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Abstract
Castleguard Cave and alpine karst are developed in a limestone benchland that abuts and
underlies the Columbia Icefield, Alberta/British Columbia. Castleguard Mountain (3083
masl) and other peaks rise above it, with lesser glaciers that also drain into the karst. On the
surface, typical karst landforms such as karren fields, solution and suffosion sinkholes are
abundant but comparatively small in size, reflecting erosion or infilling by expanded Little
Ice Age glaciers that are now in rapid retreat. The explored cave, ‘Castleguard I’, has
24 km of mapped passages, the longest currently known in Canada and the foremost
example anywhere of a modern cave beneath glaciers. Most of it is now a hydrological
relict, basal meltwaters from the central Icefield and lesser glaciers passing down through it
into an inaccessible lower system, ‘Castleguard II’. Relict inlet passages are blocked by
plugs of ice or till. Six km of central passages pass through the mountain as down dip/up
joint looping conduits with alternating vadose and phreatic morphology known to be
>780 ka BP in age. Outlet passages can still flood with catastrophic rapidity during summer
melt, despite being � 360 m above basal, perennial, springs in the Castleguard River valley
below. Cumulative karst discharge is c. 20 m3/s−1, most of it weakly turbid melt from the
base of the central Icefield.
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extremes

16.1 Introduction

Castleguard Cave and alpine karst have developed in a
limestone benchland abutting the eastern side of the
Columbia Icefield and extending beneath it. Castleguard
Mountain (latitude 50°06′30”N, longitude 117°15′10′′W;
elevation 3083 masl) is approximately at the centre of the
karst (Fig. 16.1). The icefield and its valley glacier outlets

are c. 320 km2 in area, the largest glacier ice body remaining
in the Rocky Mountains today (see Chap. 17, this volume).
The explored cave has 24 km of mapped passages, the
longest currently known in Canada, and is the foremost
example anywhere of a modern cave beneath glaciers. It
displays many striking morphologic and speleogenetic fea-
tures, interactions between glaciers and karst aquifers, and a
complex modern climate. In 1983 a comprehensive report
involving many specialists was published as a full issue of
the journal, Arctic and Alpine Research, and is the basis of
most of the summary being presented here (Ford 1983); see
also Muir and Ford 1985.
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16.2 Regional Physiography, Geology
and Glaciology

The Columbia Icefield region is a ‘textbook example’ of
alpine glacial morphology, with horn peaks, arêtes, cirques,
trough-head valleys, a plateau ice cap with radiating valley
glaciers, medial and recessional moraines, outwash terraces
and braided river channel deposits downstream of glacier
snouts in the trunk valley bottoms. The local relief from
valleys to peaks is 1400–1600 m.

The glaciers rest upon a pedestal of sedimentary rocks
dipping gently to the southeast (Fig. 16.2). Caves and karst
features are developed in a platform carbonate rock sequence
of Middle Cambrian age that has been divided into four
distinct formations (Douglas et al. 1970). Their aggregate
thickness in the locality is at least 560 m, the base lying
unseen below the alluvial floor of the Castleguard River
valley. At the bottom of the sequence, the Cathedral For-
mation has a main member consisting of very uniform,
massively bedded and resistant, crystalline limestones

overlain by an upper member that is also massive but more
varied in composition, including dolomitic mottling and one
strikingly blue porcellanous bed. The main member hosts the
bulk of the groundwater channels that are active today. The
upper member displays excellent surface karst landforms in
the northern meadows (e.g. Fig. 16.3b).

The overlying Stephen Formation is a mixture of shaley
limestones and calcareous shales with pyrite. These strata are
thinner bedded, mechanically recessive and significantly less
soluble than the limestones above and below. They serve as
an aquitard, obstructing the passage of karst waters through
them but not prohibiting it. Above them, the Eldon and Pika
formations are limestones of intertidal origin, thick to mas-
sively bedded, but with frequent orange-weathering dolo-
mite partings that protrude on weathering surfaces and have
also tended to obstruct groundwater flow. Many limestone
beds are strongly rippled: overridden by ice flow that is
nearly normal to the axes of ripple crests, the ripples may be
dissected into spectacular displays of micro-rock drumlins
(see Fig. 16.4).

