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Abstract: The Garibaldi Volcanic Belt (GVB) in southwestern British Columbia is domi-
nated by intermediate composition volcanoes in a setting that has been intermittently
subjected to widespread glaciation. The glaciovolcanic features produced are distinctive, and
include flow-dominated tuyas, subglacial domes, and ice-marginal flows. Flow-dominated
tuyas, which are intermediate in composition, are unlike conventional basaltic tuyas; they
consist of stacks of flat-lying lava flows, and lack pillows and hyaloclastite. They are inferred
to represent subglacial eruptions that ultimately breached the ice surface. Subglacial domes
occur as steep-sided masses of heavily-jointed, glassy lava, and represent eruptions that were
entirely subglacial. Ice-marginal flows derive from subaerial flows that were impounded
against ice.

Two unique aspects of GVB glaciovolcanic products are the presence of flow-dominated
tuyas and the apparent scarcity of primary fragmental deposits. These unique features result
from lava composition, the minimization of direct lava—water contact during eruptions, and
topography. Composition influences morphology because eruption temperature decreases,
and viscosity and glass transition temperature both increase with silica content, The result
of this is that silicic subglacial volcanoes melt less water and are less likely to trap it near
the vent, leading to the formation of structures whose shapes are strongly influenced by the
surrounding ice. Topography also enhances meltwater drainage, favours lava flow impound-
ment in ice-filled valleys, and may, through erosion, influence the observed distribution of

fragmental glaciovolcanic deposits.

Southwestern British Columbia is a region
of extensive Neogene—Quaternary volcanism,
and the waxing and waning of continental-scale
ice sheets, as well as the presence of alpine
glaciers, during Quaternary time has led to many
interactions between volcanoes and ice. These
interactions explain numerous geomorphologi-
cal features of southwestern British Columbia’s
Garibaldi Volcanic Belt (GVB).

In this paper, we aim to (1) introduce the
GVB and its glaciovolcanic landforms, (2) high-
light the unique aspects of GVB glaciovolcanic
deposits, and (3) discuss the origins of some of
the more distinctive glaciovolcanic landforms in
the GVB. Glaciovolcanic features of the GVB
are substantially different from those described
in Iceland (Jones 1966, 1969, 1970; Furnes et al.
1980; Tuffen er al. 2001), Antarctica (Smellie
et al. 1993; Smellie & Skilling 1994; Smellie
2000), and other parts of British Columbia

(Mathews 1947; Souther 1992; Hickson 1987;
Hickson er al. 1995; Edwards & Russell 2002;
Edwards et al. 2002). The three main landforms
resulting from intermediate composition glacio-
volcanism are: flow-dominated tuyas, subglacial
domes and ice-marginal lava flows. Pillows and
fragmental material are rare or absent at all three
types of landform. The unique aspects of GVB
glaciovolcanic landforms reflect lava composi-
tions and terrain.

The landforms and lithologic features formed
by glaciovolcanism are distinctive. Where these
deposits are preserved, they can serve as an
important palaeoclimatological tool, because
they provide an indicator of the past presence
of ice. Additionally, an understanding of how
volcanoes and ice interact is important for
hazard assessments, since subglacial eruptions
have the potential to release catastrophically
large volumes of water (as jokulhlaups) due to
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Fig. 1. (a) Map of the Garibaldi Volcanic Belt, showing the distribution of volcanic centres (after Hickson 1994).
(b) Map of the Mount Cayley volcanic field (after Souther 1980). (c) Map of the Garibaldi volcanic field.
Individual glaciovolcanic centres are abbreviated as follows: BF, Barrier flow; BT, Black Tusk; CC, Culliton
Creek flow; CD, Cauldron Dome; CP, Columnar Peak; CV, Cheakamus Valley flows; EM, Eenostuck mass;
ER, Ember Ridge; GP, Glacier Pikes; HS, Howe Sound; LR, Logan Ridge; LRM, Little Ring Mountain;

MB, Mount Brew; MCC, Monmouth Creek complex; MC, Mount Cayley; MG, Mount Garibaldi; MM, Mount
Meager; MP, Mount Price; OM, Ochre Mountain; P, Pemberton; PD, Pali Dome; PR, Paul Ridge; R, Round
Mountain; RM, Ring Mountain; S, Squamish; SG, Salal Glacier volcanic complex; SH, Slag Hill; SM, Sphinx
Moraine; T, Table; TH, Tuber Hill; W, Whistler; WP, Watts Point. Silverthrone Mountain, at the northern extent
of the Garibaldi Volcanic Belt, lies to the north of the area covered by this map.
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rapid, large-scale melting of ice. Finally, dis-
tributions of products of glaciovolcanism can be
used to constrain temporal and spatial linkages
between volcanism and glaciation.

Garibaldi Volcanic Belt

The Garibaldi Volcanic Beit (Fig. 1) of south-
western British Columbia is the northern exten-
sion of the Cascade magmatic arc of the western
United States (Green et al. 1988; Guffanti &
Weaver 1988; Read 1990; Sherrod & Smith
1990; Hickson 1994). Tt extends from Mount
Garibaldi, which is located near the head of
Howe Sound, northward through the Salal
Glacier volcanic complex to Silverthrone Moun-
tain. Volcanic deposits in the GVB range from
Miocene to Holocene in age, and are principally
a result of the subduction of the Juan de Fuca
plate beneath the North American plate (Green
et al. 1988; Rohr er al. 1996). There are at
least eight separate volcanic complexes in the
GVB (Table 1), which include stratovolcanoes,
isolated flows, domes, spines, cones and tuyas
ranging in composition from high-alumina basalt
to rhyolite (Fig. 2). The most recent eruption
occurred at Mount Meager at 2360 BP (Clague
et al. 1995; Leonard 1995).

