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Abstract: A deeply karsted unconformity separates Proterozoic carbonate rocks of the Wynniatt 
Formation from overlying Cambrian sandstone near the head of Minto Inlet on Victoria Island, Arctic 
Canada. Sandstone-filled paleocaverns, hundreds of metres wide and tens of metres high, are present 
approximately 10 to 15 m stratigraphically below the nominal stratigraphic contact between Proterozoic 
and Cambrian rocks; the position of the paleocaves relative to the main unconformity surface suggests 
development along a paleointerface possibly associated with the water table. Gryke networks and karstic 
towers are present in the Wynniatt Formation at the unconformity. Crossbedded sandstone that overlies 
the unconformity contains unusual, vertical columnar sandstone structures, decimetres to metres in diam-
eter, which cut sharply across bedding and contain weak concentric layering. These pillar-like structures 
are attributed to water escape through submarine springs, where groundwater flowing through the karst 
network emerged onto the Cambrian seafloor. The pillars are most densely clustered in the most northern 
exposure of the sandstone, and diminish in abundance southward, suggesting that the coastline and the 
source of hydraulic head were to the north of the study area.

Résumé : Près du fond de l’inlet Minto, sur l’île Victoria (Arctique canadien), une discordance pro-
fondément karstifiée sépare les roches carbonatées protérozoïques de la Formation de Wynniatt du grès 
cambrien sus-jacent. Des paléocavernes remplies de grès, mesurant des centaines de mètres de largeur 
et des dizaines de mètres de hauteur, sont situées stratigraphiquement environ 10 à 15 m sous le contact 
stratigraphique nominal entre les roches du Protérozoïque et du Cambrien; la position relative des paléo- 
cavernes par rapport à la surface de discordance principale laisse supposer un développement le long 
d’une paléointerface vraisemblablement associée à la surface de la nappe d’eau souterraine. Des réseaux 
de lapiés (fentes de dissolution) et des tours karstiques sont présents dans la Formation de Wynniatt tout 
près de la discordance. Le grès à stratification oblique qui surmonte la discordance contient des struc-
tures de grès columnaires verticales inusitées, de plusieurs décimètres à plusieurs mètres de diamètre, qui 
recoupent nettement le litage et présentent une faible stratification concentrique. Ces structures en forme 
de piliers sont attribuées à l’écoulement d’eau par des sources sous-marines, là où les eaux souterraines 
circulant à travers le réseau karstique émergeaient sur le fond marin du Cambrien. Les piliers sont plus 
densément groupés dans la partie la plus septentrionale de l’affleurement de grès, tandis que leur nombre 
diminue vers le sud, ce qui donne à penser que le rivage et la source de la charge hydraulique se situaient 
au nord de la zone d’étude.
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INTRODUCTION

Victoria Island (Fig.  1) is underlain by strata of the 
Neoproterozoic Shaler Supergroup and poorly known, infor-
mally defined Cambrian to Devonian sedimentary units 
dominated by carbonate rocks and subordinate quartzose 
sandstone. The two successions are separated by a hiatus of 
approximately 200 Ma.

The unconformity between Proterozoic and lower 
Paleozoic strata locally cuts down to the level of the 
Wynniatt Formation. This implies removal of 1 to 2 km of 
strata. The unconformity is locally well exposed and pre-
serves clear evidence of deep karstification. The focus of this 
project is to document these karst-related features present 
in the Wynniatt Formation and their effect on deposition of 
overlying Cambrian sandstone.

REGIONAL GEOLOGY

The bedrock geology of Victoria Island is divided into 
two main regions (Fig. 1): a central core of weakly metamor-
phosed and broadly folded Neoproterozoic strata, known as 
the Minto Inlier, and large flanking areas underlain by poorly 
exposed, mainly flat-lying, largely undescribed Paleozoic 
rocks. The geology of Victoria Island was first described by 
Washburn (1947) in a report that dealt mainly with glacia-
tion and geomorphology. A more comprehensive description 
of the bedrock geology, including definition of Proterozoic 
sedimentary rocks of the Shaler Group and a 1:1 000 000 
geological map, was produced by Thorsteinsson and Tozer 
(1962). The Shaler Group was studied in more detail by 
Young (see Young, 1981 and references therein) and then 
by Rainbird (e.g. Rainbird, 1991, 1992a), who further sub-
divided the stratigraphy and elevated the Shaler Group to 
Supergroup (Rainbird et al., 1994). The Shaler Supergroup 
consists of the Rae Group (previously the Glenelg Formation 
of Thorsteinsson and Tozer, 1962), the Reynolds Point 
Group, and the Minto Inlet, Wynniatt, Kilian, Kuujjua, and 
Natkusiak formations.