Fig. 16.1 Shaded topographic
relief map of the Columbia
Icefield and adjoining mountains.
The Banff-to-Jasper (‘Icefields’)
Parkway lies a few km to the
north of the map. The location of
Castleguard Cave (passing
beneath Castleguard Mountain) is
shown in red and a selection of
the ground water traces in purple.
Castleguard Meadows (alpine)
extend between Saskatchewan
Glacier and the Castleguard River
valley in the south
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Fig. 16.2 Sketch geological section of Castleguard Mountain and Meadows showing the stratigraphic formations and the approximate locations
of the known Cave, the inaccessible channels (‘Castleguard II’) beneath it, and the outlet springs

Fig. 16.3 a Inside the Little Ice Age moraine, freshly scoured Pika
limestone with Castleguard Mountain in background. b Outside the
moraine, Cathedral limestone pavement at the head of the meadows.
c Inside; a small sinkhole modified by glacial plucking on the up-ice

(left) side and scour down-ice. It is the morphological converse of a
rôche moutonnée! d Outside, a suffosion doline in medial moraine:
flowing water is piped down into underlying epikarst in the limestone
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Above the Pika Formation, a thick, purple-maroon shale
(the Arctomys Formation) is impermeable and so terminates
the karst carbonate sequence. It is overlain by several hundred
metres of other shales, sandstones and dolomites of Upper
Cambrian-Ordovician age that are mechanically weak and
compose narrow summitmasses enclosing glaciers that rest on
the upper carbonates. They supply copious clastic debris.

The karst area lies on the axis of a broad anticlinal
structure plunging southeast. Stratal dips on Castleguard
Mountain and meadows are regularly 4°–6° SSE. Where the
cave extends under the icefield, the dip appears to be
reduced. Joints are few, but long and deep, in two sets ori-
ented north–south and northwest–southeast (Hooyer et al.
2012). There are widely spaced deep, south-trending sedi-
mentary dikes and fractures associated with hydrothermal
mineralisation at depth. These features imply deep

hydrothermal groundwater circulation, possibly associated
with the Laramide orogeny when the area was deeply buried
and undergoing tectonic thrusting (Bodenhamer 2007). The
bedding planes exposed in the cave are extensively modified
by slickensides and local shear structures indicative of
modest displacement accommodated by bedding plane shear
(Ford et al. 2000).

This area was a major centre for glacier ice formation and
dispersal during each buildup of the Cordilleran Ice Sheet.
Distribution of erratics indicates that all cirques, benches and
valleys were occupied by flowing ice at the peak of the last
major ice age, the Wisconsinan. Trimlines are poorly pre-
served but suggest maximum ice elevations 750–800 m
above the current floors of trunk valleys such as that of
Saskatchewan Glacier, the source of the North Saskatch-
ewan River.

Fig. 16.4 As the Little Ice Age glaciers are receding across the rather
smooth benches of Cathedral and Pika limestones, there is net scour
and solution on prominences at the glacier base, and prompt
precipitation of sub glacial calcite (white) where the pressure is

relieved. It is shown here at three different scales on the South
Castleguard bench. This is amongst the finest sites reported in the
literature
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During the Wisconsinan recession, interlobate sediments
were left along the axis of the upper meadows, including a
small ice dammed lake (Henoch et al. 1979). A 14C date of
9480 ± 95 years on a sample of red squirrel midden from
the head of the cave (Wildberger 1987, personal communi-
cation) and calcite speleothem (6100 ± 200 BP) from
benches south of Castleguard Mountain suggest that, con-
trary to our earlier opinion, the icefield and neighbouring
glaciers may have almost entirely disappeared during the
Hypsithermal phase of the early Holocene.

The ice returned after c. 5000 BP. Around 200 years ago,
during the Neoglacial (‘Little Ice Age’), the icefield and
valley glaciers expanded substantially. Cirque and bench
glaciers around Castleguard Mountain extended c. 1000 m,
bulldozing surface debris into sharp terminal moraines up to
50 m in height. The earliest photographs (1918) show the ice
still standing at these moraines but considerably thinned
from the inferred maxima. Ice fronts have now receded an
average of 500–600 m from them (e.g. Fig. 16.3a), exposing
scoured bedrock platforms. Saskatchewan Glacier has rece-
ded 2.4 km and thinned more than 100 m from the Neo-
glacial maximum. Luckman (2016) (see Chap. 17, this
volume) provides details of the distal recessional history of
the Athabasca Glacier, another major glacier outlet of the
icefield. From radio echo traverses modern ice depths range
100–365 m over the icefield itself and in the upper valley
glaciers (Waddington and Jones 1977). From cave survey
data, the icefield is c. 300 m thick over the head of Castle-
guard Cave.