Glaciovolcanic features have been recognized
at Watts Point (Bye et al. 2000), the Monmouth
Creek complex, Garibaldi volcanic field, (Math-
ews 1951, 19524,b, 1958; Green 1977), the
Mount Cayley volcanic field (Souther 1980;
Kelman et al. 2001), Mount Meager and the
Salal Glacier region (Lawrence et al. 1984; Rod-
dick & Souther 1987; Green er al. 1988; Fig. 1).
The sizes, ages and lithologic attributes of these
landforms are summarized in Table 2.
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Isotopic studies on deep-sea sediments show
that there have been eight major climatic cycles in
southern British Columbia over the past 800 000
years (Shackleton & Opdyke 1973). Many of
these cycles were accompanied by widespread,
though not necessarily continental-scale, glacia-
tions (Clague et al. 1982); ice may have been
confined to regions between mountain ranges
(Clague 1986). There have been at least two major
glaciations in the Canadian Cordillera during the
past 100000 years (Fulton 1984). The Fraser
Glaciation, in southwestern British Columbia,
began at about 25 000-30 000 BP, peaked at about
14000-14 500 BP, and was in retreat by about
10000 BP (Fulton 1971; Clague 1980, 1981). The
timing of earlier glaciations is poorly known, but
stratigraphic evidence for pre-Wisconsinan ice
sheets in the western Canadian Cordillera does
exist (e.g. Denton & Stuiver 1967; Klassen 1978;
Armstrong 1981). Past glacial episodes and their
timing with respect to glaciovolcanic events in
the GVB are shown in Figure 3. Further dating
of glaciovolcanic deposits within southwestern
British Columbia would elucidate Quaternary
glaciochronologies.

Glaciovolcanic landforms

Tuyas

Within the GVB, there are a number of tuya-
shaped edifices which lack the internal strati-
graphy described for basaltic tuyas (Mathews
1947; Jones 1966, 1969). These volcanic land-
forms, herein termed flow-dominated tuyas, com-
prise masses of intensely jointed, intermediate
composition lava flows that have flat tops and
steep sides, and have few or no pillow lavas or

Table 1. Quaternary volcanic centres of the Garibaldi Volcanic Belt

Major centres and fields Composition* Age Sourcet
Silverthrone volcanic field BA to R 1 to 0.4Ma 1
Franklin Glacier complex D, A 3.9to 2.2Ma 1

Salal Glacier volcanic field AOB, H 1 to 0.6 Ma 2
Mount Meager-Elaho Valley BtoD 2.2Ma to 2.4ka 3,4,5
Mount Cayley volcanic field BA to RD 0.5t0 0.3Ma 3
Garibaldi volcanic field BtoD 1.3Ma to 10ka 3,6,7
Monmouth Creek complex BAto D ndi 8
Watts Point volcanic field D 130 to 90ka 3

* AOB, alkali olivine basalt; H, hawaiite; B, basalt; BA, basaltic andesite: A, andesite; D =dacite; RD,

rhyodacite; R, rhyolite.

T 1, Souther & Yorath 1991; 2, Lawrence et al. 1984; 3, Green et al. 1988; 4, Leonard 1995; 5, Clague et al. 1995;
6, Mathews 1958; 7, Brooks & Friele 1992; 8, Green 1994.

I nd, not determined.
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Fig. 2. Chemical classification of volcanic rocks from
the Garibaldi Volcanic Belt. Data are for the Mount
Cayley volcanic field (Kelman ez a/. 2001), Mount
Meager (Stasiuk & Russell 1990; Hickson et al. 1999),
Garibaldi volcanic field (Mathews 1957; Green 1977),
and Salal Glacier volcanic field, Ochre Hill and Logan
Ridge (Lawrence ef al. 1984). Abbreviations used are
the same as in Figure 1. (a) Total alkalis v. silica.
Fields are from LeBas et al. (1986). The curved line is
the alkaline—subalkaline division of Irvine & Baragar
(1971). (b) AFM diagram (Irvine & Baragar 1971),
showing the dominance of calc-alkaline compositions
in the Garibaldi Volcanic Belt.

MgO

fragmental deposits. The Table (Fig. 4a), located
to the north of Mount Garibaldi (Fig. 1), exemp-
lifies this type of landform. It consists of a nearly
vertical-sided stack of flat-lying hornblende-
phyric andesite lava sheets, partially coated by
thin, nearly vertical, lava sheets. Horizontal or
nearly horizontal columns occur at numerous
locations along the periphery of the mass.

Two other flow-dominated tuyas occur in the
northern Mount Cayley volcanic field (Fig. 1).
Ring Mountain is a nearly circular feature of
unknown age, composed of a sequence of flows
of glassy, plagioclase—orthopyroxene—phyric
andesite. The uppermost, horizontal flows are
coarsely jointed and separated by layers of
oxidized scoria. On Ring Mountain’s western
side, outcrops contain highly variable, fine-scale
jointing and are locally broken down into many
small spires and knobs. Little Ring Moun-
tain (Fig. 4b,c) is smaller but otherwise similar
in morphology and jointing characteristics to
Ring Mountain, and may be of similar age.
Its eruptive products are fine-grained to glassy
black plagioclase-augite-phyric andesite flows
(Kelman et al. 2001).

Cauldron Dome, in the central Mount Cayley
volcanic field (Fig. 1), has a complex structure.
It has an elliptical shape in plan view, and
comprises a flat-topped stack of hypersthene-
phyric andesite flows. Lower flows are coarsely
jointed and commonly oxidized; their margins
form vertical cliffs. The upper Cauldron Dome
flows have more intense, variable, and fine-scale
jointing than the lower flows, are commonly
glassy, and form near-vertical cliffs featuring
many small spires and knobs.

The shapes and joint characteristics of flow-
dominated tuyas cannot be explained by the
apparent palaeotopography. For example, these
steep sided masses were clearly not the result of
lava filling palaeovalleys. Thus, they are inferred
to have originated from subglacial eruptions.

The top surfaces of the Table, Ring Moun-
tain, and Little Ring Mountain represent sub-
aerial emplacement, and these edifices are likely
monogenetic. Cauldron Dome, however, prob-
ably results from multiple eruptions. Its lower
flows appear to be subaerial; these flows form
precipitous cliffs whose steepness is a result of
erosion, and there is no evidence for quench-
ing by ice. The upper Cauldron Dome flows
appear to have formed subglacially, although it
is unclear whether the uppermost surface of
Cauldron Dome represents subglacial or sub-
aerial eruption.

