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ABSTRACT

A mineralogical survey at Castleguard Cave has revealed complex suites of carbonate and
sulfate minerals, plus seasonal and permanent ice. Carbonate minerals observed (and number
of occurrences in 55 samples) are as follows: calcite (43), huntite (15), hydromagnesite (6),
aragonite (4), monohydrocalcite (I). Sulfate minerals observed (number of occurrences in
10 samples) are: gypsum (9), thenardite/mirabilite (2), epsomite (I).

Ancient massive dripstone and flowstone deposits consist only of calcite. Smaller dripstones,
chalky coatings on dripstone, thin flowstone crusts, erratics, and pasty wall deposits ("moon
milk") were commonly combinations of calcite plus huntite. Aragonite occurs mainly as
crystalline wall concretions associated with moonmilk deposits and as small anthodites. Hydro
magnesite and monohydrocalcite are only found as dry, crusty, "moonrnilk" wall deposits.

Distribution of carbonate and sulfate minerals is related to the thermal regime and presence
of discrete seepage inputs. Small calcite speleothems occur to some extent throughout the
cave. Massive dripstones and abundant decoration are restricted to sites of present or past
seepage concentration. Sulfate mineralization and basic and hydrated carbonates are con
fined to warm, drier portions of the central cave. Chemical and stable isotope data indicate
that calcite is precipitated at constant CO2 partial pressure. Evaporation is the primary process
responsible for the presence of the diverse sulfate and "exotic" carbonate minerals in the cave.

INTRODUCTION

To date, approximately 80 different minerals are
known to have formed via chemical deposition in lime-

*A version of this paper was presented orally at a symposium,
"Karst and Caves of Castleguard Mountain," at the 8th Inter
national Congress of Speleology, Bowling Green, Kentucky,
U.S.A., 20 July 1981.

© 1983, Regents of the University of Colorado

stone caves (Moore, 1970). Most of these require special
ized environmental conditions to develop. As a result,
most of the common speleothems deposited in caves from
percolating vadose solutions are made up of about 20
minerals (White, 1976). Because of the restricted physio
chemical environment, the formation of cave minerals
is controlled by only a few processes, namely, chemical
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composition and flowrate of waters entering the cave,
temperature, relative humidity, partial pressure of carbon
dioxide in the cave atmosphere, and bacteriological
involvement. Consequently, geography tends to be an
important factor in determining the kind and extent of
secondary mineralization that occurs. Carbonate speleo
thems are usually more abundant and larger in low lati
tude caves, where abundant rainfall and higher tempera-

tures promote intense soil biological activity. Caves in
high latitudes and alpine areas generally display sparse
and small deposits. Nitrate and phosphate speleothems
are most abundant in regions of warm-hot climate and
intensive cave biological activity. Sulfate speleothems are
more common in dry mid-latitude caves, but are known
from very dry, cold alpine and arctic caves.

CASTLEGUARD CAVE

Castleguard Cave is located at the southeastern mar
gin of the Columbia Icefield in the Rocky Mountains of
Canada. The cave is developed in massive limestones of
the Cathedral Formation (Middle Cambrian), overlain by
more thinly bedded shaly limestones of the Stephen For
mation and massive limestones and dolomites of the
Eldon and Pika formations. Despite its location in an
alpine environment and its unique feature of extending
beneath major alpine glaciers, portions of the cave are
extremely well mineralized (Figure 1). Small carbonate

dripstones (stalactites and stalagmites) occur to some
extent throughout it. More massive and ornamented car
bonate speleothems, basic and hydrated carbonate de
posits, and sulfate mineralization are widespread in the
warm central core of the cave between First Fissure and
the Crutch.

The climate of Castleguard Cave is characteristic of
alpine caves which have multiple entrances at different
elevations; i.e., low temperatures combined with a strong,
seasonally reversing draft. Measurements made during
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April 1973 (Ford, 1975), 1979 and 1980 (Atkinson et al.,
1983, this symposium) indicate airflows of about 150 m"
min- t

; temperature profiles are shown in Figure 2. Air
temperature increased from below O°C at the Entrance
to 2.0 to 2.5°C approximately 1500 m into the cave at
P24 shaft, and reached a value of just over 3.5°C at the
Grottoes. The highest temperature measured is 4.2°C in
the Next Scene, an abandoned, high-level passage with
no appreciable air flow. Past the Holes-in-the-Floor, tem
perature steadily declined to I.8°C at the Crutch, finally
reaching a low just above O°C at the Ice Blockage some
9000 m into the cave.

Also shown in Figure 2 are relative humidity measure
ments for April. At this time air entering the cave had
a relative humidity of 83OJo at the Entrance which in-

creased to 94OJo at the Pools. Past this point relative
humidity values approached looOJo through the end of the
Subway (1900 m into the cave), where sulfate minerali
zation is first encountered (Figure 1). Throughout the
central portions from First Fissure to Second Fissure,
relative humidity values fluctuated around 96OJo. Local
increases up to looOJo were observed in areas of concen
trated input of vadose waters such as occur at the Water
fall Rooms (invasion shafts). The lowest relative humidi
ties in this central portion of the cave occur at the two
ends of First Fissure and in parts of the Grottoes, where
the supply of vadose seepage water is insufficient to off
set the drying capacity of the warming air. In such areas
the cave walls and sediment surfaces are extremely dry
and effluorescent minerals are common.

