenetic structures,
were then partially eroded and later resumed growth — at different rates — as syngenetic

structures.

(if) Anti-syngenetic sand wedges

Sand wedges with unusually wide tops extended down below a prominent erosion surface
beneath the Johnson Bay sand sheet. The maximum widths of five wedges examined,
measured orthogonally to their axial planes, were 2.3, 2.8, 3.1, 3.6 and 3.9 m (Figure 7).
The wedges could not be fully excavated because of permafrost and repeated slumping,
but the minimum heights exceeded 1-3 m, and some of wedges tended to narrow
markedly with depth. Their tops were truncated by a prominent erosion surface, above
which a granule-pebble lag contained many wind-polished pebbles. Adjacent to the tops of
the wedges, strata in the host sand and gravel were often vertical to overturned. Slumping

prevented accurate measurement of the lateral spacing between wedges, but a rough



estimate for the typical spacing is ca. 8-20 m. Thus, the wedges form a polygonal
network.

This type of wedge is thought to have grown vertically downward during erosion
(deflation) of the ground surface, and so is termed ‘anti-syngenetic’, following J.R.
Mackay’s (1990) classification of ice wedges. The erosion in this case may have been
either progressive (cf. Mackay, 1990) or episodic. Deflation is inferred from the erosion
surface, which we have traced for some kilometres beneath the sand sheet. Downward
growth of the wedges is inferred from their unusually wide tops (2.3-3.9 m), which are
distinctly wider than epigenetic ice wedges in the region (typically <1-2 m wide). J.R.
Mackay (2000) reported that anti-syngenetic ice wedges along the western Arctic coast
have maximum true widths of commonly a few metres, with the widest >8.4 m — much
wider than epigenetic wedges in adjacent flattish areas. He suggested that such widths may
develop because less winter snow accumulates on windblown hillslopes than on most
flattish areas, and so the hillslopes are probably colder and subject to more frequent
cracking. At Johnson Bay snow was absent at the time of crack infilling, otherwise ice
wedges or composite wedges, rather than sand wedges, would have formed. The sand
wedges at Johnson Bay differ from epigenetic sand wedges within other sandy deposits of
the Tuktoyaktuk Coastlands, inasmuch as the latter tend to be distinctly narrower
(maximum widths of ca. 0.3—1.5 m), they lack the vertical to overturned strata in the

adjacent host sand and most taper downward more gradually.



(iii) Epigenetic sand veins and wedges

Sand veins and narrow wedges sometimes occur at one or more stratigraphic levels within
sand sheets. In the fluvio-aeolian sand sheet at Crumbling Point, a stratigraphically lower
group of sand veins extended down from the base of the sand sheet into the underlying
sand (not illustrated), and a higher group occurred intraformationally within the
interstratified sand and silty sand facies (ca. 3.7 m depth in Figure 2b). Both groups
extended down from truncation surfaces and mark episodes of erosion before and during
sand-sheet development. OSL age estimates from the overlying sand indicate that the
veins are older than ca. 14,000 yr BP. Some of the sand veins may have formed more or
less at the same time as the large epigenetic sand wedges that penetrate massive ice and
icy sediments nearby at Crumbling Point, and which have provided a weighted mean
optical age — from feldspar — of 14.0+1.0 ka (Murton et al., 1997).

At the Johnson Bay sand sheet, several sand veins and wedges were observed
extending down from the prominent erosion surface at the base of the sheet into
underlying sand. They therefore pre-date sand-sheet aggradation (Table 1). By contrast,
only two small wedges were observed whose tops were located within the sand sheet, 10
and 80 cm above the base. The lower was a sand wedge ca. 1.5 m high, and the higher was
a composite-wedge pseudomorph ca. 2.3 m high; both were no wider than ca. 20 cm.

The size and shape of these structures suggest that they are epigenetic, each associated

with a specific surface or horizon at the base of or within the sand sheets.

DISCUSSION



These field observations allow inferences to be made about thermal-contraction cracking
and sand-wedge growth, and about the palacoenvironmental significance of sand veins and

wedges associated with aeolian sand sheets.