Flow-dominated tuyas, thus, are characterized
by (a) stacked, relatively flat-lying lava flows;
(b) upper surfaces which are subaerial in origin;
(c) horizontal columns at the lateral margins,
indicating vertical cooling surfaces; (d) irregu-
lar, fine-scale, columnar jointing at the lateral
margins, indicating rapid cooling; and (e) edi-
fice shapes and joint patterns which cannot be
explained by known palaeotopography. These
features are consistent with subglacial eruptions
that ultimately breached the ice surface.
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Table 2. Summary and description of glaciovolcanic features in the Garibaldi Volcanic Belt

Name Feature*  Rock Area Height Age/Glacial Sourcet
typet (m) (m) period
Tuber Hill T B 2000 x 2000 <450 0.598 £0.015; 1
0.731+0.037;
0.760 +0.033
Little Ring Mountain T A 120 x 120 270 ? 2
Ring Mountain T A 200 x 200 590 ? 2
Slag Hill SGD, T A, BA 1540 x 3000 <700 ? 3
Cauldron Dome T A 4100 x 2100 <400 0.49 +0.08 3,4
Ember Ridge (6 domes) SGD A 180 x260 to <300 ? 3
1060 x 1080
Cheakamus Valley flows SGF B <1600 x 50-100 1020 Fraser Glaciation 5,6
Mount Brew SGD A ? ? ? 4
Sphinx Moraine complex  SGD BA ? >30 pre-Fraser 6
Glaciation
Table T A 300 x 180 250 Fraser Glaciation 7
Columnar Peak SGD D ? ? ? 4,8
Eenostuck Mass SGD BA 800 x 180 90 Fraser Glaciation? 8
Monmouth Creek complex ? D, BA 10007 x 6007 ~150 ? 8
Watts Point SGD D 700 x 600 <100 0.09 £ 0.03; 4,9

0.13+0.03

*T, tuya; SGD, subglacial dome; SGF, subglacial fiow.

1 B, basalt; BA, basaltic andesite; A, andesite; D, dacite.

11, Roddick & Souther 1987; 2, Kelman ez al. 2001; 3, Souther 1980; 4, Green et al. 1988; 5, Mathews 19525:
6, Green 1977; 7, Mathews 1951; 8, Mathews 1958; 9, Bye et al. 2000.
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Fig. 3. Timing of Garibaldi Volcanic Belt glaciations and glaciovolcanic events during the last 1 million years.
Curve shows surface temperature variations during the last 850 000 years (Gribbin 1990). Peaks represent
interglacial intervals whereas troughs represent glacial intervals. Dashed vertical lines show glaciovolcanic events
in the Garibaldi Volcanic Belt whose ages are known (Table 2), using the abbreviations in Figure 1. Uncertainties
in K-Ar dates are variable and are as great as 0.1 Ma for some dates, but are not shown for simplicity. Some
events for which there are no radiometric dates available are placed in the Late Wisconsinan because they contain
glaciovolcanic features with no evidence of subsequent glacial overriding. H, Holocene.
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Fig. 4. Glaciovolcanic features in the Garibaldi Volcanic Belt. (a) The Table, a flow-dominated tuya in the
Garibaldi volcanic field. Its height is approximately 260 m. (b} Columnar joints on the east side of Little Ring
Mountain. Columns at the top are subvertical, whereas columns near the bottom are nearly horizontal. Columns
near the bottom are approximately are 30-50 cm across. Scale is also indicated by the climber at the lower left of
the image. (¢) Little Ring Mountain, a flow-dominated tuya in the northern Mount Cayley volcanic field.

Its height is approximately 250 m. (d) One of the six subglacial domes of the Ember Ridge deposit in the Mount
Cayley volcanic field. Height of the visible outcrop is approximately 30 m. (e) The Barrier, an ice-marginal flow in
the Garibaldi volcanic field, which truncates abruptly in a 200 m cliff overlooking the valley floor. The
photograph is taken standing down-valley, on deposits from a major landslide from the Barrier during the
mid-nineteenth century. (f) Ice-contact cliffs at the eastern margin of Pali Dome, approximately 100 m high.
Material at the top of the cliffs, and the debris below, is glassy. Jointing along the cliff tops is fine-scale, and
column orientations are locally variable.
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Subglacial domes

Subglacial domes are another prominent mor-
phological feature common to the GVB, consist-
ing of steep-sided, dome-shaped lava flows with
fine-scale jointing. Pillows and fragmental mate-
rial, such as hyaloclastite, are scarce or absent.

The Mount Cayley volcanic field hosts several
good examples of subglacial domes. Ember
Ridge (Fig. 4d), consists of six irregular masses
of aphanitic to glassy hornblende—phyric ande-
site. Each mass has a colloform surface, with
margins consisting of steeply inclined or verti-
cal cooling units; individual flows are up to 60 m
thick, and the summit regions of most out-
crops are eroded into irregular knobs and spires.
Jointing is fine-scale and complex; columns
average 15-25cm in diameter, although they
are commonly significantly smaller (i.e. 5~10cm)
near the top surfaces of some flows.

A more complex series of flows occurs at Slag
Hill, near the northern end of the Mount Cayley
volcanic field (Fig. 1), the easternmost lobe of
which has the characteristics of a subglacial
dome. Slag Hill consists of piles of black, glassy,
bulbous augite-phyric basaltic andesite flows.
Columns have small diameters, variable orienta-
tions, and commonly occur as locally radiating
masses. The northwestern lobe of Slag Hill is
nearly flat-topped, with near-vertical, finely-
jointed margins, while the eastern lobe has a
more rounded morphology. A small, isolated
bluff at the northern end of the Slag Hill pile is
flat-topped and steep-sided, and has fine-scale
irregular jointing around its margins.

The region around Mount Garibaldi (Fig. 1)
also contains numerous dome-like masses of
andesite or dacite lava at Mount Brew, the
Eenostuck complex, the Sphinx Moraine com-
plex, Round Mountain, Columnar Peak and on
the ridge south-east of the Table (Mathews 1958;
Green 1977).

The Watts Point volcanic field is a pile
of flows at the southernmost end of the GVB
(Fig. 1). It comprises 0.02 km? of heavily-jointed,
sparsely hornblende or pyroxene-phyric dacite
lava and breccia (Bye er al. 2000). Evidence of
quenching is common; columns are 5-40c¢m in
diameter, with locally radiating patterns, and
flows are glassy to fine-grained.

The Monmouth Creek complex (Fig. 1) is a
prominent, complex, and enigmatic feature of
unknown age west of Squamish. It consists of at
least four en echelon dikes which form the ribs
of spires rising 60-180m above a main lava
mass (Mathews 1958). The tallest of these spires,
the Castle, features continuous horizontal, radi-
ating columnar joints. The spires are mantled
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by agglutinated breccia near their bases, and
jointing extends into the agglutinate. The upper-
most flows and spires are dacite (Mathews 1958;
Green 1994).

All of the features described above, based on
their morphologies, and irregular, commonly
vertical cooling surfaces, likely formed by erup-
tion into a confined setting. They cannot be
explained by the apparent palaeotopography,
and are inferred to have been confined by ice.
The Monmouth Creek complex probably repre-
sents a series of subglacial domes and dykes,
while the other features are subglacial domes.