The Wynniatt Formation is a succession of shallow-
marine limestone and dolostone that was divided into 
four informal members (Rainbird, 1991): the ‘lower’, 
‘shale’, ‘stromatolitic’, and ‘upper’ members. The Kilian 
Formation consists of evaporite rocks interlayered with 
shale, sandstone, and limestone, and was divided into eight 
informal members that form three complete upward-shal-
lowing sequences. The Kuujjua Formation consists mainly 
of coarse-grained quartz arenite that was deposited in a 
broad fluvial braid plain (Rainbird, 1992a). The uppermost 
unit of the Shaler Supergroup is the Natkusiak Formation, a 
1100 m thick flood basalt that is part of the Franklin igneous 
event (ca. 720 Ma; Heaman et al., 1992). Two regional folds 
affect the Proterozoic succession on Victoria Island: the 
northeast-trending Walker Bay anticline and Holman Island 

syncline. Neither of these folds causes inclination of strata 
to exceed 10°. Phanerozoic strata are not affected by these 
folds (Thorsteinsson and Tozer, 1962).

The Shaler Supergroup is considered to be of early 
Neoproterozoic age based on detrital zircon geochronology 
(Rainbird et al., 1992, 1997) and has been correlated with 
the Mackenzie Mountains supergroup (Rainbird, 1992b; 
Rainbird et al., 1996, 1997; Long et al., 2008; Jones et al., 
2010). The Shaler Supergroup is unconformably overlain 
by Phanerozoic strata including Cambrian to Silurian rocks 
(based on fossil assemblages) mapped as units 10a and 10b 
by Thorsteinsson and Tozer (1962). Map unit 10a, the basal 
unit, was described as sandstone with dolostone and shale. 
Map unit 10b was described as a fairly uniform succession 
of Ordovician to Silurian dolostone and is the most common 
bedrock type on the island.

METHODS

An area of approximately 1.5 km2 was mapped near the 
head of the Minto Inlet (Fig. 1) where the karsted unconfor-
mity is exposed. This area represents a site in which 1 to 2 
km of subaerial erosion occurred prior to the preservation of 
the paleokarst by burial under younger strata. Collection of 
geographic co-ordinates for all exposed karst and cylindrical 
sandstone structures was achieved using a portable com-
puter/GPS (Getac) unit. Accuracy of the GPS co-ordinates 
was within a few metres.

RESULTS

The detailed map region contains exposures of the ‘upper 
carbonate member’ of the Wynniatt Formation in the north, 
and the ‘lower clastic’ and ‘tan’ Cambrian units (map unit 
10a of Thorsteinsson and Tozer (1962)) toward the south 
(Fig. 2). It should be noted that within the mapped area there 
are several areas of Quaternary cover. The contact between 
Proterozoic and Paleozoic units trends northeast. Strata of 
the Wynniatt Formation are subhorizontal, and Paleozoic 
strata are almost flat-lying; the land surface rises to the 
southeast such that progressively younger Proterozoic strata 
are preserved.

Wynniatt Formation

The upper carbonate member of the Wynniatt Formation 
in the study area is a pale tan- to grey-weathering dolostone, 
made up of fine to medium-sized crystals, that is thickly 
laminated to medium-bedded at a centimetre to decimetre 
scale (Fig. 3a). Bedding dips 5 to 7° to the southeast. Along 
the north edge of the mapped area, the dolostone is pale grey 
and has wavy laminations and thin bedding. Molar-tooth 
structure, intraclasts, zebra dolomite (Fig. 3b), chert nodules 
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Figure 1.  a) Bedrock geology of Victoria Island (after Thorsteinsson and Tozer, 1962, Map 
1135A [in pocket]), highlighting the Minto Inlier (coloured). Inset shows location of Victoria 
Island in northern Canada. Colours on map correspond to geological units in (b). b) Composite 
stratigraphic section of the Shaler Supergroup (after Rainbird et al., 1996, Fig. 2). c) Geology 
of NTS 87-H/05 (box on (a)) (modified from Rainbird et al., work in progress, 2012).