Thermal-Contraction Cracking and Sand-wedge Growth

The syngenetic sand veins differ in size and / or shape from those of syngenetic sand
wedges and ice veins and wedges reported in the literature. In particular, their chimney-
like shape is unusual. The rare reports of sand wedges that exhibit two or more upward
growth phases (syngenetic) — from a sand sheet on northern Hadwen Island (Figure 1) and
alluvial-fan deposits on southwest Banks Island (P. Worsley pers. comm. 2000) — reveal
downward-tapering or irregular structures, often with sand veins branching from theirs
sides and toes (Murton, 1996, fig. 6; Murton et al., 2000). Syngenetic ice wedges tend to
have a chevron or nested growth pattern (Yershov, 1998; Melnikov and Spesivtsev, 2000,
fig. 4.19) due to variations in the frequency of thermal contraction cracking and the rate of
sediment aggradation. Ice wedges tens of metres high have developed in Siberian lowlands
where silty sediments — probably of polygenetic origin — have aggraded over many
thousands of years (Dostovalov and Popov, 1966; Sher et al., 2005), the largest wedges
reported measuring 50—-80 m or more high and <8—10 m wide (Yershov, 1998). Syngenetic
ice wedges <26 m high and <2-3 m wide also occur in windblown silt (loess) in northern
Alaska (Carter, 1988). French and Gozdzik (1988) suggested, however, that the majority
of syngenetic frost fissures outside of central and northern Siberia are probably smaller
than epigenetic ones, with heights of 0.5-2.0 m and maximum widths of 5-20 cm (cf.

French et al., 1982). Accordingly, they described them as ‘veins’ rather than ‘wedges’.



Some syngenetic ice wedges of similar height (3.5 to >6 m), although substantially wider
(< ca. 1.5-2.0 m) than the sand veins described here, occur in Holocene peats and sands in
western Siberia, Yakutia and the Trans-Baikal region (Vasil’chuk and Vasil’chuk, 1995).
But the ice structures most similar to the sand veins are small, relict syngenetic ice wedges
< ca. 3 m high and a few cm to ca. 10 cm wide, partially thawed, on Hooper Island (Figure
1; Mackay, 1976, fig. 3.1), and the narrow syngenetic ice wedges formed by gradual
accumulation of peat in ice-wedge troughs and polygon centres (Mackay, 1992a).

The unusual, chimney-like morphology of the syngenetic sand veins indicates a
balance between the rate of sand-sheet aggradation and the frequency of thermal-
contraction cracking, implying that the veins grew upward more or less continuously
during aggradation. This balance is surprising given the variable frequency of thermal-
contraction cracking currently observed from snow-covered tundra in the region.
Mackay’s (1992a) long-term monitoring of ice wedges on Garry Island and at Illisarvik
(Figure 1) indicates that cracking frequencies vary substantially among ice wedges at an
individual site, from site to site, and from year to year. Had cracking frequencies similarly
varied during growth of the Kittigazuit Formation sand veins, the veins would not to be
chimney-shaped but would have more ragged, irregular margins or wide shoulders as the
vein thickness changed repeatedly and abruptly with depth, like many of the syngenetic ice
wedges discussed above. One explanation for the fine balance necessary for growth of
chimney-like sand veins is that snow cover was largely absent during their formation, and
therefore the relationship between air and ground temperature was closer than beneath

modern tundra covered by variable thicknesses of winter snow. In addition, the rate of



sand-sheet aggradation — and presumably the rate of sand supply by deflation upwind —
must have been relatively uniform.

