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Pyroclastic passage zones in glaciovolcanic
sequences
James K. Russell1, Benjamin R. Edwards2 & Lucy A. Porritt1,3

Volcanoes are increasingly recognized as agents and recorders of global climate variability,

although deciphering the linkages between planetary climate and volcanism is still in its

infancy. The growth and emergence of subaqueous volcanoes produce passage zones, which

are stratigraphic surfaces marking major transitions in depositional environments. In glacio-

volcanic settings, they record the elevations of syn-eruptive englacial lakes. Thus, they allow

for forensic recovery of minimum ice thicknesses. Here we present the first description of a

passage zone preserved entirely within pyroclastic deposits, marking the growth of a tephra

cone above the englacial lake level. Our discovery requires extension of the passage-zone

concept to accommodate explosive volcanism and guides future studies of hundreds of

glaciovolcanic edifices on Earth and Mars. Our recognition of pyroclastic passage zones

increases the potential for recovering transient paleolake levels, improving estimates of paleo-

ice thicknesses and providing new constraints on paleoclimate models that consider the

extents and timing of planetary glaciations.
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G
laciovolcanism encompasses all forms of interaction
between volcanism and ice. The resulting volcanic
deposits provide evidence for the timing and nature of

glaciation and provide a record of paleoclimate and paleoenvir-
onmental conditions and, thus, supply important constraints on
planetary climate models. For example, glaciovolcanic edifices
and their deposits are used forensically to recover properties
of prehistoric ice sheets on Earth and Mars, including:
thicknesses1–5, hydrology4–7, timing1,6,8 and distributions9–11.
Tools for interpreting the geological record of glaciovolcanism
are, therefore, crucial to improving our abilities to test and refine
rapidly evolving paleoclimate reconstruction models12,13.

Passage zones are diachronous surfaces marking transitions
between subaqueous and subaerial depositional environments
during volcanic eruptions; they form in a variety of littoral
settings14–17. In glaciovolcanic settings, the elevation of the
passage-zone surface unequivocally records the height and
depth of the paleo-englacial lake at a specific point in time and
space16–18. This elevation fixes the minimum thickness of the
enclosing ice sheet and has been used as a paleoclimate proxy by
constraining glaciations in both southern and northern
hemispheres, including Antarctica5,8,16, Iceland7,19 and British
Columbia1,20–23. However, previous workers have only identified
glaciovolcanic passage zones16,17,22 within effusive volcanic
sequences where the passage zone separates subaqueous lava-
fed delta lithofacies from overlying subaerial lavas.

We describe results from field mapping of a Pleistocene-aged
subglacial volcano in northern British Columbia, Canada. Our
mapping of a basaltic tephra cone at Kima’Kho Mountain has
identified a unique passage zone that is hosted entirely within
proximal volcaniclastic deposits resulting from explosive (versus
effusive) eruption. Our discovery of a pyroclastic passage zone at
Kima’Kho volcano demands reevaluation of the concept that
most glaciovolcanic tephra cones were fully submerged and
formed beneath the englacial lake surface9,11,17,18,21,22. Rather,
subglacial tephra cones may record and preserve subaqueous to
subaerial transitions in deposition (that is, passage zones),
thereby, increasing the opportunities for forensic recovery of
paleolake levels and estimates of paleo-ice thicknesses on Earth
and Mars.

Results
Kima’Kho tuya. We have identified a new type of passage zone
within an entirely explosive glaciovolcanic sequence from a sub-
glacial volcano (that is, tuya) near Kawdy Mountain in northwestern
British Columbia, Canada22,24. The Kima’Kho tuya is a highly
dissected, small volume (B2–3 km3), early Pleistocene (1.82Maþ /
� 40 ka) basaltic volcano24. The edifice forms a high relief structure
covering 28 km2 and rising to an elevation of 1,946 m.a.s.l. on a
regional, low-elevation plateau situated at B1,470m.a.s.l. (Fig. 1).
The plateau hosts a total of six other tuyas20,22,24.