4 J. Mathieu et al.Current Research 2013-1

Figure 2.  a) Map of the paleokarst area, showing distribution of paleo-
caverns and dewatering cylinders. The unpatterned pink area between 
Wynniatt Formation dolostone and cylinder-bearing sandstone is an area 
of frost-heaved sandstone rubble that could not be mapped. b) Detailed 
map of crossbedded sandstone unit showing sand-cylinder distribution.
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(Fig.  3c), and columnar branching stromatolites (Fig.  3d) 
typify the Wynniatt Formation at this location. Hydrothermal 
dolomite veins and masses locally are conspicuous.

Sparry dolomite is present throughout the Wynniatt 
Formation regionally, but seems to be more abundant in the 
vicinity of the paleokarst surface. At outcrop scale, the dolo-
mite exhibits three phases: tan-coloured, white, and brown 
saddle dolomite (Fig.  4a). The dolomite occupies veins 
that can be parallel to bedding or at various orientations to 
it (Fig.  3b, 4b). Local breccia masses (Fig.  4c) and small 
amounts of sulphide minerals (pyrite; Fig. 4d) are associated 
with the dolomite. It was difficult to assess in the field if the 
sparry dolomite masses and veins cut across the unconfor-
mity, owing to the contrasting composition of the overlying 
material (sandstone).

Lower Cambrian ‘clastic member’

The Cambrian clastic member is divided here for sim-
plicity into three sections at this site: basal crossbedded, 
bioturbated, and upper crossbedded sandstone. The basal 
crossbedded section is a mature, purple-red (weathered) and 

pale grey-purple (fresh) crossbedded sandstone, character-
ized by medium-sized, well sorted, rounded grains, with 
coarse-grained foresets (Fig. 5a). The base of this section at 
this site includes approximately 0.1 to 0.5 m of poorly sorted 
quartz-pebble conglomerate (Fig. 5b). The bioturbated inter-
val is grey-red sandstone, made up of fine to medium-sized, 
well sorted, rounded grains, with vertical burrows (Fig. 5c; 
possibly Skolithos; A. Durbano, pers. comm., 2011). The 
upper crossbedded section is grey to grey-tan crossbedded 
sandstone, made up of medium-sized, well sorted, rounded 
grains (Fig. 5d). The upper contact with the ‘tan carbonate’ 
member is concealed by Quaternary cover at this location, 
but elsewhere it is sharp.

Sandstone cylinders

The basal crossbedded sandstone in the study area con-
tains numerous large cylindrical sand structures. These 
cylinders have circular cross-sections with diameters 
of 10 cm to 14 m (Fig. 6a, b, c, d) and sharply cut across 
the bedding of the sandstone. The vertical cylinder walls 
are of unknown height (the greatest height observed was 

Figure 3.  Typical features of the Wynniatt Formation in the study area. a) Pale grey dolostone with lami-
nations and partings. 2012-169 b) Zebra dolomite. 2012-155 c) Chert nodules. 2012-167 d) Columnar 
branching stromatolites. 2012-170. All photographs by J. Mathieu.
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approximately 1.5 m). The size and location of 382 of these 
structures was recorded (Fig.  2; Table  1). The mode and 
average diameter of all the cylinders are 130 cm and 60 cm, 
respectively, with a range between 10 cm and 16 m. The cyl-
inders are exposed in an area of approximately 120 000 m2 
and are most abundant in the northern part (292 cylinders) of 
the sandstone unit, and diminish in number (but not in size) 
to the southwest (30 cylinders; Fig. 2). The average diameter 
of the cylinders from the southern exposure of the sandstone 
unit is 190 cm, with a mode of 100 cm (10 counts) and a 
range from 10 cm to 970 cm. In the northern exposure of 
the sandstone unit, the average diameter of the cylinders is 
120 cm with modes of 40 and 60 cm (24 counts each) and a 
range from 10 cm to 16 m.