The modern tree line is between 2000 and 2150 masl.
There is a wealth of periglacial landforms above it, primarily
felsenmeer on Eldon and Pika limestone benches outside of
the Neoglacial moraines. Sedimentary deposits have been
remobilised by solifluction and streams to encroach upon or
bury some karren fields and sinkholes (e.g. Fig. 16.3).

16.3 Surface Karst Landforms

Karst landforms are found on all of the carbonate forma-
tions. Small-scale solution features (‘karren’ and limestone
pavements) are common on exposed bedrock surfaces out-
side of the Neoglacial moraines. A typical small patch of
pavement is shown in Fig. 16.3b. Varieties of sinkholes
(dolines) are the principal larger features, numbering more
than one hundred in the meadows. On the Pika, Eldon and
Stephen rocks, they are narrow, vertical shafts elongated
along guiding joints, up to 30 m in depth and at least early
postglacial in age. On the more purely calcitic Cathedral
limestone, circular or elliptical shafts predominate and are
considered to originate subglacially, or represent existing
dolines truncated by glacial erosion. There are also a few
more typical funnel-shaped dolines that may have survived

glaciation, or opened up by postglacial frost shattering.
Where sediments overlie karst, ‘suffosion dolines’ can form
where the sediment is being carried into an underlying fis-
sure. Such features can switch from a pond to an open
sinkhole depending on runoff and choking of the outlet.
Figure 16.3d shows an example formed in proglacial lake
sediments that now conveys a vigorous stream, as evidenced
by the calibre of the bedload.

A rare class of small karst features is a deposits of calcite
that is precipitated subglacially and then exposed as the ice
recedes (Fig. 16.4). The Castleguard deposits appear to be
more extensive, larger and more varied morphologically
than those of many other sites (Ford et al. 1970; Hallet
1976), because the glacier ice is largely debris-free, reducing
the impact of abrasion. The deposits are typically c. 1–2 mm
thickness, streamlined to accord to the flow directions of
basal melt films of water, and may cover 80 % of a polished
rock surface freshly exposed by glacier recession. Basal
glacier ice encountering obstacles melts to provide water to
dissolve the limestone. Where pressure is relieved—such as
on the lee side of obstacles—the meltwater freezes, precip-
itating calcite laminae and spicules. The entire cycle (pres-
sure melt + limestone solution ! transverse micro-furrows
dissolved in dark grey limestone ! refreezing + calcite
precipitation ! light coloured laminae and spicules) is
illustrated at the scale of the tip of a pencil (Fig. 16.4c).
Unfortunately, exposed subglacial precipitates are vulnera-
ble to frost shattering and dissolution and only persist a few
decades after ice retreat.

16.4 Castleguard Cave

16.4.1 ‘The Explorers’ Cave

The cave that is highlighted in red in Figs. 16.1 and 16.2 is
that which is accessible to cavers and has been mapped,
‘Castleguard I’. From the hydrological perspective, it is now
a relict cave, equivalent to a terrace in a fluvial geomorphic
system. In the warmer seasons, seepage and small streams
enter overhead at many points and pass down through it via
shafts, or flow along the floor for a few tens or hundreds of
metres before disappearing into tiny new solutional pas-
sages. They are carrying the water into ‘Castleguard II’, an
underlying active system of solutional conduits that conveys
up to 20 m3/s meltwater from the Columbia Icefield
(Fig. 16.2). ‘Castleguard III’ is a second active system of
similarly complex geometry that conveys karst water from
the meadows and upper Saskatchewan Glacier (Smart and
Ford 1986).

Earliest karst dissolution is represented by the
hydrothermal fracture fill deposits associated with north–
south fractures through the cave. These features imply deep
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groundwater circulation under entirely different topography
probably associated with the Laramide orogeny 40–70 Ma
ago (e.g. Bodenhamer 2007). Erosion into the Pleistocene
created a suite of glacial troughs first exposing the Cathedral
limestone along the axis of the Castleguard Meadows where
the initial meteoric water cave is expected to have formed
aligned along a north–south fracture. This development
provided a discharge outlet for groundwaters encountering
the Cathedral limestone to the northwest.