The major lithostratigraphic units and their relationships are
summarized in a 4-km long cross-section drawn through Kima’Kho
tuya (Fig. 1). The section comprises two S–N linear segments that
bisect the middle of the edifice. The mapped geology is projected
into the line of section; bedding attitudes are apparent and areas
with poor exposure or talus cover are left blank (Fig. 1a). The
volcano features a 476m high,B3 km diameter, eroded tephra cone
(B1.1–1.5 km3) formed during an early explosive phase of eruption
through an enclosing ice sheet (Fig. 1b). The cone comprises mostly
vent-proximal (o1 km from vent) volcaniclastic deposits; distal
deposits are absent or not preserved. The tephra cone deposits were
emplaced subaqueously below the level of the surrounding englacial
lake, as well as subaerially once the cone built above lake level
(Fig. 1). The transition between subaqueous and subaerial facies

occurs at B1,850m.a.s.l. and defines a passage zone within
pyroclastic deposits. Subsequent effusive eruptions formed an
onlapping lava-fed delta25 comprising steeply dipping beds of
pillow lava, pillow breccias and pillow-lava-derived hyaloclastite
capped by subaerial lava sheets. This assemblage creates a minimum
of two effusive passage zones situated at lower (1,630 and
1,695m.a.s.l.) elevations (Fig. 1) and records the dynamic
interplay between changes in the intensity of the effusive phase of
eruption and changes in lake levels. Hence, Kima’Kho is a subglacial
volcano that preserves passage-zone geometries in both explosive
and effusive sequences20,22,24. The evidence for, and implications of,
a passage zone within a pyroclastic succession are developed below.

Subaqueous pyroclastic deposits. The lower two-thirds of the
exposed tephra cone comprises highly palagonitized, massive to
crudely bedded (decimetre scale) lapilli tuffs (Fig. 2a,b). The
deposits are moderately sorted, ranging from matrix to clast-
supported, and locally show normal grading. The deposits com-
prise angular to subrounded, lapilli-sized and dense to vesicular
basaltic pyroclasts within a palagonitized matrix of vitric ash
particles. Grading and moderate sorting along with weak indi-
cators of reworking (subrounded grains) suggest these deposits
were subaqueously deposited. Relative to the volcaniclastic
deposits situated above 1,850m.a.s.l., these units: (1) have a
higher proportion of subrounded juvenile clasts; (2) feature more
layers that are clast-supported or show overall higher levels of
sorting; and (3) never contain armoured lapilli (see below). These
volcaniclastic deposits are interpreted to be products of subaqu-
eous pyroclastic density currents continuously fed by subaqueous
tephra jets, with little to minor reworking26,27.

Subaerial pyroclastic deposits. The subaqueous volcaniclastic
deposits are overlain at B1850m.a.s.l. by a more diverse
package of pyroclastic units. The majority of these pyroclastic
deposits comprise massive to coarsely bedded (metre
scale), outward dipping (14�–24�), weakly palagonitized lapilli
tuff. Locally, the lapilli tuff is well bedded (cm-scale), moderately
sorted, and exhibits lenticular- and cross-bedding defined by
horizons of coarser pyroclasts associated with minor finely
bedded surge-like deposits (Fig. 2c). The majority of these
deposits are matrix-supported, with a matrix of palagonitized,
ash-sized blocky glass particles. The lapilli- to block-sized basaltic
juvenile pyroclasts within the lapilli tuff are equant in shape,
subrounded to angular, dense to vesicular (r40%) and aphanitic
to glassy.

These deposits are distinct in that they contain armoured lapilli
(Fig. 2d,e), a variety of accretionary lapilli featuring a single,
central nucleus of a juvenile or lithic clast that is concentrically
coated by fine–to-coarse ash (Fig. 2f)28–32. The armoured lapilli
are pervasive and distributed exclusively within the upper portion
of the pyroclastic sequence along the highest ridge of the southern
flank of the volcano (Fig. 1). They are commonly 0.3–2 cm in
diameter, spherical to ovoid in shape, smooth surfaced (Fig. 2d–f)
and occur in two modes: (a) dispersed (o2 volume percent) on
the decimetre scale within massive to crudely bedded pyroclastic
deposits comprising matrix-supported palagonitized lapilli tuff or
(b) concentrated (450 volume %) within discrete, cm-scale,
continuous-to-lensoidal beds within the lapilli tuff (Fig. 2d). The
cores are scoriaceous fragments (o2 cm) of juvenile, vitric and
olivine-phyric basalt, and the interface between the core and
ash-aggregate rim is irregular, cuspate or jagged (Fig. 2f). The
ash-aggregate envelopes are 1–5-mm thick, massive and comprise
10–150 mm blocky–to-cuspate fragments of variably vesicular,
angular to subangular ash particles (Fig. 2e,f). Less commonly, the
armoured lapilli show weak concentric layers that fine outwardly.
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The armoured lapilli show no evidence for disaggregation or
reworking.