MINERALOGY

Castleguard Cave is well mineralized in parts. There
are four different types of mineralization: (1) seasonal
and permanent ice; (2) carbonate dripstones and flow
stones; (3) "exotic" carbonates such as helictites, cave
pearls, nodular concretions, and pasty/crusty wall 'de
posits; and (4) evaporite minerals.

Typically, the floodwater zone between the Entrance

and the Pools contains seasonal ice; hoarfrost on bed
rock and breakdown surfaces in the early summer, floor
ice and dripstone ice in the winter. This ice, which is
destroyed each summer by flooding, is present in only
the first 450 m of the cave, approximately the same dis
tance that ice deposits are observed to extend into famous
ice caves of the Alps such as Eisriesenwelt, Austria (Ford,
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FIGURE 3. Typical small calcite dripstones and flowstones in
Castleguard Cave: stalactites and soda straw stalactites in the
central cave.

FIGURE 4. Example of large, actively growing dripstones: a
stalactite in the Grottoes.
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FtGURE 5. Exotic carbonates and hydrated carbonates: moon 
milk around aragonite concretions in the Grottoes.

FIGURE 6. Sulfate mineralization in Castleguard Cave : mirabi
lite needles in First Fissure (matchbox for scale).



1975). The seasonal ice, whether present as frozen ponds
or as dripstone, is transparent to translucent and displays
little to no visible crystalline structure.

Permanent ice in Castleguard Cave occurs as a wall,
the Ice Blockage, which terminates a 4 x 3 m phreatic
passage extending northwestwards from the Crutch. In
contrast to the seasonal ice, this plug is coarsely crystal
line, opaque, and contains small limestone blocks. From
the topographic survey data it is apparent that the cave
has reached the base of the Columbia Icefield at this point
and that the "Ice Blockage" is glacier ice intruded into
Castleguard Cave.

Carbonate speleothems vary in abundance throughout
the cave inside the floodwater zone. Small dripstones and
flowstones (Figure 3) predominate. Many of them,
"erratics," are oriented or "flagged" in the direction of
the strong airflow. Larger, ancient or presently inactive,
dripstone and flowstone deposits (Figure 4) occur sporadi
cally through the central cave, especially where there is
vertical fracturing. Many of these deposits (e.g., the Cor
ridor Stalagmite; Gascoyne et al., 1983, this symposium)
have been severely dissected by subsequent resolutional
erosion. "Exotic" and hydrated carbonate deposits (Fig
ure 5) as well as sulfate minerals (Figure 6) are also
present in the drier areas.

The aspects of secondary mineralization in Castleguard
Cave which attracted attention initially were the "erratic"
dripstones, the evaporite mineralization in silt-clay sedi
ments of First Fissure, and the possibility of dating the
massive speleothems. Sixty-five speleothem samples were
collected from sites between the Pools and the Ice Block
age over the period 1973 to 1980.

X-ray diffraction analysis of the 65 samples indicated
the presence of five (or possibly six) carbonate and three
sulfate minerals. The carbonate suite includes the poly
morphs, calcite and aragonite [CaCO,], monohydrocal
cite [CaCO,oH20], huntite [CaMg,(CO')41, hydromagne
site [MgiCO,).(OH2)o3H20], and possibly landsfordite
[MgCO, ° 5H20j. The sulfate suite includes gypsum
[CaS0402H201, epsomite [MgS0407H20], and thenardite
[Na2S04olOH20j. The forms and occurrences of these
various carbonate and sulfate minerals are given in
Table 1.

CALCITE

As in most caves, calcite is the common speleothem
mineral. Forty-eight of the 55 carbonate speleothem
samples from throughout the cave contain calcite, 32 of
which are composed entirely of it (Table 1). The only car
bonate phase which was not found with calcite in Castle
guard Cave was hydromagnesite. Calcite occurs in all
common carbonate speleothem forms (e.g., dripstones,
flowstones, subaqueous deposits, erratics, cave pearls,
and "rnoonmilk") except as anthodites. Large flowstone
and dripstone deposits of pre-Wisconsinan age (Harmon
et al., 1977; Gascoyne et al., 1983, this symposium) are
entirely calcite. Smaller speleothems such as straw stalac
tites, incipient stalagmites, erratics, pool deposits,
botryoidal wall concretions, pasty wall deposits, and dry

crusts on walls (Figures 3 and 5) tend to be mixtures of
calcite with minor amounts of huntite. Most such deposits
are forming in the cave at present or have formed post
glacially (Table 2). Calcite is also observed with the meta
stable carbonate minerals, aragonite, huntite, or mono
hydrocalcite, as pasty or crusty "moonrnilk" wall deposits
(Figure 5).