Vent locations appear to be beneath or near
most subglacial domes, based on jointing pat-
terns and the glassiness of some lavas (e.g. Ember
Ridge, Fig. 1), and many subglacial domes repre-
sent a single extrusive episode. The Ember
Ridge deposits likely represent discrete extrusive
events which were approximately coeval, based
on their similar morphologies, jointing styles,
and degrees of erosion (Souther 1980). The
Slag Hill deposits are more complex and may
represent multiple eruptions in the same loca-
tion; the western lobe and isolated bluff of Slag
Hill have peripheries consistent with eruption
against ice, although their top surfaces sug-
gest that eruptions breached the ice surface, and
are thus similar to flow-dominated tuyas. The
north-eastern lobe of Slag Hill, however, has the
characteristics of a subglacial dome.

Characteristics of subglacial domes are (a)
fine-scale (<25cm) columnar jointing; (b) hor-
izontal columns, indicating vertical cooling
surfaces; (c) other fine-scale jointing (e.g. flaggy
jointing); (d) irregular joint patterns, or joints
forming radiating masses, on the top surfaces
or sides of flows, indicating locally irregular
cooling surfaces; (e) scarcity or lack of primary
fragmental material; and (f) edifice shapes and
joint patterns that cannot be explained by the
apparent palaeotopography. Subglacial domes
are interpreted as lava masses that did not
breach the ice surface during eruption.

Subglacial flows

Subglacial flows are laterally extensive lava flows
with steep, horizontally-jointed margins. The
Cheakamus River Valley, on the western mar-
gin of the Garibaldi volcanic field (Fig. 1),
contains the only known example of this feature.
The Cheakamus River Valley has been subjected
to episodic eruptions of flat-lying basalt flows.
The uppermost flows consist of olivine-plagio-
clase-phyric basalts with sinuous, anastomosing
outcrop patterns, and are commonly described
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as ‘esker-like’ (Mathews 1958). An underlying till
is radiocarbon dated at 34200+ 800 BP, which
correlates with the Olympia Interstade, a non-
glacial interval which immediately preceded the
Fraser Glaciation (Fulton et al. 1976). Columnar
jointing is ubiquitous, and is horizontal along the
steep sides of the flows and vertical beneath the
blocky flow tops. At several locations, pillows or
pillow-like features are present in the basal parts
of the flows, and some portions of flows are
underlain by hyaloclastite breccia.

The Cheakamus Valley lavas appear to have
been highly fluid, based on their flow termini,
which are commonly less than a metre in
thickness. They appear to have been emplaced
subglacially, based on the age of the underlying
till, the presence of pillows near the bases of
some flows, which indicates subaqueous erup-
tion, the horizontal jointing at flow margins,
which indicates a vertical cooling surface, and
the scale of jointing, which indicates rapid
cooling. The source of the Cheakamus Valley
flows is unknown (Green et al. 1988).

Subglacial flows are characterized by (a) fine-
scale jointing; (b) horizontal columns at lateral
margins; (c) locally irregular or radial jointing;
and (d) outcrops with low aspect ratios, which
cover wide areas, and cannot be explained by the
apparent palacotopography. These flows are
inferred to have been extruded subglacially,
and to have flowed some distance from the vent
in tunnels or trenches within the ice sheet
(Mathews 1958).

Ice-marginal flows

Ice-marginal flows have subaerial origins, but
have steep or vertical, intensely jointed, over-
thickened margins, resulting from interaction
with ice.

The best-described example of an ice-marginal
flow in the GVB is the Barrier (Fig. 4e), located
to the NE of Mount Garibaldi, near the Mount
Price complex (Fig. 1). An oxidized, rubble-
topped, andesite flow stretches from a cone on
the western side of Mount Price, Clinker Peak,
into the upper reaches of the Rubble Creek
Valley. There it terminates in a 200m cliff,
surrounded by debris. A similar cliff occurs in
the upper reaches of the Culliton Creek Valley.
The current face of the Barrier is a scar from a
major landslide during the mid-nineteenth cen-
tury (Mathews 1952a). Other nearby examples
of ice-marginal flows of andesite or dacite occur
at Paul Ridge, Glacier Pikes and Black Tusk
(Green 1977; Green et al. 1988).
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Pali Dome, in the Mount Cayley volcanic
field (Fig. 1) consists of coarsely plagioclase—
hypersthene + hornblende—phyric andesite flows
whose apparent source is currently ice-covered
(Souther 1980). Proximal parts of flows have
large diameter columns (up to 90cm) overly-
ing scoriaceous, oxidized, flow breccia. Distal
portions of flows, however, are finely-jointed;
column diameters are commonly less than 20 cm
and may be horizontal or in complex radiating
masses. Flow termini comprise nearly vertical
cliffs which are 100-200m high, and are locally
broken into small spires and knobs (Fig. 4f).
The terminal cliffs of the south-eastern flows are
flanked by more than 70m of glassy debris.

Several ice-marginal glaciovolcanic features
occur in the Salal Glacier area north of Mount
Meager (Fig. I). This small volcanic field is
compositionally distinctive because its lavas are
alkaline (Fig. 2). At Logan Ridge, two basani-
toid pillowed flows, separated by an 8 m-thick
tuff layer, form a steep cliff face (R. B. Lawrence
pers. comm., 1979; Lawrence et al. 1984). At
Ochre Mountain, south-east of Logan Ridge
(Fig. 1), there is a thin (<8 m thick) alkali olivine
basalt flow with a brecciated (and partially
palagonitized) base. The flow shows pervasive
but poorly-developed jointing.

Ice-marginal lava flows are inferred to have
formed when subaerially-erupted lavas flowed
downhill and pooled against ice which occupied
lower elevations, based on their joint sizes and
orientations, and the lack of palaeotopographic
features against which they could have cooled;
the Barrier was the first such recognized feature
in the GVB (Mathews 19524). Flows such as
those at the Barrier and in the Culliton Creek
Valley clearly followed the retreat of ice from
higher elevations, based on the lack of ice-
contact or glacial erosion features at these alti-
tudes. They must, however, have predated the
total disappearance of the ice sheet and thus are
inferred to have formed during the waning stages
of the Fraser Glaciation (Mathews 1952a). The
tuff layer at Logan Ridge was interpreted as
airfall by Lawrence (pers. comm., 1979). How-
ever, its thickness, partial palagonitization, rela-
tionship to the pillow lavas above and below, and
the nearby presence of hyaloclastite suggest that
it could be waterlain, suggesting that the Logan
Ridge deposit is also an ice-marginal flow.