The stratigraphic succession is interpreted as comprising
deposits resulting from the near-continuous production of vent-
proximal, wet, dilute pyroclastic density currents (that is, flow
and surge) as the pyroclastic cone emerged from the englacial
lake. The top of this pyroclastic sequence features discontinuous,
remnant exposures of oxidized, well-sorted scoriaceous basaltic
tephra interpreted to be air-fall deposits.

Discrimination of subaqueous and subaerial pyroclastic
deposits. The discrimination of vent-proximal volcaniclastic
deposits into subaqueous versus subaerial facies is a major chal-
lenge2,16,27. The lack of run-out distance provides little
opportunity for the different media (water versus air) to modify
pyroclast deposition sufficiently to create diagnostic differences.
Vent-proximal pyroclastic deposits tend to be massive to weakly
stratified and poorly to weakly sorted, regardless of depositional
environment. Key features that can aid in discrimination are: the
presence of bomb sags (subaerial), finely graded interlayers
between depositional events (subaqueous), the relative degrees of
sorting within the entire succession (better sorting and
subaqueous) and lateral facies changes away from the vent
(more rapid increase in sorting and subaqueous).

At Kima’Kho, the abrupt and pervasive appearance of
armoured lapilli, in conjunction with the simultaneous subtle
change in the character of volcaniclastic deposits, is taken as
diagnostic of a subaerial environment and, thus, indicative of an
emergent tephra cone33. Ash aggregation occurs via the collision
of moist ash particles suspended in turbulent dilute plumes due to
convective upwelling and differences in particle settling
velocities34,35. The formation of armoured lapilli requires high-
intensity explosive eruptions to produce abundant fine ash
particles, a dilute, ash-rich, convecting plume to allow for
frequent particle collisions and moisture on particle surfaces to
bind the fine ash particles. The fine ash rims on the armoured
lapilli are, thus, indicative of circulation within a dilute, sustained
ash-rich eruption plume (or flow), and their formation is strong
evidence for a subaerial environment36 above the surface of the
englacial lake.

Ash aggregates are unlikely to survive deposition in
subaqueous deposits. Indeed, few published accounts of ash

aggregates within subaqueous volcaniclastic deposits exist27,37,
and their origins in these deposits are as complex as they are rare
or involve deposition in shallow water. Armoured lapilli formed
in and sedimented from eruption columns in vent-proximal
environments are unlikely to survive deposition or transport in
deep (see below) water. Feasible cementation processes, including
precipitation of salts and freezing, are much more likely to affect
aggregates with prolonged within-plume residence times, which
would be more pertinent to medial and distal tephra deposits. The
armoured lapilli at Kima’Kho are pervasively distributed in
deposits that are proximal (o0.5 km) to the inferred vent.
They are only present above a specific stratigraphic level and
elevation, and show no evidence for post-deposition transport,
disaggregation or reworking. On this basis, they provide strong
evidence of subaerial formation and deposition.