ARAGONITE

Aragonite was observed in 4 of the 55 carbonate speleo
them samples as holocrystalline concretions on passage
walls throughout the central portion of the cave. The con
cretions form globular protuberances often ringed by
deposits of moonmilk, or as anthodites which extend
from bare bedrock walls in the Grottoes area (Figure 5).
Moore (1956) attempted to explain the distribution of
aragonite in caves of the western United States as a func
tion of temperature, supposing that warmer temperatures
favored aragonite deposition over calcite. Pobeguin
(1955) suggests that other factors such as the rate of
evaporation may be more important in determining which
polymorph of calcium carbonate is precipitated. Cer
tainly, the presence of primary aragonite in Castleguard
Cave argues against temperature as a controlling factor.

HUNTITE

Huntite is the third anhydrous carbonate phase present,
being identified in 13 of the 55 carbonate speleothems. It
occurs as a minor constituent in numerous small calcite
drip stones, thin flowstone crusts, and erratics throughout
the cave, and also as a more prominent component of
moonmilk and chalky surface coatings on small drip
stones in the central part of the cave (Figure 5). Most
documented cave occurrences of huntite are as moonmilk
(Pobeguin, 1960; Thrailkill, 1963), although it has been
noted as a flowstone deposit in Carlsbad Caverns, New
Mexico, U.S.A. (Hill, 1973).

HYDROMAGNESITE

Four of the 55 carbonate speleothems were composed
of hydromagnesite. It was the sole constituent of dry,
cauliflower-like or powdery, moonmilk deposits on bed
rock walls in the central core of the cave. This form of
hydromagnesite is typical of that reported in such caves
as Carlsbad Caverns (Thrailkill, 1971) and Wind Cave,
South Dakota, U.S.A. (White and Deike, 1962). Com
monly, the hydromagnesite moonmilk in Castleguard
Cave develops in distinct circular forms ringing, but sepa
rated from, a central core of crystalline aragonite or
calcite ± huntite ± monohydrocalcite. In no instance
was any other carbonate phase found to occur together
with hydromagnesite.

MONOHYDROCALCITE

The other hydrated carbonate mineral identified is
monohydrocalcite. It occurs in 3 of the 55 carbonate
speleothems sampled, with calcite ± aragonite in the
crystalline wall concretions surrounded by hydromagne
site moonmilk in the central cave, and in a nodular,
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chalky wall concretion in the vicinity of the Pools. The
only other known cave occurrence of this mineral is as
a component of microcrystalline sinter crusts with cal
cite, aragonite, dolomite, hydromagnesite, and nesqueho
nite in the Eibengrotte, Frankische Schweiz, West Ger
many (Fischbeck and Muller, 1971).

LANDSFORDITE

Landsfordite, the magnesium carbonate pentahydrate
may also be present as a trace constituent in the moon
milk deposits. If this is the case, it would be the first
documented cave occurrence of this mineral (White,
1976).

GYPSUM

Gypsum was a major constituent of 9 of the 10 non
carbonate samples from Castleguard Cave. It is abundant
at the two ends of First Fissure, in the Grottoes, and in
Second Fissure. It occurs as shards of loose crystal aggre
gates that are flaking the bedrock walls, as 2- to 3-cm-long
tabular or arrow-shaped platelets protruding from the dis
sected banks of silt and clay sediment, as aggregates of
small needles on the surface of patches of desiccated and
disrupted sediment, as rosettes on the surface of and
within laminated clay sediments, and as oulopholites
extruding from bare bedrock walls (Figure 6).

TABLE 1
Occurrences of carbonate and sulfate minerals in Cast/eguard Cave speleothems

C+A HM+H
Carbonates C A HM C+H C+MHC +MHC + L (?)

Massive dripstones 12
Small drips tones 12 4
Subaqueous pool deposits 2
Cave pearls 1
Thin flowstone crusts 2
Crystalline erratics 1 1
Chalky surface coatings 3 4
Crystalline wall concretions 1 2
Anthodites
Dry wall crusts 2
Pasty wall deposits 1

Sulfates G T(M) G+T(M) G+E

Bedrock wall crusts 1
Oulophites 1
Upon-sediment mineralization 1
Within-sediment mineralization 4

Occurrence C A H HM MHC L(?) G T(M) E

Total occurrences in 55 carbonate samples 48 4 14 4 3 3
Total occurrences in 10 sulfate samples 9 2

C = calcite; A = aragonite; HM = hydromagnesite; H = huntite; MHC = monohydrocalcite; L = landsfordite; G = gypsum;
T = thenardite; M = mirabilite; E = epsomite.

TABLE 2
U-series data and 230Th/234U ages for selected small speleothems from Castleguard Cave

Sample U cone. Age
number escription Mineralogy (ppm) 234U/238U 23°Th/23·U 23°Th/232Th (ka)

73009-3 (t)a Stalagmite- Calcite 5.9 1.33 ±0.01 0.012 ± 0.005 200 1.3 ±0.5
-4 (b) Camp 1 19.1 1.34 ± 0.02 0.024 ± 0.001 35 2.7 ±0.2

80501 Straw stalactite- Calcite + 3.3 l.54±0.01 0.05 ±0.004 l7 6 ±0.7
Holes-in-Floor huntite

80502 Stalactite- Calcite 15.4 0.82±0.02 0.11 ±0.01 200 13 ± 1
Ice Passage

80503 Stalactite-Pools Calcite + 2.4 1.65 ± 0.01 0.06 ±0.002 200 7 ±0.4
huntite

aFrom Harmon et al. (1977).
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MIRABILITE (THENARDITE)

Thenardite (anhydrous sodium sulfate) was identified
in 2 of the 10 evaporite samples, one from First Fissure
and one from Second Fissure. In the cave these two
samples occurred as intertwined aggregates of thin, trans
parent, water-soluble needles ca. 1 em in length which
produced a slightly bitter and salty taste when placed on
the tongue. This suggests that the thenardite identified
by x-ray diffraction actually was present in the cave as
the hydrated sodium sulfate, mirabilite (Na2S04·1OH20)

which loses its water of hydration when removed from the
cave environment (White et al., 1970).