Ice-marginal flows are useful in delineating
the margins of ice sheets. Evidence for ice
impoundment of flow fronts includes (a) abun-
dant small-diameter, chaotically-oriented, col-
umnar joints; (b) fine-scale horizontal jointing;
and (c¢) unusually thick and vertically-faced
flow termini which cannot be explained by the
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apparent palaeotopography. These features are
diagnostic, but can easily be lost through ero-
sion because of the inherently unstable nature
of ice-impounded flows.

Comparisons with other settings

The best analogues for the glaciovolcanic fea-
tures found in the GVB derive from the United
States Cascades, which has similarities in tec-
tonic setting, lava compositions, topography,
and glacial history. Lescinsky & Fink (2000)
described many glaciovolcanic features in the
Cascades which appear to be similar to those of
the GVB.

Tuyas similar to the flow-dominated tuyas of
the GVB have not yet been described from other
glaciovolcanic regions. This is probably because
most descriptions are from regions that are
dominated by basaltic edifices (e.g. Jones 1969;
Skilling 1994; Smellie & Hole 1997). The only
conventional tuyas within the GVB are of
basaltic composition (e.g. Tuber Hill; Roddick
& Souther 1987). This suggests a correlation
between morphology and composition. Most of
the non-basaltic glaciovolcanic systems studied
have been rhyolites (e.g. Furnes er al. 1980,
Tuffen et al. 2001), and potential analogues to
flow-dominated tuyas have not been identified in
these systems. Phonolitic glaciovolcanism has
been investigated at Hoodoo Mountain volcano
in northwestern British Columbia, a steep-sided
edifice that, beneath its ice cap, is flat-topped
(Edwards & Russell 1994, 1995, 2002; Edwards
et al. 2002). However, this is a long-lived strato-
volcano, which is a poor analogue for the smaller,
shorter-lived, monogenetic intermediate centres
of the GVB.

The best analogues for the subglacial domes
of the GVB are andesitic to rhyolitic domes
formed by lava—ice interaction in the United
States Cascades, but few studies have focused on
their glaciovolcanic attributes (Guffanti &
Weaver 1988; Lescinsky & Fink 2000). GVB
subglacial domes are unlike the more extensively
studied rhyolitic subglacial edifices of Iceland
(Furnes ez al. 1980; Tuffen ef al. 2001). Icelandic
subglacial rhyolitic volcanoes, such as Blahnu-
kur, in south-central Iceland, commonly con-
tain lava lobes 5-10m long set in breccia or
hyaloclastite (Furnes ef al. 1980; Tuffen et al.
2001), whereas subglacial domes in the GVB
consist of coherent lava masses several hundred
metres across, with little or no associated pyro-
clastic material. At Blahnukur, however, there
are also several larger (up to 400m long and
20m thick) columnar jointed rhyolite flows
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whose margins indicate cooling against steeply
inclined ice walls, and these flows appear to be
grossly similar to lava domes and masses found
in the GVB (e.g. Ember Ridge).

Features analogous to the Cheakamus River
Valley esker-like flows have not yet been
identified outside the GVB. Their morphology
and outcrop patterns may result from relatively
rare events where special conditions for ice
thickness, effusion rate, lava properties, and
slope, are met. Conversely, the absence of these
flow features in the literature may be a reflection
of their fragility; the Cheakamus Valley flows
are relatively thin, and much of the lava is
pervasively jointed, making it easily eroded.

Features indicative of ice-marginal volcan-
ism have been identified in many settings but
are notably abundant in the United States Cas-
cades (e.g. Conrey 1991; Lescinsky & Sisson
1998; Lescinsky & Fink 2000) where the relief
and topography are similar to that found in
the GVB.

Discussion

The differences in morphology and internal
characteristics between GVB glaciovolcanic
landforms and those described in other regions
appear to be primarily a function of composi-
tion. Composition controls many important lava
properties, including liquidus temperature, visc-
osity, volatile content, heat capacity, and glass
transition temperature. Ultimately, these prop-
erties control effusion rates and eruption style
and, thus, the forms of many volcanic deposits.
In subaqueous settings, for example, viscous
siliceous lava flows tend to be thicker and have
larger pillows than basaltic flows (Pichler 1965;
Furnes et al. 1980).

Topography plays a lesser but still signifi-
cant role in the development of glaciovolcanic
deposits in the GVB. Firstly, steep topography
enhances erosion rates. Secondly, in an inter-
mittently-glaciated setting such as the GVB,
where there are many high-altitude vents,
instances of subaerially erupted lavas moving
downslope and ponding against ice should be
common. This process is recorded, both in the
GVB and the Cascades, by numerous exposures
of ice-marginal lava flows. Thirdly, topography
must influence the ice depth at which eruptions
occur. Glaciers should be thickest in the valleys
and thinner at high elevations. Eruptions occur-
ring at high elevations, therefore, have less ice
available to be melted and are more likely to
breach the ice surface. Finally, steep topography
will enhance meltwater drainage. The ability
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of a subglacial volcano to melt and retain water
is an important control on its final lithological
characteristics.

Heat transfer considerations

Allen (1980) investigated the heat balance for
subglacial basaltic eruptions. He demonstrated
that, for average magmatic temperatures and
effusion rates, the heat derived from basalt is
more than sufficient to melt an ice cavern large
enough to accommodate the growing lava pile.
However, the heat budgets attending the erup-
tion of mafic and felsic magmas beneath ice can
be substantially different (e.g. Hoskuldsson &
Sparks 1997).

Heat transfer differences between mafic and
felsic magmas arise because of their differences in
eruption temperature (7e), and the magnitude of
the interval between Te and the calorimetrically
defined glass transition temperature (7g). The
value of Tg marks the transition from the melt to
the glassy state and is defined by marked changes
in molar heat capacity, thermal expansivity, and
other second order thermodynamic properties;
it also corresponds to an increase in viscosity
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(typically >10'*Pas™!). The calorimetric Tg is
an important limiting value for magmatic pro-
cesses because, above Tg, rates of nucleation,
crystallization, and vesiculation are fast enough
to compete with most magmatic and eruptive
time scales. Conversely, at temperatures below
Tg, glass forms, and crystallization and vesicula-
tion may be suppressed. Tg is important to heat
budgets because crystallization is suppressed
below this temperature. This eliminates potential
latent heats of crystallization (L). Latent heats of
vitrification are essentially zero and, thus, the
transition from melt to glass does not contribute
to the heat budget.