Discussion
The volcanic stratigraphy at Kima’Kho records the growth and
emergence of a tephra cone preserving a pyroclastic passage zone.
Based on the elevation of the basement underlying Kima’Kho
(1,470m.a.s.l.), the high stand of the englacial lake was B380m
in depth. The depth of that ice-impounded lake implies a
minimum local thickness for the surrounding ice sheet of
4425m to balance the hydrostatic pressure and prevent drainage
events associated with lifting of the ice1,5,16,38,39. We do not know
if Kima’Kho was in the middle or near the edge of
the ice sheet at the time of eruption, however, this minimum
estimate of ice thickness implies a surrounding ice sheet of
radius of B15–22 km (ref. 40). The Kawdy Plateau is situated
B200–300m above the surrounding valleys, which would allow
for a total ice thickness 600–800m and imply B35–60 km of
surrounding ice. Regardless of these uncertainties, this constitutes
important first evidence for a major ice accumulation in the
Canadian cordillera ca. 1.8Ma.

The upper surfaces of ice sheets commonly comprise firn,
which is moderately permeable (10� 4–10� 5 cm2)41 relative to
dense glacier ice. Although the transport capability of melt water
within this layer is very low40, it allows the possibility of stored
englacial lake waters draining through the upper portion of the
glacier16,42,43. Depths to the firn-ice transition vary somewhat
(15–115m (ref. 40)) depending on the type of glacier (polar
versus temperate). For a large glacier or ice cap covering the
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Figure 1 | Passage zones preserved in a Pleistocene tuya in north-central British Columbia. (a) Geological cross-section showing projected distribution

of volcanic lithofacies used to define passage zones (pyPZ, pyroclastic passage zone; lPZ, classic lava delta passage zone). Letters on cross-section are

keyed to field photographs displayed in Figure 2. (b) Cross-section showing the interpreted geology of Kima’Kho volcano; the volcanic lithofacies are used

to define a pyroclastic passage zone, effusive passage zones and overlap structures (dashed lines) with rising, falling and horizontal passage zones all

preserved at Kima’Kho.
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Kawdy Plateau, we would expect a transition depth of B70m. If
the paleolake level defined by the pyroclastic passage zone was
controlled solely by the transition from impermeable ice to more
permeable firn, the reconstructed ice sheet would have to be
B450m thick (380þ 70m). An alternate, and more efficient,
form of drainage involves supraglacial stream channels that cut
through the ice surface to ultimately connect with the subsurface
subglacial drainage systems43. Supraglacial drainage would result
where the englacial lake fills at a rate that cannot be alleviated by
drainage through the firn.

Recognition of the pyroclastic passage zone at Kima’Kho is
significant because it records the earliest and highest lake level
during the eruption and, hence, provides the best estimate of
minimum ice sheet thickness. Lower lake level stands are
recorded by the later effusive passage-zone sequences (Fig. 1).
The preservation of a subaqueous to subaerial transition within
the pyroclastic sequence at Kima’Kho demonstrates that many
other glaciovolcanic tephra cones, mounds or ridges4,5,21,44 may
also host mappable passage zones that can also be interrogated for
quantitative estimates of paleolake elevations and minimum ice
thicknesses.

Subaqueous to subaerial transitions based on the ‘classic’
effusive glaciovolcanic eruption sequences have been classified by
Smellie16 into five categories. Within this context, he recognized
two types of transition: overlap structures and passage zones
(sensu stricto). Overlap structures (Fig. 3) need not be cogenetic
and represent diastems, involving subaerial lava overlying or
abutting against earlier volcaniclastic subaqueous lithofacies15,16.
Passage zones (sensu stricto17) separate two coeval and cogenetic
lithofacies (subaqueous and subaerial) that mark, in space and
time, the exact height of the englacial lake. Passage zones are
classified geometrically as: horizontal, rising or falling (Fig. 3).
Our work requires an extension of this classification to include
passage zones comprising coeval explosive subaqueous to
subaerial transitions within pyroclastic successions (Fig. 3).

The geometry of effusive and explosive passage zones can be
subtly different because their surfaces propagate differently in
response to rising englacial lake levels. For effusive passage zones,
the subaqueous delta must expand laterally before the lava can
override it25. If the englacial lake level is rising more rapidly than
the edifice is growing, effusive passage zones migrate upwards
and towards the vent due to the transgressive nature of the deltaic
assemblage (Fig. 3). Pyroclastic passage zones record the lateral
facies changes from a subaerial (pyroclastic flow, surge and fall
deposits) to a subaqueous (turbidity currents, water-lain fall)
depositional environment. This interface continually migrates
laterally away from the vent as the cone builds upwards and
outwards with each successive deposit. Thus, a pyroclastic passage
zone will tend to migrate away from the vent as the tephra cone
grows simultaneously (Figs 3 and 4).