EpSOMITE

Epsomite is the third sulfate mineral found in Castle
guard Cave. Its sole documented occurrence was as fluffy
aggregates of very thin, faintly white to translucent,
curved, acicular needles (Figure 6) forming on the top
of a patch of desiccated sediment in the driest portion
of First Fissure.

WATER CHEMISTRY

Vadose waters entering Castleguard Cave were sampled
during April 1979 and 1980 as part of an investigation
of the mechanism(s) of carbonate deposition in the
modern cave (Atkinson, 1983, this symposium). The con
centrations of CaH, MgH, Na+, K+, HCO;, SO;-, and ci
as well as pH value were measured for a total of 30

samples collected from sites where (a) flowing water was
dissolving bedrock (7), (b) drip waters were actively de
positing carbonate minerals (16), and (c) crystal-lined
pools were accumulating drip and seepage waters (7).
Values for pH, along with temperatures of some waters,
were measured at the time of collection. Where tempera-

TABLE 3
Summary of geochemical character of vadose waters in Castleguard Cave

I II
Discrete flows Diffuse seepage III

Parameter eroding bedrock and drip water Pool waters

pH (range) 8.13 to 9.03 8.20 to 8.95 8.28 to 8.72
(mean) 8.42±0.35 8.46±0.23 8.44±0.18

Ca 2+ (range) 0.61 to 1.55 0.66 to 1.90 0.49 to 1.80
(mean) 1.05 ±0.34 1.44±0.42 1.02±0.57

Mg2+ (range) 0.35 to 1.28 0.61 to 3.74 1.01 to 5.33
(mean) 0.74±0.39 1.59±0.97 2.10± 1.67

Na+ (range) 0.017 to 0.491 0.022 to 0.290 0.069 to 0.308
(mean) 0.12 ± 0.16 0.12 ± 0.07 0.19±0.09

K+ (range) 0.008 to 0.020 0.007 to 0.020 0.008 to 0.051
(mean) 0.013 ± 0.005 0.014±0.003 0.020 ± 0.016

HCO; (range) 1.47 to 2.34 1.56 to 4.24 2.16 to 3.16
(mean) 1.81±0.34 2.39±0.67 2.44 ± 0.47

SO~- (range) 0.17 to 1.12 0.31 to 2.33 0.60 to 2.29
(mean) 0.59±0.35 1.04±0.55 1.31 ±0.77

-log PCO z [atm] (range) 3.26 to 4.19 -3.17 to 3.95 -3.18 to 3.63
(mean) 3.55 ±0.37 3.42 ± 0.22 3.39±0.17

SIc (range) -0.48 to 0.86 -0.07 to 0.87 -0.04 to 0.63
(mean) 0.21 ±0.37 0.34±0.28 0.27 ±0.25

SI. (range) -0.49 to 0.51 -0.43 to 0.52 -0.39 to 0.29
(mean) -0.15 ±0.37 0.01 ±0.29 -0.09±0.25

SId (range) -0.93 to 1.19 -0.39 to 1.69 0.09 to 1.51
(mean) -0.01 ±0.76 0.53±0.64 0.56 ± 0.55

Sl m (range) -0.97 to -0.04 -0.58 to 0.60 -0.22 to 0.61
(mean) -0.56±0.37 -0.07 ±0.37 0.04±0.31

SIg (range) -2.28 to -1.86 -2.35 to -1.35 -2.15 to -1.57
(mean) -2.14±0.13 -1.89±0.26 -1.84±0.22

10g[Ca/Mg] (range) -0.03 to 0.42 -0.33 to 0.80 -0.47 to -0.17
(mean) 0.16±0.16 -0.051 ±0.27 -0.28 ± 0.11

sn (°/ 0 0 SMOW) (range) -171 to -149 -174 to -147 -169 to -142
(mean) -160±9 -161 ± 7 -154± 8

0180
(0 10 o SMOW) (range) -24.8 to -19.5 -23.5 to -19.4 -23.1 to -19.0

(mean) -22.4± 2.0 -22.1 ± 1.3 -21.4 ± 1.5

Ionic concentrations are expressed as milli-equivalents per liter, Sf = Saturation Index for (c) calcite, (a) aragonite, (d) dolomite,
(rn) magnesite, (g) gypsum. Mean is ± S.D.
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ture was not measured, it was assumed to be the same
as that of the cave air at the site. Measurements of Ca2+,
Mg2+, and HCO; were made in the cave; all other analyses
were made on acidified samples in the laboratory at a later
date. Measured data were processed using the computer
program WATSPEC (Wigley, 1978) to calculate ion
activities, complex corrections, mineral saturation indices,
and equilibrium CO 2 partial pressure values.