We have calculated the liquidus temperatures
and glass transition temperatures for a variety
of mafic to intermediate volcanic rock types
(Table 3). The basalt compositions are based on
glass analyses from Icelandic basalts erupted at
the Laki fissure (Thordarson et al. 1996) and
Herdubreid (Moore & Calk 1991). The inter-
mediate composition analyses are of andesite
and dacite samples from the GVB (Fiesinger
1975; Kelman er al. 2001). Liquidus tempera-
tures are calculated using MELTS: a model used
for the computation of multi-component phase

Table 3. Compositions of lavas from Garibaldi volcanic belt and Iceland used to compare the differences in liquidus

temperatures and glass transition temperatures

Samplet KR-1' KR-2' KR-4' KR-10' KR-11' GV312 GV222 g-13 gl-43 Hr?
Rock typet A A A D D D D B B B

SiO, 62.18 58.63 62.60 65.99 67.57 64.41 64.81 49.68  49.13 48.70
TiOs 0.63 0.64 0.62 0.45 0.41 0.52 0.37 2.96 2.00 1.38
AlLOs 17.97 18.09 17.93 16.72 16.26 16.38 16.32 13.05 12.03 15.40
Fey0O4 4.90 5.83 4.94 4.10 3.68 1.32 1.59 - ~ -

FeO - - - - - 2.64 2.20 13.78 13.41 10.70
MnO 0.08 0.10 0.08 0.08 0.08 0.04 0.01 0.22 0.23 0.18
MgO 2.27 4.28 2.25 1.88 1.60 2.46 1.41 5.78 8.47 8.23
CaO 5.73 6.29 5.74 4.27 3.88 5.03 4.37 10.45 11.37 12.80
Na,O 4.38 4.68 4.37 4.55 4.46 4.92 4.82 2.84 247 2.08
K>O 1.55 1.01 1.56 1.79 1.89 1.63 1.73 0.42 0.39 0.13
P,05 0.27 0.25 0.27 0.18 0.16 0.17 0.20 0.28 0.17 0.16
H,O~ 0.15 0.26 0.01 0.08 0.22 0.27 1.18 - - -
H,0" 0.09 0.56 0.11 0.01 0.00 0.07 0.60 - - -
Total 100.20  100.63 100.47 100.10 100.21 99.86 99.61 99.46  99.67 99.76
Liquidus (1 atm) and Glass Transition Temperatures (°C) Computed at QFM

Fe,Ost 0.78 0.92 0.78 0.66 0.59 0.71 0.66 2.33 2.29 1.83
FeO1 3.71 4.42 3.74 3.1 2.78 3.19 3.04 11.68 11.35 9.05
T, (anhydrous) 1179 1188 1178 1146 1133 1160 1155 1166 1195 1216
Ty (hydrous) 1162 1135 1170 1140 1118 1136 1047 - - -

Tg 1013 1010 1013 1010 1009 1009 1013 900 797 825
T-Tg 149 125 157 130 109 127 34 266 398 391

* Sample locations: 1, Mount Cayley volcanic field (Kelman er al. 2001); 2, Southern Garibaldi Volcanic Belt
(Fiesinger 1975); 3, Iceland-Laki (Thordarson et al. 1996) and Herdubreid (Moore & Calk 1991).

1 A, andesite; D, dacite; B, basalt glass.

1 Ferric-ferrous contents recalculated at liquidus temperatures for the QFM oxygen buffer.
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Table 4. Physical constants used in calculation of heat budgets attending cooling of basalt and dacite magmas

Basalt Dacite Ratios
dacite/basalt
Melt Glass Melt Glass
Te (°C)’ 1200 - 1125 - -
Tg (°C)? - 800 - 1000 -
Cp (Jmol 1 K~1)3 50.52 44.00 51.80 4400 -
L (Jmol™1)* 26200 - 29139 - -
% crystallization 30 - 0 - -
AH-Tg (kI mol~'y 28.94 - 6.48 — 0.22
AH - total (kJmol~1)¢ 64.14 - 50.475 - 0.79

1, eruption temperature; 2, glass transition temperature; 3, heat capacity; 4, latent heat of crystallization;
5, heat released from Te to Tg; 6, heat released from Te to 0°C.

equilibria in silicate melts (Ghiorso & Sack
1995). All liquidus calculations were performed
at 1 bar pressure, and ferric : ferrous ratios of the
melts were fixed by imposing QFM buffered
oxygen fugacities (Table 4). Values of T, were
calculated for both anhydrous and hydrous
(based on the measured H,O contents) melt
compositions.

We have also calculated the values for the glass
transition temperatures of these same melts
(Table 4) using the empirical model developed
by Russell & Nicholls (1992, 1996). This model
predicts the thermodynamic glass transition tem-
perature (Tg) as a function of melt composition
and is based on a database of over 750 experi-
mental calorimetric heat content measurements
on silicate melts and glasses of diverse composi-
tion. The model reproduces the experimentally
measured values of Tg to within 30°C, although
it does not account for the effects of H,O.

Values of Tg for basaltic liquids are calcu-
lated to vary between 800 and 900°C, implying
a T —T, interval of 260 to 400°C. Conversely, the
calculated values of Tg for the intermediate
rocks vary between 1005 and 1015°C, and sug-
gest a much smaller interval between 7, and 7,
(105-160°C). Results of the calculations are
summarized in Figure 5. Firstly, the calculated
values of T and Tg are compared directly in
Figure 5a. Basaltic melts have higher liquidus
temperatures and lower values of Tg than inter-
mediate compositions. The same data are plotted
against the melt composition (SiO, content) in
Figure 5b. In general, T, decreases with increas-
ing SiO, content, while 7Tg increases with
increasing SiO,. The result is that T-T, de-
creases markedly as SiO, content increases.
Melts that have small values of T;~T, require
only slight cooling to produce glass whilst
bypassing crystallization.

Below, we compare semi-quantitatively the
energetics of extruding basalt and dacite mag-

mas beneath ice. The heat that could be released
by basalt intruding and cooling beneath ice
(Fig. 5a) is summarized as:
Tg
,[ Te

Tz
AHp = J CppdT+
Te

Ti
|

Tg
where Cpg and Cp, are the average molar
heat capacities (Jmol™! K1) of basalt melt and
basalt glass, and Ly is the average molar latent
heat of crystallization (Jmol~! K-} (cf. Russell
et al. 1995). The three integral terms in Equation
1 represent the sensible heat (S, Fig. 6a) released
to the ice by cooling of the basalt from Te to Tg,
the latent heat (L, Fig. 6a) liberated by crystal-
lization between Te and Tg, and the heat
released by conductive cooling of the basalt
pile from Tg to the ambient ice temperature
(Ti), respectively. Figure 6a shows model results
for a basalt erupted at 1200°C and with a Tg
of 800°C (Table 3). We have allowed for 30%
crystallization, assuming that the accelerated
cooling rates will inhibit crystallization even in a
basaltic system. These calculations suggest a
total heat release of just over 60 kJmol~! for a
basalt magma.