The explored Castleguard I is an excellent example of a
limestone dissolutional cave. Cavers can enter the cave only
at its downstream end, which is at 1970 masl in the north
wall of Castleguard River valley, more than 300 m above the
valley floor. From there, the cave ascends more than 380 m
to terminations underneath the icefield. There are three dis-
tinct morphologic sections: (i) A headward complex of small
inlet passages beneath the modern icefield, created by
repeated blockage and re-routing of sinking waters in the
past (labelled ‘HEAD’ in Fig. 16.2). The passages are
plugged by glacier ice or debris today. (ii) A downstream
complex of low tunnels in two major bedding planes, created
by flooding and obstructions by glacier ice in Castleguard
Valley in the past (‘FLOODS’ in Fig. 16.2). (iii) In between,
the central cave is a sequence of remarkably long, straight
conduits created where one master bedding plane is inter-
sected by vertical joints that are linked by small number of
north–south fractures and a sedimentary dike (Grottoes
Dike) crossing them (Fig. 16.5a). In the bedding plane, there
is some evidence of crushing and shearing, indicating that a
few cm of differential slip related to flexure in strata to the
south opened it up a little, permitting groundwater to pen-
etrate at its juncture with the joints and dike. It is not clear if
the cave developed as a single link between a recharge zone
north of the present Castleguard Mountain and the Castle-
guard Valley, or whether a series of progressive cross-links
developed between north–south fractures. All north–south
segments in the cave exhibit modern drains to lower levels.

Initially, the explored cave may have functioned as a
single phreatic (water-filled) loop that descended more than
370 m below a palaeo-watertable, requiring water to dis-
charge upwards through the Stephen Aquitard (presumably
along faults) to reach ancient springs in the Castleguard
Valley. More certainly, as Castleguard Valley was entren-
ched below the Stephen Formation, the cave became largely
drained and enlarged to nearly its modern dimensions, as
shown in Fig. 16.5b. It was then comprised of two shallow
principal loops with vadose canyon entrenchments up to 20
m deep at their upstream ends (Fig. 16.6a, d), grading
downstream into phreatic tubes four to five m in diameter
and of beautiful circularity where the water-filled cave per-
sisted (Fig. 16.6b, e). The downstream loop discharged into

the downstream complex, by a vertical lift of 24 m up a shaft
of phreatic origin (Fig. 16.6f). Following further entrench-
ment of the valley, the main cave headwaters were diverted
into a new, lower cave (Castleguard II) and the local
recharge waters drained through constricted under-capture
passages in the bottoms of the loops (Fig. 16.5c) and
cross-rifts.

The downstream complex is the meeting point of
Castleguard I and a complementary cave that still conveys
summer floods and sustains a perennial spring near the cave
entrance (Smart and Ford 1986). The latter cave has recently
been dived for 845 m northwards to air-filled passage
(Groves 2010) and is inferred to deliver melt and rain waters
from the upper Meadows and Saskatchewan Glacier.

16.4.2 Clastic Sediments in Castleguard Cave

Fluvial boulders, gravel and sand are encountered in the
headward complex in the cave (Fig. 16.7b). These deposits
have been variously cemented by calcite and eroded, indi-
cating a long history of filling and removal (Schroeder and
Ford 1983).The modern subglacial catchment of the cave
generates surprisingly little sediment, consistent with limited
subglacial fluvial action in the upper accumulation zone of
glaciers. The headwater fluvial sediments are most consistent
with interglacial conditions, when proglacial streams mobi-
lised exposed glacial sediments and transported them inter-
mittently into the cave.