Results are summarized in Table 3. Ranges in concen
tration of the major aqueous species (in meq L-') are
Ca 2

+ = 0.49 to 1.90, Mg2
+ = 0.35 to 5.33, HCO; = 1.47

to 4.24, and SO~- = 0.17 to 2.33. In general, seepage and
drip waters have higher total dissolved solids contents
than other water types. Significantly, Mg2+, Na', and SO~-

are highest in the pool waters. Measured pH and calcu
lated PC02 values are equivalent, within analytical error,
and the PC02 values for the cave waters are essentially
equal to that measured for the cave atmosphere (see
Atkinson, 1983, this symposium). The pH and PC02

values for the cave waters are similar also to those re
ported by Ford (1971) for glacial meltwaters and spring
waters in the area. These observations indicate that the
cave waters are derived under "open system" conditions
from meteoric precipitation, snowmelt, and/or glacial
meltwater in equilibrium with the atmosphere. Thus, the
CO 2 degassing mechanism cannot be a significant process
controlling speleothem deposition in Castleguard Cave.

MINERAL GENESIS

X-ray diffraction analysis has documented the presence
of five carbonate minerals (calcite, aragonite, huntite,
hydromagnesite, monohydrocalcite, possibly landsfor
dite) and three sulfate minerals (gypsum, epsomite, and
mirabilite) in Castleguard Cave (Table 1). However, the
saturation index data (Table 3) indicate that the waters
only attain saturation with respect to calcite and arago
nite. None was saturated with respect to any other car
bonate or any sulfate mineral found in the cave, although
many were super-saturated with respect to dolomite and

magnesite, two minerals not present as secondary precipi
tates.

A plot of Ca 2+ versus Mg2+ for the cave waters (Fig
ure 7) shows that the flows which are associated with
active bedrock dissolution lie close to the Ca:Mg = 1:1
line. This indicates that much of the flow path and chemi
cal evolution of these waters has been through dolomites
of the Stephen, Eldon, and Pika formations, which over
lie the central cave where the majority of samples were
collected. Drip and pool waters, by comparison, largely
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1.80, mMg = 5.33) are not shown in figure.
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FIGURE 8. Plot of MgH versus Na" for Castieguard Cave waters.

lie to the right of the I: 1 line. This suggests a late stage
evolution towards decreasing Ca2+ content at approxi
mately constant Mg" concentration, as would be expected
to occur where calcite-saturated seepage water is subject
to evaporation. This suggests that deposition of arago
nite, the mixed Ca-Mg carbonates, the hydrated carbo
nates, and the sulfate minerals is a result of evaporation.
Additional support for this idea comes from the fact that
the pools waters, which are accumulations of drip and
seepage waters that have had a significant residence time
in the cave, contain the highest concentrations of Mgl +,
Na", and SO~- (Table 3). It is seen in Figure 8, where con
centration of Mg2+ is plotted against that for Na", that
the trend of the line passing through the analytical data
extrapolates to the origin. This indicates that a physical
process such as evaporation which concentrates dissolved
constituents on an equal basis must, at least in part, be
controlling the chemical evolution of the vadose waters
in Castleguard Cave.

However, investigation of the cave microclimate and
airflow (Atkinson et al., 1983, this symposium) indicates
~hat rates of evaporation from the cave walls are only
III the range 0.005 to 0.4 mm d'. Such low rates can
account for only I to 10010 of the Holocene VOlume' of
speleothem deposition in Castleguard Cave, sufficient to
explain the small amount of "exotic" carbonate and sul
fate mineralization, perhaps, but not to account for the
great volume of more massive calcite speleothems. There
fore, an additional depositional mechanism is required.

As noted above, the carbonate-depositing waters con
tain a proportionally large Mg2+ content derived from dis
solution of dolomite, as well as SO~-. All drip waters are
essentially saturated with calcite, but strongly unsaturated
with respect to gypsum and, in some cases, dolomite
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(Table 3). Thus, it is postulated that the deposition of
calcite in Castleguard Cave occurs at constant COl partial
pressure as the result of either additional dissolution of
dolomite or sulfate uptake (or both) just prior to enter
ing the cave, as theoretically modelled by Wigley (1973).
This important postulate is developed in a separate paper
(Atkinson, 1983, this symposium).

Given such a mechanism for calcite deposition in
Castleguard Cave, and the general occurrence of the
"exotic" carbonate minerals as erratics, wall concretions,
flowstone crusts, and moonmilk, the formation of these
minerals must be viewed in terms of either a process which
affects the seepage waters after they enter the cave or a
kinetic mechanism which promotes their deposition. Fig
ure 9 shows the stable and metastable phase relationships
in the system Ca-Mg-COrHlO as determined from ther
mochemical data for the prevailing environmental condi
tions, and the field for vadose waters in the cave. It is
seen that the thermodynamically stable assemblage at the
prevailing COl partial pressure is calcite-dolomite-mag
nesite, whereas the metastable assemblage is aragonite
huntite-hydromagnesite. Therefore, given the Ca/Mg
ratios observed in the waters, the mineral assemblage
expected in the cave should be some combination of cal
cite, dolomite, aragonite, and/or huntite.