The heat budget for cooling of dacite beneath
ice features several differences. Firstly, dacite
will have a lower eruption temperature and
could have a different heat capacity (Cpp). More
importantly, the interval separating Te and Tg
for dacite melts is likely to be much smaller than
that found in basalts (Fig. 5, Table 4). For
example, a typical dacite may have values of
Te=1125°C and Tg=1000°C; thus, the dacite
Te-T; interval is 125°C v. 400°C for basalts
(Fig. 5, Table 4). The implication is that there is
substantially less opportunity for crystallization
of the dacite and this reduces the total heat

LpdT

CpgdT )
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Fig. 5. Comparison of calculated 1-atmosphere
liquidus (7°,) and glass transition temperatures (7g)
for melt compositions listed in Table 3. Values of T,
are calculated at 1 bar pressure and at the QFM
oxygen buffer using the thermodynamic model
MELTS (Ghiorso & Sack 1995). Table I reports 7',
values for both anhydrous and hydrous compositions;
the latter uses the measured H,O contents of the
samples. (a) Calculated values of T v. Tg for basaltic
lavas from Iceland (solid circles) and intermediate
lavas from the Garibaldi Volcanic Belt (open
diamonds; see Table 4). Dashed line corresponds to
equivalence between 7, and Tg where melt would pass
through the glass transition temperature. (b) Plot
showing the difference between T, and Tg mapped
against melt composition (mole fraction SiO,). In
general T decreases with increasing SiO, content
whereas Tg increases with increasing SiO, content. The
result is that 7,—Tg decreases markedly with
increasing SiO, content. Melts that have small values
of T;—Tg require only slight cooling to produce glass
whilst bypassing crystallization.

available for melting of the ice. Below, we have
modelled the end member system where the
accelerated cooling rates prevent crystallization
of the dacite by:

Tg Ti
CpgdT  (2)

AHp :J
Tg

CpD dT+ J
Te
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Fig. 6. Model values of heat that would be released by
eruption and cooling of lava beneath ice and that could
be used to melt ice (see text and Table 4).
Thermodynamic calculations are summarized as:

(a) Heat released (AHgy) by a basalt erupted at 1200°C
undergoing 30% crystallization before reaching the
glass transition temperature (7g =800°C) and then
cooling to ambient ice temperature. Total heat released
is a combination of sensible (S) and latent heat of
crystallization (L). (b) AHy for dacite erupted at
1125°C that reaches its 7g (1000°C) without
crystallization and then cools within the ice. Basalt
curve (dashed) is shown for reference. (c) The ratio of
heat released by dacite v. that of basalt plotted against
temperature. At the calorimetric 7g, the dacite will have
released 45% of the total heat released by the basalt at
an equivalent temperature. Over the entire path, dacite
releases 70-80% of the total heat released by basalt.

The results of this computation are shown in
Figure 6b (solid line) and are compared to the
heat released by cooling of basalt (dashed line).
The dacite releases considerably less heat over its
cooling history because the total sensible heat
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loss is less (7e is lower) and because there is
essentially no latent heat of crystallization.

The ratio of AHfy, for dacite to basalt is shown
in Figure 6c. Over the entire cooling interval,
dacite magmas release less total heat (80%) than
would corresponding volumes of basalt. How-
ever, over the interval Te-Tg, the heat released
by dacite is less than half (45%) of the heat
released by basalt over the same temperature
interval. Furthermore, at the Tg of dacite, the
basalt magma is still well above its Tg. This is
significant because it is the temperature interval
above Tg that is important to the eruptive pro-
cess; no crystallization can occur below Tg.
These calculations point to an important con-
clusion, that dacite is less able to produce large
subglacial caverns; the ice sheet may play a
substantially greater role in shaping the volcanic
pile than it does in the case of basaltic volcanism.

The scarcity of fragmental deposits

There are apparently few pyroclastic glaciovol-
canic deposits (i.e. hyaloclastite) preserved in the
GVB, except at basaltic centres. Either such
deposits are rare in the GVB, or their scarcity is a
result of removal. As such deposits occur in lavas
of mafic to felsic compositions elsewhere (e.g.
Pichler 1965; Furnes ez al. 1980; Tuffen et al.
2001; Edwards & Russell 2002; Edwards ef al.
2002), composition cannot be the sole explana-
tion. Below, we discuss the possible factors that
may contribute to this apparent scarcity.

Primary fragmentation mechanisms. The for-
mation of primary fragmental volcanic deposits
requires the presence of volatile components in
the magma or magma-water contact. Kokelaar
(1986) divided subaqueous clast-forming pro-
cesses into four types: (1) explosive release of
magmatic volatiles; (2) explosive expansion and
collapse of steam formed at magma-water
contact surfaces; (3) explosive expansion of
steam following enclosure in magma; and (4)
cooling-contraction. The first process should
depend on the primary volatile content of a
magma and its ascent history. The two clast-
forming processes related to steam may be
potentially controlled by the pressure exerted
by overlying ice or water during eruption, or by
the amount of direct water—lava contact. The
final clast-forming process, cooling-contraction,
requires only the presence of water, and may
Occur at any water depth in a magma of any
volatile content.

Primary volatile content and magma ascent
history are poorly known for most GVB glacio-

volcanic edifices. Green (1977) estimated the
water content of Garibaldi Lake region horn-
blende andesites to be 3.8—-4.5wt% and vola-
tile contents at other GVB volcanoes, although
not known, may well be similar. Efficient pre-
eruptive degassing would explain a lack of frag-
mental deposits formed due to primary volatile
exsolution. However, there are numerous occur-
rences of non-glaciovolcanic pyroclastic deposits
within the GVB (Mathews 19525, 1958; Read
1977; Souther 1980; Green et al. 1988; Stasiuk
& Russell 1990; Stasiuk et al. 1996; Hickson
et al. 1999). This suggests that GVB magmas
are capable of supporting explosive volcanism.
Thus, lack of magmatic volatiles is unlikely to
be the reason for the scarcity of intermediate
composition fragmental glaciovolcanic deposits
in the GVB.

Kokelaar (1986) observed that primary mag-
matic explosivity and the two steam-related
clast-forming processes (magma-water contact
surface explosivity and steam entrapment explo-
sivity) are diminished as water depth increases.
Thus, great ice thicknesses might inhibit clast
formation by these two methods. However,
eruptions throughout the GVB have occurred
during all phases of glaciation, and eruption
must have occurred under ice sheets of a wide
range of thicknesses. If ice thickness was the
only control on hyaloclastite production, frag-
mental deposits would form when eruption
occurred under thin ice of shrinking glaciers.