A much closer match in size and shape can be drawn between the multiple shoulders
of rejuvenated sand wedge 1 (Figure 6a) and those of rejuvenated ice wedges in Arctic
North America and Siberia (Péwé, 1962; Mackay, 1974; Harry et al., 1985; Lewkowicz,
1994; Yershov, 1998, fig. 5.6; Kasper and Allard, 2001). This agreement indicates that
both ice wedges and sand wedges that began growth as epigenetic structures can later be
rejuvenated and grow syngenetically. The multiple shoulders of wedge 1 define a
pyramid-like top (i.e. upward narrowing) that is quite different from the chimney-like (i.e.
uniform width) shape of the syngenetic sand veins discussed above. The pyramid-like top
indicates that upward growth of the wedge occurred in discrete stages rather than
continuously. These two growth forms of syngenetic sand veins and wedges define end
members of a continuum between episodic growth that produces rejuvenated structures of
very uneven (e.g. pyramid-like) width and more of less continuous growth that produces
structures of nearly uniform (i.e. chimney-like) width.

The anti-syngenetic sand wedges are similar in size and morphology to anti-syngenetic
ice wedges reported by Mackay (1990, 1995, 2000) in the region. The sand wedges differ,
however, from the anti-syngenetic ice wedges in that they formed beneath a flat rather than
hilly landscape. Deflation removed only a limited amount of sand — much less than the few
metres depth of typical epigenetic sand wedges in the region, thus preserving a substantial
width of sand wedge beneath the deflation surface and so allowing very wide sand wedges
to develop in the partially-truncated wedges. If deflation occurred when the thermal-

contraction cracks were open, then the anti-syngenetic sand wedges provide a record of



deflation activity. Aeolian activity subsequently changed from deflation to deposition, as a
sand sheet aggraded above the deflation surface, burying the wedges.

The growth of sand wedges is more complex than discussed above. In addition to the
aeolian processes that raised or lowered the ground surface by aggradation or deflation,
sand-wedge growth itself contributed to surface aggradation. Other things being equal, the
ground surface adjoining growing sand wedges rises because of the externally-supplied
sand that accumulates within thermal-contraction cracks and therefore adds volume to the
permafrost and active layer. This volume addition and consequent surface aggradation
results from growth of ice wedges (Mackay, 1992a), sand wedges (Sletten et al., 2003) or
composite wedges. Surface aggradation increases with wedge volume, and so will be most
pronounced for wide and deep wedges. The widest reported sand wedges, from Antarctica,
are 10 m (Berg and Black, 1966) and, in the lower Beacon Valley, “the entire surface is
underlain by sand wedge material” and associated with a microrelief of ca. 0.8 m between
the floors of troughs above cracking sites and the tops of parallel ridges on each side
(Sletten et al., 2003, p.6). These authors estimate a spatially-averaged rate of surface
aggradation of 0.05 to 0.1 mm yr ' for this location. By implication, the wide sand wedges
near Johnson Bay must also have caused some surface aggradation. But we suggest that
deflation exceeded aggradation, planing off any surface microtopography and leading to

net downward growth of anti-syngenetic sand wedges.

Palaeoenvironmental Significance
Differences in the occurrence of sand veins within the sand sheets of full-glacial and

postglacial age in the Tuktoyaktuk Coastlands are attributed to palaeoclimatic differences.



The tall syngenetic sand veins were observed only in thick sand-sheet deposits of the
Kittigazuit Formation. The Kittigazuit Formation sand sheet aggraded during full-glacial
climatic conditions, whereas the Johnson Bay and Crumbling Point sand sheets formed
mainly during the climatic amelioration associated with the postglacial warm interval
(Bateman and Murton, 2006). Although aeolian sedimentation was regionally continuous
during both full-glacial conditions and the postglacial warm interval (Table 1),
intraformational sand veins or wedges are rare to absent within the postglacial sand sheets
examined. We suggest that the warm interval did not favour thermal contraction cracking
within the sand sheets. We discount differences in sediment texture because an
interstratified sand and silty sand facies is present in both full-glacial and postglacial sand
sheets, and the ice contents are not visibly different. The cessation, or only rare
occurrence, of thermal-contraction cracking in the postglacial sand sheets supports J.R.
Mackay’s (1992b, p. 11) suggestion that “ice-wedge growth was probably greatly reduced
if it did not cease” between about 13,000 and 8,000 yr BP.