In contrast, in both the vadose and phreatic passages
throughout the cave, there are fragments or substantial sec-
tions of laminated silts and clays up to several metres in
thickness that represent multiple episodes of deposition
(Fig. 16.7c, d). There appears to be no consistent stratigra-
phy or longitudinal gradient in these deposits. They exhibit
varied lamina thickness. Although predominantly still water
drapes, there are occasional sedimentary structures indicative
of water flow (e.g. cross-bedding) and erosion (e.g. scour
trenches and rip-up clasts). Deposition in vadose (air-filled)
passages and interbedded calcite deposits including occa-
sional stalagmites demonstrate drained conditions prior to
emplacement. Such fine sediments would traditionally be
assigned as ‘slackwater deposits’ arising from still water
conditions, typically in backwater tributary passages. These
voluminous still water deposits are challenging to interpret
as they occupy many kilometres of previously drained cave
with a relatively steep overall gradient over hundreds of
metres of elevation head. Single event flooding and ponding
through the cave is improbable. A source for the fine sedi-
ments is required, as is a mechanism for generating piece-
meal ponding and sediment deposition throughout the cave.
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Each lamina requires stagnant water, yet multiple laminae
and local erosional episodes indicate repeated, occasionally
energetic flushes with fresh turbid water. Glaciation provides
a likely source of fine sediments as glacier flour and is also
likely to have raised the water table in Castleguard Valley,
not only flooding previously drained cave passage but also
seasonally reducing the overall hydraulic gradient through
the cave. Turbid glacial meltwater may pass through the
cave in summer, and stagnate in winter, allowing deposition
of a layer of the fine grained sediments. Subsequent flushing
and even periodic drainage will leave the cohesive sediments
largely intact. This cycle may eventually result in local
blockage of the cave, so that various sectors pond and drain,
sometimes catastrophically as barriers rupture and reform, so
accounting for the incoherent stratigraphy.

A most unusual instance of cave sedimentary dynamics
occurs at P8, an eight metre shaft just one hundred metres

inside the cave. Over the course of the fall ! win-
ter ! spring thermal cycle, frost-shattering sends fresh
clasts from the walls down to a talus slope at the foot. In
summer floods, when there is flow � 6 m3/second up the
shaft, flood pulsing re-works this talus into a storm shingle
beach like that seen on rocky open sea coasts (Fig. 16.7e).
Shingled clasts, when reduced to about seven cm in length,
are swept up the shaft and out of the cave (Schroeder and
Ford 1983).

16.4.3 Speleothems in the Cave

Despite its location beneath glaciers or alpine tundra, the
cave beyond the modern entrance flood zone is well deco-
rated with precipitated speleothems. Very pure, white calcite
in the form of stalactites, stalagmites, and flowstone on the

Fig. 16.5 The basic architecture
of Castleguard Cave. a The cave
developed where three
particularly penetrable bedding
planes 6 and 24 m apart in the
Cathedral limestone are
intersected by lengthy joints
oriented aslant the 5° dip. The
lowest, ‘Master,’ plane guides
most of the central cave. As
passages enlarged (b), the water
table was lowered to the
minimum elevations required to
maintain circulation into the
upper planes and out of the
mountain, =“phreatic loops.”
Glacial and fluvial entrenchment
of the Cathedral River valley
(c) then led to capture into lower
caves (Castleguard II) that are
inaccessible
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walls is overwhelmingly predominant (Fig. 16.8a, b). In the
warmer central sector (temperature of +2 to +3 °C, relative
humidity of � 93 % in the driest season), there are small
evaporative aureoles of aragonite, huntite, hydromagnesite,
gypsum, mirabilite, and epsomite; evaporation in these

extreme conditions is due to strong drafts blowing through
the cave when it is not in flood (Harmon et al. 1983). The
richest growth is in the central grottoes, but there are even
widespread juvenile straw stalactites growing in the head-
ward passages under the icefield itself, where temperatures

Fig. 16.6 Illustrating the architecture shown in Fig. 16.5. a Second
Fissure, a gravitational (‘vadose’) entrenchment drains into—
b ‘Holes-in-the-Floor’, a subwater table (‘phreatic’) tube that descends
to feed. c The Grottoes, an ascending phreatic passage. This spilled
over into d First Fissure, a vadose entrenchment draining to e The

Subway, a phreatic tube straight as a die for 450 m and descending
gently to f 24 m Pot, a vertical shaft created by solution up a small fault
(‘phreatic lift’) to deliver the water to Helictite Passage, so completing
the D–E–F loop
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are close to 0 °C. Cave pearls are widespread in the cave—
inferred to be the product of drip water disturbing a gradu-
ally growing sphere of calcite. A remarkable variant occurs
in the Second Fissure where a double layer of calcite
sub-cubical pearls 5–7 mm in diameter is found; it is one of
only four instances known in the world (Roberge and Caron
1983; Hill and Forti 1997).