The core of these structures is moderately to well sorted, 
medium-grained sandstone, with centimetre-scale concen-
tric banding. Many of these structures include one band of 
gravel- to pebble-sized clasts; a few have more than one 
band of coarse material. These bands of coarse material 
are not preferentially located within the circular cross-sec-
tion; central, marginal, and intermediate positions were all 

documented. Cylinders locally cut across other cylinders. 
Rarely, a small cylinder is present inside a larger one, cross-
cutting the larger structure’s concentric laminae. Small 
(approximately 10 cm diameter), steep-sided cone structures 
with a relief of approximately 3 cm above the bedding plane 
of the sandstone are locally preserved (Fig. 6c). Cylindrical 
structures are absent in the bioturbated and upper crossbedded 
sections.

Unconformity

The base of the Cambrian sandstone is represented by an 
irregular unconformity surface in sharp contact with under-
lying strata of the Wynniatt Formation. Paleokarst features 
such as grykes, caverns, pans, and towers are preserved 
locally within the Wynniatt Formation. Grykes, solution-
widened joints in carbonate rocks created via interaction 
with meteoric water (James and Choquette, 1990), locally 
penetrate the upper surface of the Wynniatt Formation 
and can be parallel or perpendicular to dolostone bedding 
(Fig. 7a), creating a complex network. These networks are 

Figure 4.  Hydrothermal dolomite appears to be particularly abundant in the vicinity of the unconformity. 
a) Three dolomite phases are distinguished in the field based on colour: tan, brown, and white. 2012-159 
b) Large vertical and horizontal dolomite veins (arrows). 2012-156 c) Hydrothermal brecciation. 2012-154  
d) Minor sulphide minerals (mostly pyrite?) in dolomite veins (arrows). 2012-161. All photographs by  
J. Mathieu.
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filled with medium-grained hematitic sandstone. Individual 
grykes are from one centimetre to several decimetres wide 
and one metre to decimetres deep. Similar gryke networks in 
dolostone have also been documented below the base of the 
Cambrian sandstone elsewhere on Victoria Island.

Sandstone-filled paleocaverns are present along the edge 
of a northwest-striking ridge of Wynniatt Formation over 
a distance of approximately 1 km (Fig. 2, 7b). The paleo-
caverns are roughly circular in cross-section, with apparent 
‘diameters’ of approximately 30 to 100 m (Fig. 7c). Surfaces 
within these paleocaverns have concave dish-shaped depres-
sions, which may be preserved dissolution pans (James and 
Choquette, 1990; Fig. 7d). The caverns’ paleofloors are not 
exposed; their paleoroofs are approximately 10 to 15  m 
below the main surface of the unconformity. Recent erosion 
has cut obliquely across the sand-filled caverns, providing 
exposures of their walls and ceilings. The walls display over-
hanging remnants of cave walls (Fig. 7b). The fill of these 
features is dominated by sandstone and pebbly sandstone that 
is identical to that in the basal Cambrian sandstone. Blocks 
of Wynniatt Formation and sediment of any composition  
other than sandstone are lacking.

There are two isolated, narrow, relatively high-relief (4 
to 5  m above the stratigraphic contact) units of Wynniatt 
Formation upper carbonate that protrude above the nominal 
stratigraphic level of the unconformity into the Cambrian 
sandstone (Fig.  2); these could possibly be remnants of 
paleokarst towers (Sweeting, 1972).