Differences in the infilling of veins and wedges within the thick sand sheets of the
Canadian Arctic Coastal Plain and those of southwestern Alaska also reveal climatic
differences. To our knowledge, cold-climate sand sheets 10 m or more thick have been
detailed only from the Kittigazuit Formation in northwest Canada and from the Nushagak,
Holitna and Upper Kuskokwim lowlands of southwestern Alaska (Lea, 1990, 1996),
although others may occur in central Alaska (Lea and Waythomas, 1990). Lea (1990)
reported that ice-wedge pseudomorphs are widespread within the sand sheets of presumed
full-glacial (DuvannyYar interval; Lea and Waythomas, 1990) age in southwestern

Alaska, especially at fine-grained horizons in sand-dominated sections. He inferred that



ice wedges formed during periods of reduced aeolian deposition and relative landscape
stability, under conditions of continuous permafrost. By contrast, the dominant primary
(i.e. original) infilling of the Kittigazuit Formation veins is aeolian sand, and their
chimney-like shape implies more or less continuous growth. The different primary infills
indicate that snow cover was substantially greater during wedge formation in the sub-
Arctic Alaskan sand sheets than the Arctic Canadian ones. Such differences are consistent
with the geographic location of the SW Alaskan sand sheets closer to a moisture source
(North Pacific Ocean) and the Arctic Coastal Plain sand sheets being in a rainshadow of
moisture sources in the Gulf of Alaska and the Bering Sea (Hopkins, 1982; Dinter et al.,
1990), with pervasive sea-ice cover on the Beaufort Sea combined with a very low glacio-
eustatic sea level minimizing moisture supply from the north (Bateman and Murton,
2006).

To our knowledge, relict sand veins and wedges of similar size and morphology to
those discussed above have not been reported from Pleistocene sand-sheet deposits in
Europe or elsewhere. Although relict sand veins (‘frost cracks’ in the European
Pleistocene literature) occur in coversand deposits in northwest and central Europe (e.g.
Dylik and Maarleveld, 1967; Van der Hammen et al., 1967; Kasse, 1997) the veins are
usually no taller than ca. 1 m, and often taper gradually downward rather than having a
uniform, chimney-like morphology. Relict sand wedges and composite-wedge
pseudomorphs have frequently been described from Europe (e.g. Worsley, 1966; Gozdzik,
1986; Kolstrup, 1986, 1987, 1993; Kasse and Vandenberghe, 1998; Ghysels and Heyse,
2006), but their maximum true widths are usually less than ca. 1.5 m, distinctly less than

the anti-syngenetic sand wedges near Johnson Bay. Despite the differences in size between



the Canadian and European structures — which may reflect colder Arctic conditions and
the great thickness of the Kittigazuit Formation sand sheets — the abundant evidence for
aggradation and deflation (e.g. pebble lags) preserved in the European coversand deposits
suggests that syngenetic and anti-syngenetic wedges may be more common here than
previously thought. One might speculate that composite-wedge pseudomorphs or relict
sand wedges that extend down from surfaces underlain by permafrost and subaerially
exposed to periglacial conditions for long periods of time (cf. Kolstrup, 2004) may have
been subject to deflation and some anti-syngenetic growth.

The structures most similar to the syngenetic sand veins described above are
pseudomorphs of syngenetic ice veins or narrow ice wedges formed in fluvial pebbly sand
in eastern England (Bateman et al., 2001, fig. 49), and in fluvio-aeolian sands and silty
sands in the eastern Netherlands and adjacent Germany (Vandenberghe and Van
Huissteden, 1988). The latter, for example, are up to 4.5 m tall, and have a vertically-
laminated core several centimetres wide that is surrounded by numerous normal faults.
The wedges have a cone-in-cone structure that is attributed to episodic deposition of
fluvio-aeolian sands and burial of the ice wedge, causing a new ice wedge to develop
above, but extending down into, the buried ice wedge. This episodic growth contrasts with
the more or less continuous upward growth and therefore more uniform width of the sand

veins formed by aggradation of the Kittigazuit sand sheets.