All 22 drip and pool waters sampled were saturated
with respect to calcite, and all but one with respect to
dolomite. Ten were supersaturated with respect to arago
nite, and 8 with respect to magnesite. No water was found
to be supersaturated with respect to huntite, hydromag
nesite, or any other carbonate or sulfate phase present
in Castleguard Cave. Dolomite and magnesite are both
known to occur in other caves. The former has been docu
mented in Carlsbad Caverns, where it is presumed to be
a secondary alteration product derived from reaction of
aragonite with Mg-rich waters (Thrailkill, 1968, 1971)and
in Jewel Cave, where it occurs as primary crystalline over
growths on calcite speleothems (Deal, 1962). Moore
(1961) has also described the common occurrences of
dolomite moonmilk associated with dehydrated huntite
moonmilk. Likewise, magnesite is known as a constituent
of moonmilk from Titus Canyon Cave, California,
U.S.A. (Moore, 1970). The likely reason for the lack of
these two minerals in Castleguard Cave, despite the fact
that most waters are saturated with respect to dolomite
and many are saturated with respect to magnesite, is that
their nucleation and precipitation may be kinetically
inhibited so that at higher degrees of supersaturation the
metastable basic and hydrated carbonates are formed
instead (Figure 9). Evaporation of seepage water is the
most probable means of achieving the higher degrees of
solute enrichment required to form the metastable
minerals.

Because aragonite is 11070 more soluble than calcite it
can only form from a solution saturated with respect to
both when the precipitation of calcite is inhibited. The
"poisoning" of crystal growth surfaces by ions such as
Mg2+, Sr2+, and SO~- is one such prohibitive mechanism
(Curl, 1962). Experimental work has demonstrated that
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calcite is precipitated from CaCOrsaturated solutions
where the Ca:Mg ratio is above 0.70, whereas between
Ca:Mg = 0.70 to 0.24 both calcite and aragonite are pre
cipitated, and below Ca:Mg = 0.24 aragonite is the only
precipitate (Lippmann, 1960). Waters in Castleguard
Cave have Ca:Mg ratios of 2.65 to 0.34, with seepage and
pool waters having lower ratios than vadose flows. Also,
seepage and pool waters were significantly enriched in
SO~- relative to vadose flows (Table 3). Thirteen of the
30 cave waters samples were saturated with respect to
aragonite, suggesting that this mineral should be present
but not abundant in the Cave. That only 4 of the 55
carbonate speleothems examined contained aragonite
(Table 1), and that aragonite speleothems analyzed were
enriched in Mg relative to calcite speleothems (X Ca: Mg
for aragonite = 0.91 versus 33.0 for calcite) supports this
suggestion.

Huntite is the only other anhydrous carbonate phase
present. The absence of a huntite-hydromagnesite asso
ciation indicates that huntite is not an alteration product
of hydromagnesite formed according to the reaction pro
posed by Moore (1961): 3MgCOJ·Mg(OHh·3H20 +
Ca2+ + CO2 =:; CaMgJ(COJ ) 4 + Mg2

+ + 4H 20 . Rather,
its occurrence as a minor constituent of small calcite
speleothems and crusts throughout the cave, and in
moonmilk-type deposits in the central portion of the cave,

suggests that it is primary, precipitating directly from Mg
enriched carbonate solutions.

The occurrence of the hydrated carbonates (hydromag
nesite, monohydrocalcite, and possibly landsfordite) in
Castleguard is basically a problem of the genesis of
"moonmilk" deposits in the cave. Moonmilk is a generic
term given to a soft, white deposit commonly found
occurring as pasty or powdery wall coatings, flowstones,
or dripstones in some caves. Calcite or hydromagnesite
are the common constituents, but seven other species
aragonite, huntite, nesquehonite, magnesite, dolomite,
monohydrocalcite, and trihydrocalcite - have been
identified in some deposits (Palache et al., 1951; Davies
and Moore, 1957; Poulson and White, 1969; Thrailkill,
1971; Fischbeck and Muller, 1979). In general, moonmilk
in cold, alpine caves comprises semiliquid, pasty masses
of calcite or aragonite, whereas in temperate caves it has
the drier, powdery form consisting of a variety of carbo
nate minerals (White, 1976). In some instances, but not
in Castleguard Cave, moonmilk deposits are aggregates
of fibrous bodies, termed lublinite, which are thought to
be bacterial filaments (Moore and Burky, 1968). Several
workers have discussed the role of bacteria in the break
down of cave wall-rock minerals and their conversion to
single-cation carbonate crystals in moonmilk (e.g., Geze
et al., 1956; Davies and Moore, 1957; Williams, 1959,
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caves of the First Canyon, South Nahanni River, North
west Territories.