All passage zones are diachronous and, thus, document
dynamic changes in englacial lake levels through time16. Slopes
of passage zones record the rates of rise in englacial lake levels
relative to the rates of edifice growth (Fig. 4). Most glaciovolcanic
tephra cones originate in a subaqueous environment16 and then
grow upwards and outwards until a time (T0) when the cone
becomes emergent and the first passage-zone forms (Fig. 4).
Growth of the tephra cone within a stable englacial lake (Figs 3
and 4a), where the water added by melting or displaced by edifice
growth is balanced by drainage, results in a horizontal passage
zone. This steady-state situation can identify the height of the
supraglacial drainage system or can be used to estimate
background drainage rates3,5,16. In contrast, rising (Fig. 4b) or
falling lake levels (Fig. 4c) during tephra cone growth result in
concave-up or concave-down parabolic passage-zone surfaces,
respectively. Passage zones are continuous in time and, unless the
edifice geometry changes dramatically (that is, sector collapse) or
the lake level drops, they form continuous surfaces. For example,
if the lake rises to a level that causes hydrostatic lifting of the ice
sheet, a deluge will occur (that is, jökulhlaup) draining or partially
draining the englacial lake16,39. This causes a discontinuity and
drop in the passage zone (Fig. 4d); the elevation drop is indicative
of the magnitude of the deluge event.

The Kima’Kho stratigraphic succession documents a transition
from an early explosive eruptive phase expressed as a 480-m high,
1.1–1.5 km3 tephra cone to an effusive eruption that produced
subaqueously deposited beds of pillow breccias and hyaloclastite
capped by subaerial lavas. At Kima’Kho, melting of the overlying
and surrounding ice during the early explosive phase of eruption
resulted in an englacial lake. Initially, lake level rose rapidly
enough to outpace the concomitant growth of the subaqueous
tephra cone (Fig. 1a, pyPZ), as is commonly observed in other
tephra cone-building subglacial eruptions5,45. Explosive
glaciovolcanic eruptions or effusive eruptions associated with
high-efficiency quench fragmentation commonly produce the
highest rates of ice melting44. They maximize damage to the
overlying ice and produce the most significant hazards from melt
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Figure 2 | Photographs of outcrops and photomicrographs of armoured

lapilli. Images are connected to locations in cross-section (Fig. 1) by letters.
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(surge and flow). (e) Close-up image of armoured lapilli on bedding surface.

(f) Photomicrograph of armoured lapilli showing vesicular glassy pyroclast

coated in fine ash.
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water floods12,44. The rapid rise of the lake and the early
subaqueous origin of the cone are easily explained by the fact that
explosive subglacial eruptions are 70–80% efficient with respect to
the transfer of heat from the magma to the surrounding ice44.
Most importantly, this efficiency is independent of the magnitude
of eruptive flux, and heat transfer operates on the timescale of the
eruption (that is, not post emplacement).

These heat-transfer constraints indicate that the minimum
estimated volume of tephra (1.1 km3) at Kima’Kho could have
melted B3.1 km3 of ice. This would translate into the potential
melting of a 3-km diameter cylindrical hole (for example, base of
Kima’Kho) through B435m of overlying ice. The heat balances
accord well with the elevation of the pyroclastic passage zone at
Kima’Kho, which implies a B380-m deep stable englacial lake
requiring a minimum ice thickness ofB425m. For a 425-m thick
ice sheet, the explosive phase of eruption would need to melt
B3 km3 of ice to create a cylindrical hole in the ice to
accommodate the 3-km diameter tephra cone. This would create
2.7 km3 of melt water that would fill the hole to a level of 382m.
The maximum amount of melt water within the cauldron defined
by the height of the englacial lake and accounting for the volume
displaced by the 1.1 km3 of tephra (that is, pyroclastic cone) is
1.6 km3. Thus, the total melt water generated (2.7 km3) and the
peak lake level elevation demand a syn-eruptive drainage of
B1.1 km3 to maintain the lake surface elevation recorded by the
pyroclastic passage zone.