There has been speculation about the causes of the
modern calcite deposition because in most other caves this is
due primarily to extra acidity supplied to the drip water by
high concentrations of soil CO2 overhead. There are no soils
above most of Castleguard Cave. Atkinson (1983) analysed
the conditions and concluded that the extra acid derived

from oxidation of pyrite in shales of the Pika Formation, a
conclusion supported by analysis of the sulphur isotopes
(Yonge and Krouse 1987). Stalactites in the headward
complex may be associated with elevated CO2 in the
refreezing water film at the bed of the glacier, a subterranean
analogue of the precipitates found on the surface (Fig. 16.4).

Although the large majority of speleothems appear to
postdate the latest phase of varved clay deposition, there are
some interbedded stalagmites and remains of older massive
calcite deposits that suffered erosion during subsequent
floods (Fig. 16.8c). Uranium series dating and palaeomag-
netic studies of some of the oldest examples show that the
cave became relict (i.e. Castleguard II was already well

Fig. 16.7 Sedimentary deposits in the cave. a Underneath the Icefield,
many passages become blocked by regelation ice or b glacier bedload.
During glacial phases, the phreatic areas and lower parts of many
vadose passages were filled with varved clays (c), most of which have
been sapped into underfit stream trenches today (d). e View up the 8 m

shaft, 100 m from the cave entrance and within the modern flood zone.
Winter frost and summer flood pulses work local clasts into a shingle
beach (foreground) until they are small enough to be swept up and out
of the cave
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developed) more than 780,000 years ago (Fig. 16.8d; Gas-
coyne et al. 1983). The varved clays are younger. Such
antiquity appears to be typical of multi-level alpine caves.

16.5 The Karst Hydrology of the Columbia
Icefield, the Castleguard Caves
and Meadows

The Castleguard Valley contains numerous springs that
discharge, in toto, up to 20 m3/s of remarkably clear water in
high summer. Flow decreases very rapidly in cold weather,
and approaches zero in late winter. In contrast, the few small

glacial meltwater streams and closed drainage basins in the
upper meadows and on the benches around Castleguard
Mountain supply only a maximum of c. 1 m3/s to the karst
aquifer. It has long been recognised that this imbalance
implies that the majority of the recharge comes from the
Columbia Icefield, although the location and mechanism of
recharge was unclear (Ford 1983).

Winter cave exploration beneath the icefield revealed dry
vertical shafts passing through the cave and descending to
constrictions tens or hundreds of metres below. Many shafts
showed sharply etched, clean-washed walls implying melt-
water flow in the summer. Steady air flow up the shafts
showed that warm cave air was able to reach the surface

Fig. 16.8 Calcite speleothems in the cave. a Stalactites and straw
stalactites are abundant in the central cave, many growing into the
constant draft. b Larger stalagmites and flowstones in The Grottoes.
c Also in the Grottoes, a large modern stalactite grows from the
remnants (yellow-buff) of a predecessor removed by solution during a

glacial inundation. d High in First Fissure (vadose canyon) a stalagmite
is being destroyed by dripping seepage water that earlier created it.
A sample from its base was magnetically reversed (>780,000 years in
age), helping to establish the antiquity of the cave
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through c. 300 m of glacier ice. It was inferred that the
meltwater descended to the lower level cave, ‘Castleguard
II’ linked to the springs in Castleguard Valley (Fig. 16.9).

A water tracing program was undertaken in 1979–81,
using small quantities of fluorescent dyes to track meltwater
from the Saskatchewan Glacier and Castleguard benches to
the valley springs, supporting the glacial origin of the
meltwater (Smart 1983; Fig. 16.10). Traces from the upper
meadows fed a set of springs around the cave entrance, as
well as being detected in the Castleguard Valley Springs.
Careful analysis of the tracer timing revealed very rapid
flushing of dye through the aquifer, implying well-developed
(i.e. mature) karst conduits.

Glacial meltwater has relatively limited capacity to dis-
solve limestone. The constrictions of the erosional shafts
explored in the cave reflect this limited capacity, but their
sharp etching implies water newly encountering bedrock, i.e.
an origin on the glacier surface. Observations of the flow rate
in the springs demonstrated strong daily variation, closely
matching icefield melt rates, again confirming a surface
origin and very rapid transmission of water.