INTERPRETATION

Cylindrical structures

These structures are interpreted as feeder conduits for 
sand volcanoes. The cylinders formed after the sand was 
deposited over the karst surface but before the sand lithified. 
Pulses of water from submarine springs fluidized sediment, 
moving it upward and through the unconsolidated sand. 
This truncated bedding and created sand volcanoes on the 
seafloor. The inconsistent strength of the water movement 
caused concentric rings of coarse material to rise in the 
feeder-zone pipes of the volcanoes. The coarser bands repre-
sent pulses of higher water flow and the finer bands, pulses 
of lower water flow. Because the water appears to have come 

Figure 5.  Cambrian ‘lower clastic member’. a) Basal, planar crossbedded quartz arenite. 2012-160  
b) Conglomerate bed at the base of the crossbedded quartz arenite. 2012-168 c) Bioturbated section 
with vertical burrows (Skolithos). 2012-151 d) Upper crossbedded section above the bioturbated section. 
2012-152. All photographs by A. Durbano.
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from the underlying Wynniatt Formation karst reservoir, 
gravel-grade material from the base of the sandstone was 
carried up the pipes when fluid flow rates were great enough 
to transport it.

Numerous studies have documented cylindrical struc-
tures in a variety of settings. Cylinders have been documented 
from the Cambrian Potsdam Formation (Hawley and Hart, 
1934; Sanford and Arnott, 2010), Permian Talchir Formation 
(van Loon and Maulik, 2011), younger rocks from Colorado 
(Gabelman, 1955) and Nebraska (Guhman and Pederson, 
1992), and in modern sediment along the Mississippi River 
(Li et al., 1996) and in Tuchodi Lake, British Columbia 
(Long and Donaldson, 2005). The means by which these cyl-
inders developed is controversial, particularly with respect 
to the mechanism of fluidization. Experimental studies of 
fluidization have attempted to re-create cylindrical structures 
in sediment (Hawley and Hart, 1934; Nichols et al., 1994; 
Owen, 1996; Buck and Goldring, 2003; Kadau et al., 2009; 
Ross et al., 2011) with variable success.

Sand volcanoes in the Talchir Formation, India (van Loon 
and Maulik, 2011) resemble the Minto Inlet structures, but 
occupy a smaller geographic area (50 m2 vs. 120 000 m2). 
Sediment liquefaction in the Indian example was attributed 
to a seismic event. Because a seismic event would normally 
have caused soft-sediment deformation, it was argued that 
the area was far enough away from the epicentre of the shock 
to liquefy the sand, but not create seismites. Because a sand-
volcano field like the one described by van Loon and Maulik 
(2011) was produced at the Victoria Island location, and no 
other soft-sediment deformation is evident, a similar trigger 
could be invoked for the Minto Inlet structures. However, 
the pulsing nature of the fluidized sediment, suggested by 
the concentric rings of coarser material, together with the 
local crosscutting relationships between pipes, cannot be 
explained by a single, instantaneous fluidization caused by a 
single seismic event. It could be argued that multiple seismic 
events could account for the pulsing flow or the crosscutting 
relationships between cylinders. However, the spatial distri-
bution of the cylinders — that is, decreasing from north to 
south — must also be taken into consideration. If multiple 
seismic events occurred as a result of movements along the 

Figure 6.  Cylinders in the Cambrian sandstone. a) Cross-section of cylindrical column with coarse gravel 
at its core (arrow). Pole is marked in 10 cm increments. 2012-162 b) Cross-section of column with two 
concentric zones of coarse gravel (arrows). 2012-166 c) Sand volcanoes on a bedding plane. 2012-158 
d) Exposure of column approximately 15 m in diameter (person for scale). 2012-153. All photographs by 
J. Mathieu.
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Table 1.  Diameter and UTM co-
ordinates of dewatering cylinders 
in Cambrian sandstone near Minto 
Inlet. Table 1. (Continued)



10 J. Mathieu et al.Current Research 2013-1

Table 1. (Continued) Table 1. (Continued)
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Table 1. (Continued)
Table 1. (Continued)
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nearby faults (Fig. 1c), the expected distribution should be 
either even or showing a decrease in abundance from south 
to north (since the nearest fault is just to the south of the 
study area).