CONCLUSIONS
The existence of continuous permafrost conditions during aggradation of aeolian sand

sheets at least several metres thick is inferred from chimney-like syngenetic sand veins



and rejuvenated (syngenetic) sand wedges within the Kittigazuit Formation. Continuous
permafrost conditions cannot be inferred confidently from sand sheets formed during the
postglacial warm interval because sections often lack, or contain relatively few,
elementary sand veins or wedges. We urge caution in interpreting permafrost conditions
from relict cold-climate sand sheets that contain only small or few sand veins and wedges,
as is common in the Late Pleistocene coversand deposits in Europe; but without more data
on the size and growth rate of active sand veins and wedges, it is difficult to specify
precise sizes. Likewise, the absence of veins or wedges in glacial age sand sheets does not

rule out the former occurrence of permafrost.
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TABLE

Table 1. Phases of Late Quaternary sand-sheet activity in the Tuktoyaktuk Coastlands

FIGURE CAPTIONS

Figure 1 Location map of the Tuktoyaktuk Coastlands. Ice limits of the Toker Point Stade
and Sitidgi Stade are according to Rampton (1988). Dark shaded area shows the
approximate extent of the Johnson Bay sand sheet at the northeastern end of the
Tuktoyaktuk Peninsula, according to Rampton (1988, Map 1647A).

Figure 2 Sedimentary logs through the aeolian sand sheet at section 2.9, southwest of

Johnson Bay (a); and through the fluvio-aeolian sand sheet at section 3.11,



Crumbling Point, northern Summer Island (b). Modified from Bateman and Murton
(2006). Grain-size classes are field estimates.

Figure 3. Syngenetic sand vein in thick sand-sheet deposits of the Kittigazuit Formation,
section 05-01, northwest ‘Summer Bay’, August 2005. The section through the vein
is steeply dipping and viewed upwards from the beach below, with the effect that the
base of the vein appears relatively larger than the top, and the person in the
foreground appears giant-like. The approximate outline of the sand vein is sketched
in (a).

Figure 4. (a) Syngenetic sand vein in thick sand-sheet deposits of the Kittigazuit
Formation near the vein in Figure 3, August 2001. The lower metre of the vein
penetrates a cross set that represents dune deposits, the top of which is truncated by a
horizontal bounding surface just above the 8 m depth mark. A small truncated sand
wedge occurs to the left of the toe of the sand vein. (b) Detail of upper 4 m of the
vein. Horizontal arrows inscribed in the sand in (a) and (b) mark ‘shoulders’ of the
sand vein. 1 m-depth increments shown. The section comprises a series of steep
faces separated by horizontal steps.

Figure 5. (a) Syngenetic sand vein in Kittigazuit Formation sand sheet, southwest Summer
Island. (b) Detail of vein fill and shoulder between 300 and 350 cm depth marks.
The section comprises a series of vertical faces separated by horizontal steps. Trowel
and spade for scale in (a), trowel in (b). The colour differences within the fill are
similar to those in other sand wedges in the region and probably represent variations
in the sand deposited in the original thermal-contraction cracks. The origin of the

normal fault to the right of the vein is not known.



Figure 6. Rejuvenated (syngenetic) sand wedges 10.6 m apart whose tops rise above a
bounding surface that truncates dune deposits and underlies sand-sheet deposits,
Kittigazuit Formation, southern Hadwen Island. (a) multi-stage (pyramid-like) top,
and (b) single bundle of sand veins above bounding surface. Trowel for scale in (a),
trowel and spade in (b).

Figure 7. Anti-syngenetic sand wedges underlying a prominent erosion surface beneath the
Johnson Bay sand sheet. (a) 3.9 m-wide wedge, section 6, July 2001. (b) 3.6 m-wide
wedge, section 05-02, August 2005. Holes in (b) are sample locations for
luminescence dating. Note the vertical to overturned strata in the host Cape
Dalhousie Sands, which include layers of upturned gravel. Distinct bundles of
different coloured sand veins are visible within the fill of both wedges. Both sections
are located within a few hundred metres of each other, marked by the star beside

section 05-02 in Figure 1.
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