Effusive eruptions forming pillow piles are less efficient
(10–45%) at transferring heat on a timescale that keeps pace
with normal eruption rates38,44,46. The lower limits (10%), for

example, might describe the heat-transfer efficiency of pillow piles
that are growing endogenously. The underlying pillow pile will
continue to release heat as the eruption progresses and may even
release more enthalpy per mass unit than their more glassy
pyroclastic equivalents (that is, latent heat of crystallization).
However, the main effect of this delayed heat transfer is to heat
melt water rather than to directly melt the ice. At Kima’Kho, an
equal volume of lava would only have meltedB0.4–2.0 km3 of ice
and have been limited to melting B62–280m of overlying ice.
Thus, the early explosive phase allows for more rapid melting of
ice and heating of the englacial lake. In many situations, the
tephra cone may never become emergent but, at Kima’Kho, cone
build-up caught and surpassed the lake level rise, at which point a
pyroclastic passage zone was formed.

The Kima’Kho tuya records repeated events where the growth
of the volcanic edifice was able to surpass rates of lake level rise to
create several passage zones (Fig. 1). The spatial organization of
the early pyroclastic passage zone (Fig. 1a, pyPZ) and later
effusive passage zones (Fig. 1a, lPZ) illustrates the highly dynamic
and transient character of the englacial lake and can be used to
constrain the rates of lake level rise and fall relative to competing
rates of magma discharge (Fig. 4). The effusive passage zones at
Kima’Kho occur at lower elevations, comprise subaqueous
deposits of pillow breccia and hyaloclastite overlain by subaerial
lavas, and are similar to lava-fed deltas described by previous
workers in Canada1,22, Iceland47 and Antarctica16. These passage
zones formed during the late-stage effusive phase of eruption and
are situated between 1,800 and 1,630m.a.s.l. (Fig. 1b), indicating
that, at some point, the englacial lake drained and lake level
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dropped B220m relative to its original high stand. This drop in
paleolake level is probably indicative of a large (B1.1–1.4 km3)
jökulhlaup. The higher-elevation effusive passage zone varies in
elevation on the order of a few tens of metres (Fig. 1b), which is
typical of englacial lakes having non-steady lake levels16.

In areas on Earth and Mars where volcanism and glaciation
have been contemporaneous, volcanoes have established the
timing and minimum thicknesses of former ice sheets2,7,9–11,16,48.
In many cases, glaciovolcanic deposits are the only tool available
for reconstructing the thickness of paleo-ice sheets and recovering
paleoclimatological information. Although the identification of
key facies in pyroclastic sequences indicative of passage zones is a
formidable challenge16, their recognition and their utility is a
significant development for terrestrial and planetary geosciences.
The distinctive flat-topped tuyas have long been used to recover

syn-eruption, englacial lake levels1,3,19,22. However, these ‘classic’
tuyas are commonly subordinate to other types of glaciovolcanoes
(that is, ridges and tephra mounds) on Earth and Mars5,10,21,39.
Past practices have largely ignored subglacial tephra mounds and
ridges for recovering detailed paleoclimate information because
they are assumed to be fully submergent5,18,21. For example,
Ghatan and Head11 identified 17 prospective glaciovolcanic
features in the south polar region of Mars; of these, 9 have conical
shapes and 8 are flat-topped. The flat-topped (that is, lava-
capped) tuyas are expected to preserve passage zones, and,
following common practice, Ghatan and Head11 used tuya
heights to estimate ice thicknesses of 700–1,300m for this region
of Mars. However, for the conical subglacial volcanoes, the
enclosing ice sheets were estimated to be twice as thick11 because
convention suggests that the conical subglacial never became

T0 T1 T2

T0

T1

T2

P 

T0 T1 T2

T0–2

Pz 

T0

Pz 

T0

T1

T2
T1 T2

SCENARIO 2: RISING LAKE LEVEL (PZ = CONCAVE UPWARDS)

SCENARIO 3: FALLING LAKE LEVEL (PZ = CONVEX UPWARDS)