Clustered cylindrical dewatering structures in a 
Pleistocene calcarenite that overlies karsted carbonate rock 
in Salento, Italy were documented by Massari et al. (2001). 
These cylinders were interpreted to have formed when water 
upwelled from an underlying karst reservoir. Because the 
cylinders were clustered, had circular cross-sections, and 
were composed of sand capable of dispersing excess pore 
pressure, Massari et al. (2001) rejected a seismic model. The 
lack of concentric downfaulting or association with soft-
sediment deformation led Massari et al. (2001) to reject a 
model involving collapse of caves to infill the underlying 
karst. The Minto Inlet cylinders, like the Italian structures, 
are clustered, are circular in cross-section, lack concen-
tric downfaulting patterns or soft-sediment deformation 
(with one exception), and formed in a pressure-dispersing 
medium. Because of the similarities, the arguments against 

seismic and/or cave-collapse origins could similarly be 
made here. There is one large cylinder among the Victoria 
Island cylinders that displays an apparent dipping of beds in 
toward the centre of the structure; concentric banding was 
not observed in this structure due to vegetative cover. This 
single occurrence may have been formed through collapse 
of an underlying karst feature and would then be considered 
an isolated event.

Li et al. (1996) discussed conical extrusive structures 
with cylindrical structures under them in sands alongside the 
levees of the Mississippi River. They interpreted the struc-
tures as sand boils formed by the flooding of the Mississippi 
River in 1993. They determined that the large hydraulic head 
caused by the high artificial levee caused fluid flow under the 
levee to produce sand boils on the floodplain. The boils were 
most densely distributed close to the levee, and diminished 
in both size and number away from the levee (maximum 
distance from levee was ~100 m). The concentration of the 
Minto Inlet volcanoes is highest in the northern part of the 
mapped area and decreases to the southwest, resembling the 

Figure 7.  Karstic features below the Proterozoic–Cambrian unconformity. a) Vertical cross-section of a 
gryke that branches into vertical and horizontal orientations. 2012-164 b) Sharp, irregular paleocavern 
base and wall. 2012-165 c) Aerial view of the karst area showing red-sandstone–filled paleocaverns in 
Wynniatt Formation, well below the projected stratigraphic contact of Wynniatt Formation and red sand-
stone of the basal Cambrian unit. 2012-157 d) Dissolutional scalloping on paleohorizontal surface within 
a paleocavern (arrows). 2012-163. All photographs by J. Mathieu.
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distribution noted by Li et al. (1996). Submarine springs 
appear to exhibit the same spatial distribution as the sand 
boils of a flooding river: they are most abundant closest to 
the shore (Fritz and Bahun, 1997; Bayari and Kurttas, 2002; 
Bayari et al., 2011). In the study of Fritz and Bahun (1997), 
groundwater was transported through a paleokarst network 
to submarine springs.

Repeated upward movement of sediment in the Minto 
Inlet cylinders is indicated by the presence of gravel in the 
concentric bands of the cylinders (probably derived from a 
base of clastic unit; Fig. 6a, b), along with the single small 
group of sand volcanoes preserved on a bedding plane 
(Fig.  6c). This provides evidence against models which 
involve collapse of overlying sands into voids as the mecha-
nism to create these cylinders. The nonlinear distribution of 
the cylinders, their circular cross-sections, the good to mod-
erate sorting of the sand, and the southwestward decrease in 
abundance (Fig. 2b) are some of the criteria Li et al. (1996) 
used in arguing against seismically induced cylinder forma-
tion. Although there are faults present around the study area 
that are assumed to have been active in the Cambrian (Fig. 1c) 
and could be responsible for some isolated instances, the 
arguments presented here favour a different mechanism 
of formation for the whole area. The Minto Inlet cylinders 
more closely resemble the sand volcanoes produced by 
Mississippi River flooding (Li et al., 1996) and the subma-
rine springs of Fritz and Bahun (1997); they are interpreted 
as the result of meteoric groundwater flow, concentrated 
within karst features in the Wynniatt Formation. The flow 
was driven by a hydraulic head, produced by accumulation 
of rainwater beneath the nearby carbonate land surface (a 
freshwater lens) at the time when basal Cambrian sand had 
just begun to accumulate over the unconformity. The water 
emerged onto the shallow seafloor as point sources of fresh 
water (subaqueous springs). The fresh water rose through 
the sandy sediment and overlying salt water in a temporally 
variable manner (pulsing), driven by pressure variations in 
the hydraulic head. The rising freshwater plume fluidized the 
sandy sediment, caused upward migration of sand to pro-
duce cylindrical channels with crude concentric lamination, 
and forced pebbles to rise from their position near the basal 
contact. Conical sand volcanoes would have been expected 
to develop on the upper surface of the sand (they are rare 
here due to erosion).