The ultimate source of the sulfate is presumed to be
pyrite in the shaly Stephen limestones overlying the cave.
This oxidizes in contact with vadose groundwater to form
sulfuric acid, which subsequently reacts with the carbo
nate rock. A similar mechanism was advocated by Pohl
and White (1965) to explain the sulfate mineralization in
central Kentucky caves. It is envisaged that some sulfate
deposition occurs in situ at or near the cave-rock inter
face. Because the molar volume of the hydrated sulfate
minerals is greater than that of calcite, the carbonate rock
at the interface is subject to both dissolution and
mechanical rupture. Also, because the sulfate- and car
bonate-bearing waters which enter the cave are undersatu
rated with respect to all sulfate minerals present, evapora
tion certainly must play the most important role in their
deposition. In the case of sulfate minerals in the cave sedi
ments, it is likely that the latter act as a wick for waters
passing out of adjacent cave walls. The only occurrence
of mirabilite is in the driest portion of the central cave
as small, tuft-like masses of acicular needles on the sur
face of desiccated sediments. It is likely in this case that
deposition of the sodium sulfate mineral occurred as the
result of evaporation of solutions which had become Na
enriched via ion-exchange processes as Mg-rich seepage
waters passed through the sediment before evaporation.
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1961;Moore and Nicholas, 1964). However, such biologic
origin remains a matter of debate. White and Deike (1962)
attribute the occurrence of hydromagnesite moonmilk in
Wind Cave, South Dakota, to vapor phase equilibrium
during evaporation, and a similar explanation comple
mented by aerosol transport was advocated by Fischbeck
and Muller (1971) to explain the presence of monohydro
calcite-hydromagnesite-dolomite-calcite-aragonite-nes
quehonite moonmilk deposit in the Eibengrotte, West
Germany. A similar origin seems best to explain the com
bination of pasty and crusty moonmilk deposits observed
in Castleguard Cave.

Hydromagnesite was the sole constituent of 4 of the
55 carbonate speleothems sampled, occurring only in
moonmilk deposits in the central cave. It is the metastable
basic carbonate expected under the T-PC02 conditions
prevailing there. The precipitation of thermodynamically
metastable aragonite, huntite, and hydromagnesite may
be accomplished as the result of progressive evaporation
of Mg-enriched seepage water at constant PC02 • Decrease
in Ca:Mg ratio of an evaporating water that is precipi
tating calcite should bring the residual fluid progressively
into the fields of aragonite, huntite, and then hydromag
nesite as evaporation proceeds (Figure 9). Such an evolu
tion is consistent with the observation that the
amorphous-looking, powdery hydromagnesite moonmilk
deposits which occur on walls in the First Fissure,
Grottoes, Holes-in-the-Floor, and Second Fissure com
monly occur surrounding, but separated from, nodular,
crystalline wall concretions of aragonite or calcite plus
huntite (Figure 5).

Monohydrocalcite is the other hydrated carbonate
mineral positively identified. It occurs with calcite and
aragonite as crystalline wall concretions in the Pools area
(Table 1). To date, the only other reported cave occur
rence of monohydrocalcite was in moonmilk deposits
from the Eibengrotte, West Germany (Fischbeck and
Muller, 1971)where it was attributed to aerosol transport
and evaporation. Given the strong airflow and moderate
evaporation rates measured in Castleguard Cave, a depo
sitional mechanism involving progressive evaporation of
thin films of water on walls seems adequate to explain
the presence of monohydrocalcite there.

Landsfordite, the basic carbonate pentahydrate, may
also exist in Castleguard Cave (Table 1). Such an occur
rence would be compatible with the T-PC02 conditions,
which span the hydromagnesite-Iandsfordite phase
boundary (Figure 10). Additional collection of moonmilk
samples under refrigeration is necessary to confirm the
presence of landsfordite.

The three sulfate minerals present (gypsum, epsomite,
and thenardite/mirabilite) occur in a variety of forms in
the central portion of the cave (Figure 1). Their primary
occurrence is as crystal aggregates between shards of
breakdown at the cave-wallrock interface, or within and
on the surface of silt sediments which partially infill sec
tions of the central cave. Similar sulfate mineralization
has been observed in very dry, perma-frozen portions of
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FIGURE II. Plot of 00 versus 0180 for Castleguard Cave waters
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tion on isotopic composition.

Stable isotope analysis has been made of carbonate
speleothems, cave and local spring waters collected over
the period 1973 to 1980. Here, hydrogen (oDw ) and
oxygen (01 80 w) isotopic compositions of waters are
expressed as permil (% 0) deviations from Standard
Mean Ocean Water (SMOW), whereas the oxygen
(OI80c) and carbon (013C c) isotopic compositions of car
bonate speleothems are reported relative to the PDB
standard.