SCENARIO 1: CONSTANT LAKE LEVEL (PZ = HORIZONTAL)

T0 T1 T2

T0

Pz 1

T1

T2–3

Pz2 

T3

SCENARIO 4: INSTANTANEOUS DROP IN LAKE LEVEL (deluge event) 
(PZ = DISCONTINUITY (second lower Pz))

Subaerial deposits

Subaqueous deposits H
ei

gh
t

Submerged

Emergent

Volcanic edifice

T0 T1 T2

Time

H
ei

gh
t

Submerged

Emergent

Volcanic edifice

T0
T1

T2

Time

H
ei

gh
t

Submerged

Emergent

Volcanic edifice

Time

T0
T1

T2

H
ei

gh
t

Submerged

Emergent

Volcanic edifice

T0 T1

T2 T3

Time

Figure 4 | Geometric and temporal evolution of passage zones in glaciovolcanic pyroclastic successions. The panels on the left show the growth of the

volcanic edifice and the resulting displacement of the passage zone (PZ) for different times (T0, T1, T2) depending on the behaviour of the englacial lake.

Panels on the right portray the corresponding height-time evolution of the PZ as a function of rates of volcano growth (solid arrows) versus rise of englacial

lake (dashed arrows). Lake level rises ahead of the tephra cone until T0 where cone becomes emergent creating the first points on the PZ surface.

Generalized scenarios include: (a) tephra cone emerges and lake level remains constant while volcano continues to grow, resulting in a horizontal PZ;

(b) cone and lake rise simultaneously resulting in a concave-up parabolic PZ surface; the gradient (that is, slope) of the PZ surface defines the relative rates

of edifice to lake rise; (c) edifice grows while lake level decreases producing a concave-down parabolic PZ surface; the gradient (negative) of the surface

defines the relative rates of edifice to lake rise and fall; (d) Edifice and lake level rise creating a concave-upwards PZ surface. The lake level rises to cause

hydrostatic lifting of the ice sheet and a deluge occurs, draining or partially draining the intraglacial lake. This causes a discontinuity and drop in the

passage-zone surface.
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emergent. Our recognition and exploration of the pyroclastic
passage zone preserved in the tephra cone at Kima’Kho
provides one possible way to reconcile these disparate estimates
of ice thicknesses. It is possible that the conical edifices on Mars
host unmapped passage zones; this would reduce the peak heights
of the paleo-englacial lakes and the minimum estimates of ice
thickness.

Re-examination of these and hundreds of other Martian and
terrestrial glaciovolcanoes is now warranted, given the potential
for finding unrecognized passage zones resulting from the
‘explosive’ glaciovolcanic eruptions. Exploitation of this untapped
database will provide new and potentially better estimates of
paleo-ice sheet thicknesses and distributions that will be critical
for testing increasingly sophisticated paleoclimate reconstructions
for Earth and Mars.

Methods
Field mapping and sampling. This research is based on a field mapping and
sampling campaign at Kima’Kho Mountain, northwestern British Columbia,
completed in the summer of 2010. The 5-week field campaign was helicopter-
supported, and the overarching goal was to map and understand the stratigraphic
relationships preserved in this well-dissected volcanic edifice. The mapping was
accomplished via traverses that crossed the major geological contacts and mapping
of vertical sections at localities hosting key contacts. The field-mapping exercise
resulted in a 1:20,000 scale geological map for the volcano24, a series of detailed
(1:200 scale) graphic logs, field photographs of contact relationships and each
mappable unit (Fig. 2), and collection of samples for subsequent laboratory
analysis.

Microscopy. Select rock samples from critical map units were slabbed and
prepared as polished thin sections for study by transmitted-light and scanning
electron microscopy. Detailed examination of slabs and thin sections was used to
identify the mineralogy and textures of the coherent volcanic rocks (for example,
lavas and dykes) and the componentry, grain-size distributions, and the textural
properties of pyroclasts (subaqueously and subaerially deposited volcaniclastic
units). Additional polished thin sections and scanning electron microscopy mounts
were prepared and analysed in support of our detailed microscopic study of the
armoured lapilli (Fig. 2).
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