Hydrothermal dolomite

Field observations of the apparent truncation of hydro-
thermal dolomite veins by karst features, and of hydrothermal 
dolomite occupying void space around sand fill, provide 
ambiguous evidence regarding the temporal relationship 
between the dolomitizing hydrothermal fluid and paleokarst 
development: there appears to be evidence for migration of 
hydrothermal fluid both before and after development of the 

unconformity. The timing and origin of the dolomite phases 
are consequently unknown, and will be addressed by further 
study.

Karst evolution

During the early Neoproterozoic, when the Shaler 
Supergroup was deposited, and in the early Cambrian, 
Laurentia was at a low latitude (~10°; Park, 1994; Irving et 
al., 2004). There is evidence for both arid climates (Kilian 
Formation sabkha evaporites; Young, 1981) and humid 
climates (Kuujjua Formation fluvial sandstone; Rainbird, 
1992a, 1993) during deposition of the uppermost Shaler 
Supergroup (above the Wynniatt Formation). After eruption 
of the Natkusiak Formation lavas on top of the Kuujjua and 
Kilian formations at ca.720 Ma (Heaman et al., 1992), there 
was folding and uplift followed by erosional removal of sev-
eral kilometres of Neoproterozoic strata, which exposed the 
upper Wynniatt Formation in the study area. Rainwater and 
groundwater gradually dissolved the carbonate bedrock of 
the Wynniatt Formation to form karst features such as grykes, 
towers, and caverns (Fig. 8a). Karstification occurred either 
late in the Neoproterozoic or, more probably, early in the 
Cambrian, just prior to transgression and deposition of the 
sandstone, accounting for preservation of the karst features. 
Preservation of the cavern system at a stratigraphic posi-
tion several tens of metres below the unconformity strongly 
suggests its development at a water table that was associ-
ated with a freshwater lens, shortly before deposition of the 
sandstone. Relative sea level rose, submerging the karstified 
surface of the Wynniatt Formation and filling the caverns 
and grykes with quartzose sand, and deposited sandstone 
layers above the unconformity. Fresh water was collected 
over exposed land immediately north of the mapped area 
and moved through the Wynniatt Formation using the joints 
and karst features as conduits to feed the submarine springs. 
The hydraulic head in the karst network was sufficient to 
fluidize the sediment in and above the karst and mobilize it 
to propagate upward toward the seafloor, where it produced 
submarine springs and sand volcanoes (Fig. 8b). The pres-
ence of bioturbation in fine- to medium-grained sandstone 
that overlies the cylinder-bearing interval suggests a sea-
level rise, placing this location in an open marine, subtidal 
setting. The extended distance from the coastline produced 
by sea-level rise subdued the topographically driven hydrau-
lic head, and springs in the area became inactive, as low 
flows would have diffused through unconsolidated sands.

CONCLUSIONS

A deeply karstified unconformity separates the 
Neoproterozoic Wynniatt Formation (dolostone) from lower 
Cambrian sandstone. Several common karst features are well 
developed: dissolution pans on the surface of the Wynniatt 
Formation, gryke networks, towers, and paleocaverns. The 
contact with the overlying Cambrian marine sandstone is 
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sharp and well exposed in some areas. The Cambrian sand-
stone unit contains cylindrical structures, decimetres to 
metres in diameter, which crosscut bedding perpendicularly. 
The cylinders are interpreted as the pipes that developed 
below sand volcanoes. The cylinders formed where ground-
water flowing through karstic permeability pathways in the 
dolostone passed through unconsolidated sand and emerged 
onto the shallow seafloor, creating submarine springs and 
sand volcanoes.

Veins of hydrothermal dolomite are spatially associated 
with the paleokarst. The temporal relationship between 
the unconformity and hydrothermal fluid migration is 
ambiguous, and further research will be conducted to answer 
this question.
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