If not suppressed by pressure, however,
fragmentation related to steam-expansion and
cooling-contraction should occur during sub-
glacial eruptions, regardless of a lava’s vola-
tile content, unless there is insufficient direct
water-lava contact. This would occur if cooling
units grew mostly by endogenous intrusion,
or if water drained continuously and efficiently
from subglacial caverns. Hoskuldsson & Sparks
(1997) calculated rates of ice melting in basalt
and rhyolite eruptions. They proposed that, if
heat exchange efficiency in a basaltic subgla-
cial eruption were greater than approximately
80%, a negative pressure would result for cavities
melted into the ice, allowing water to accumulate
in the cavity. For less efficient heat exchange,
which would be more likely for rhyolitic com-
positions, cavity pressure would be positive, and
water would drain from the cavity. These results
suggest that, in, silicic and intermediate sub-
glacial eruptions, less water may be present at
vents. This could explain the scarcity of frag-
mental material in the resultant deposits. Addi-
tionally, as discussed above, less heat will be
released during eruption of intermediate lavas
than in eruption of basaltic lavas, so less water
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will be produced through melting, regardless of
whether it accumulates or drains. Finally, vents
that are perched at high elevations, situated
under thin ice and surrounded by steep slopes,
are unlikely to support the accumulation of
meltwater; the permeable ice and steep topogra-
phy will combine to keep the ice mass over the
vent well-drained (Smellie et al. 1993; Smellie &
Skilling 1994; Smellie 2000).

GVB subglacial domes lack hyaloclastite, do
not form pillows, have steep flow margins
featuring fine-scale, chaotically-oriented cooling
joints, and commonly have bulbous or collo-
form surfaces. These features suggest that the
lavas have been efficiently impounded by ice but
have not necessarily been erupted into standing
bodies of water. Outside the GVB, a possible
example of eruptive products shaped more by ice
than by water occurs at Blahnikur, in south-
central Iceland, where columnar jointed rhyolite
flows show limited evidence for direct lava—
water interaction. Calculated potential flow
velocities at Blahnikur are greater than meliting
rates would have been by 3-4 orders of
magnitude, indicating that ice would have
constrained the lava, an hypothesis which is
supported by field observations such as joint
orientations (Tuffen er al. 2001).

Preservation potential. An alternative explana-
tion for the scarcity of fragmental deposits at
glaciovolcanic edifices within the GVB may be
erosion. Due to high uplift rates and steep,
irregular, topography, rates of mass wasting in
the GVB are extremely high, and most of the
large edifices, such as Mount Cayley, have
undergone multiple landslide events (Clague &
Souther 1982; Jordan 1987; Evans & Brooks
1991; Lu 1992). The poor consolidation of un-
welded fragmental deposits makes them extre-
mely vulnerable to erosion. Additionally, the
proportion of supraglacial eruptions, some of
which may have been explosive, may be much
greater than is suggested by the geologic record,
because such deposits are very unlikely to be
preserved. Thus, the record of glaciovolcan-
ism in the GVB may not be representative of
the original size and number of deposits. How-
ever, since fragmental glaciovolcanic deposits do
occur at basaltic edifices in the GVB, erosion
cannot be the only explanation for their scarcity
at intermediate composition edifices.

In summary, the scarcity of fragmental
glaciovolcanic deposits in the GVB could
potentially be attributed to one or more of the
following: suppression of primary magmatic
explosivity through insufficient primary volatile
content of magmas, pre-eruptive degassing, or
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high ambient pressure due to thick ice or deep
water; suppression of steam-expansion related
explosive processes through eruption under
thick ice or deep water, or insufficient direct
contact between erupting magma and water (due
to endogenous growth of cooling units or to
efficient draining of water during eruption);
suppression of cooling-contraction fragmenta-
tion due to insufficient direct contact between
magma and water; or, lack of deposit preserva-
tion. The factor most likely to be responsible for
the scarcity of fragmental glaciovolcanic depos-
its in the GVB is lack of direct lava—water
contact; lack of deposit preservation is probably
also influential. Further data on magma volatile
contents and effusion rates for the GVB should
help to clarify this issue.

Conclusions

Glaciovolcanic processes in the GVB are dis-
tinctive, and the products are dominated by
landforms different from those of more thor-
oughly studied regions (e.g. Iceland, the Tuya—
Teslin region of northern British Columbia,
etc.). Tuyas in the GVB, except those of basaltic
composition, are flow-dominated, featuring aty-
pical internal stratigraphy which consists of
stacks of finely jointed flows without pillows
and with little or no hyaloclastite, and are
products of subglacial eruptions which ulti-
mately breached the ice surface. Subglacial
domes (rounded, steep-sided, finely jointed lava
piles which likely accumulated above or near
vents during entirely subglacial eruptions) and
ice-marginal features, formed when lava erupted
from subaerial vents and pooled against ice
downslope, are also common.

The most important control on glaciovol-
canic edifice morphology is probably composi-
tion, because intermediate lavas, being more
viscous and closer to their glass transition tem-
peratures at the time of eruption, release less
sensible heat in cooling to the ambient ice
temperature, and release less latent heat from
crystallization. The efficiency of heat transfer
will also influence the accumulation or drain-
age of meltwater around the vent. Thus, inter-
mediate composition lavas are more likely to
pile up as domes directly over vents (as they do
subaerially), and edifice morphologies are likely
to be strongly influenced by the overriding ice
during eruption. The scarcity of fragmental
glaciovolcanic deposits at intermediate composi-
tion centres in the GVB is probably due to
minimization of lava-water interaction during
eruption, and to high erosion rates.
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Further analysis of glaciovolcanism in the
GYVB is ongoing and includes: (1) more detailed
mapping and sampling of specific glaciovol-
canic features for which there are few data;
(2) detailed comparative study of the many
flow-dominated tuyas and subglacial domes
throughout the GVB; (3) quantitative thermo-
dynamic modelling of the interactions between
intermediate lava and ice. This ongoing analy-
sis of glaciovolcanism in southwestern British
Columbia is also expected to contribute substan-
tially to climate studies by providing additional
radiometric dates for glaciovolcanic deposits.
These results, when combined with existing
databases, will refine our current knowledge of
ice distributions in the Canadian Cordillera
throughout space and time and will constrain
the timing of major glacial events.
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