The Valley Springs extend for 4–5 km, varying from
large conduit outlets (e.g. Big Spring � 5 m3/s), through
bubbling artesian springs to small quick sand boils and
seeps. Observations of flow and dye recovery showed that
these springs operated as two somewhat independent spring
groups, each of which extended spatially and vertically as
flows increases and new overflows became activated. Such a

widely distributed set of restricted springs might be taken as
a feature of a rather immature karst aquifer.

The overall picture is one of surface melt descending
through crevasses in the icefield to reach limestone bedrock,
forming vertical shafts that descend to Castleguard II. The
crevasses are formed where ice deforms over a series of
bedrock steps in the flanks of a cirque north of Castleguard
Mountain. The various recharge inlets all unite into a trunk
conduit before being divided again to be distributed to the
numerous springs.

The restricted vertical shafts and numerous springs in the
valley are characteristic of an immature karst system, as
might be expected with glacial meltwater as the agent of
dissolution. But the rapid flow and inferred common conduit
suggest otherwise. It is concluded that the immaturity of the
shafts (and much of the complexity of the headward com-
plex in the cave) results from progressive retreat of the
bedrocks steps, episodically reorganising the position of
crevasses over time and contributing to the tangled network
of cave passages in this area. The widely distributed spring
system is inferred to have resulted from glacial erosion and
post-glacial infilling disrupting the spring outlets. A very
similar situation has arisen at the outlet of the Maligne Karst
near Jasper (Smart 1988a, b).

In addition to summer floods of several m3/s emerging
from the cave entrance, there are intermediate floodwater
springs and one perennial (‘Red’) spring that shows no
response to the flood events. This is surprising given its

Fig. 16.9 Castleguard II, the
inaccessible modern floodwater
cave. This model illustrates the
complex connections between the
glacial and other groundwater
sinks, the inaccessible conduits in
the strata below the explored
cave, and the outlet springs. The
pipe diameters are proportional to
their discharges. The connections
and capacities were determined
by dye tracing, chemical and
isotopic water sampling and
discharge measurements by Smart
(1983)
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position 340 m above the floor of the Castleguard Valley.
There is no obvious geological explanation for flow
emerging at this level, so it was inferred that the conduits
feeding the spring are ancient features, reactivated in some
way. Monitoring of these phenomena implied a large floo-
ded (hydrologically perched) passage maintained through a
combination of the massive bedrock and sedimentary fill

(Smart and Ford 1986). Slow drainage over winter sustained
the Red Spring, but in summer, cave floods were inferred to
also use this conduit. The trigger for floods appears to be
overflow further upstream during days of high runoff. The
recent, very challenging, cave diving has confirmed some
aspects of this model, including the volume of the flooded
conduit.

Fig. 16.10 Illustrating the karst hydrology. a A glacial melt stream
sinks into a youthful shaft at c. 2480 masl in the Pika limestone.
b Floodwaters pouring out of the entrance to Castleguard Cave at
1970 m. c The Big Springs discharging from an outlet at 1800 m,
hanging 40 m above the alluvial valley floor. d ‘Watersmeet’ at 1710

masl; tinted only with a little glacier flour, karst ground waters from the
central Icefield, Saskatchewan Glacier, Castleguard Mountain and
Meadows (left-hand channel) combine to push aside the very turbid, but
lesser, melt river from the snout of the South Castleguard Glacier
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16.6 Conclusions

Castleguard Cave has provided an astonishing natural lab-
oratory facilitating understanding of cave development,
glacier hydrology and alpine hydrochemistry. The site also
hosts unique invertebrates and promises further insights into
natural evolution in isolated refugia (Holsinger et al. 1983).

Although one of the most studied alpine karst systems in
the world, the age, origin and full function of the cave
remains poorly understood. In part this is a reflection of the
total inaccessibility of much of the functional cave, and
severe difficulties accessing the more remote reaches of the
cave and icefield. The cave was possibly initiated at some
depth in the deep past when climate and topography were
very different and plate tectonic forces were acting. The
hydrological interaction between glaciers and adjacent karst
aquifers is also poorly understood, despite this having been
the predominant condition over much of the last two million
years.

Given the understanding gained from the site, and the
many mysteries that remain, it is fortunate that it has for long
been under the protection of Parks Canada, and is a com-
ponent of the Mountain Parks World Heritage Site.
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