Spring waters in the vicinity of Castleguard Cave,
which are representative of the average groundwater in
the karst hydrologic system, have mean oDw and Ol80w

values of -160° /00 and -22.5%
0, respectively. Most

flows that are eroding rock in the cave fall close to this
composition (XsoD w -160° / 00, i\0180 w

-22.4° /00). Drip waters from soda-straw stalactites and
their associated catchment pools are slightly enriched in
both D and 180 (X160Dw = -157 %

0 , Xl60180w =
-21.8° / 00). They lie along an evaporation trend (Fig
ure 11), confirming that evaporation has affected the
evolution of the depositing drip and seepage waters. It
is also observed that the tips of four erratic stalactites
from Holes-in-the-Floor have Ol80c values ranging from
-17.8 to -15.8% 0 (X40180 c = -17.3% 0 ) . These
samples are enriched in 180 by approximately 2°/00 rela
tive to the Ol80c value of -19.2% 0 that is expected for
calcite precipitated in equilibrium with a water of Ol80w

= -22.5 %0 at 3°C. This confirms that evaporation
is the dominant process controlling deposition of the
modern "exotic" carbonates.
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FIGURE 12. Uranium-series chronology and O-isotope profiles for speleothems from Castleguard Cave.
The 10 bars designate the one standard deviation in 23°ThpJ4U age determination, the arrows denote
the temporal positions of relative high sea level stands during the past 150,000 yr (Moore, 1982), and
the solid bars indicate the growth periods of individual speleothems in the cave (this study; Harmon
et al., 1977; Gascoyne et al., 1983, this symposium). Figure modified from Ford et al. (1976).
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Although this situation of strong airflow and low
temperature evaporation is a major feature of the Castle
guard Cave environment at present, there is isotopic evi
dence to suggest that the situation has not persisted
throughout the history of the cave. Stable isotope analysis
of a flowstone overgrowth deposited from 155± 9 to
93 ± 3 ka (Harmon et al., 1977) on a more ancient, eroded
stalagmite from the Grottoes demonstrates that calcite
deposition in Castleguard Cave during the penultimate
glacial and last interglacial period occurred under condi
tions of oxygen isotope equilibrium. This means that the
massive carbonate speleothems had no evaporative com
ponent, most likely because there was not the strong air
flow that exists at present. Lack of atmospheric connec
tions in the Headward complex of the cave, or blockage
of the lower entrance at this time could have caused such
a situation.

Values of {)l80 e for sample 73010 range from -19.60
to -17 .19° / 00 (Harmon, 1975). The ol80e-time profile
for this specimen is shown in Figure 12. It documents an
extended cold period ('80 enrichment) from the begin
ning of the record at ca. 155 to ca. 105 ka, interrupted
by short-lived episodes of warmer climate ('80-depletion)
at ca. 145and ca. 125 ka. Following the most intense cold
episode in the record at ca. 115 ka, a major warm epi
sode is recorded at ca. 105 ka. As seen from the figure,
the episodes of warm climate are contemporaneous with
the timing of Late Pleistocene high sea-level stands
(Moore, 1982) and correlate well with warm periods

recorded in speleothems from other North American
karst areas (Harmon et al., 1978).As noted by Ford et al.
(1976), the 180 variation observed in specimen 73010
probably represents a 5 to 7°C variation in temperature,
i.e., 2 to 3°C warmer to 3 to 4°C cooler than the present
cave value of 3°C at the deposition site. It is believed that
an increase of 2 to 3°C in the average annual surface
temperature would not result in the demise of the
Columbia Icefield. Given that the three warm peaks in
the O-isotope record are so short-lived, and that most of
the period from ca. 155 to 95 ka was significantly colder
than at present, it seems likely either that the Icefield per
sisted at approximately its modern dimensions during the
last interglacial period, or that it was thicker and block
ing the air flow.

The C-isotopic composition of sample 73010 is of
interest with regard to the mechanism of carbonate depo
sition in Castleguard Cave. Values of ol3Ce range from
-1.10 to + 0.74°/00' Such I3C-enriched values for cal
cite can only be the result of precipitation of carbonate
from waters initially in equilibrium with an atmospheric
CO2 source before the dissolution of carbonate bedrock
occurred (Deines et al., 1974). This further confirms that
the deposition of carbonate speleothems in the cave has,
throughout its history, probably occurred at a constant
CO2 partial pressure equivalent to that of the atmosphere
and argues against a biogenic CO2 source as important
to the chemical evolution of vadose groundwaters in the
karst area.

SUMMARY AND CONCLUSIONS

The distribution of carbonate and sulfate minerals in
Castleguard Cave is related to two primary factors, the
thermal regime of the cave and the presence of discrete
inputs of vadose water. Small carbonate dripstone
deposits occur, to some extent, throughout the cave
beyond an entrance zone that is subject to seasonal flood
ing. However, massive development of carbonate speleo
thems and abundant dripstone decoration are restricted
to areas where vadose groundwater flow has been
localized and concentrated, such as Helictite Passage,
Next Scene, the Grottoes, and Holes-in-the-Floor. By
contrast, sulfate mineralization and deposition of "basic"
and hydrated carbonates is restricted to the warm, central
core of the cave. In this area, it is common for gypsum

to occur within centimeters of floor streamlets in passages
of near 100070 relative humidity. Parts of the central cave
devoid of sulfate mineralization are those where either
discrete inputs of vadose flow or large amounts of seep
age enter it (e.g., the WaterfaIl Rooms and Holes-in-the
Floor). In the winter, cold air flows into the cave and
warms up about 25°C, causing significant evaporation
in the middle section; this results in deposition of the suite
of "exotic" carbonate and sulfate minerals there. In the
summer, cold air at O°Cin the Headward complex blows
out of the cave, but only warms up about 3°C. Evapora
tion is less at this time, so that First Fissure and the
Grottoes have more extensive mineralization than Second
Fissure.
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